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INTRODUCTION 

The results of laboratory studies related to clinical dentistry cannot 

be extra po lated directly to the oral environment. The oral environment is 

destructive in nature and it is extremely difficult, if not impossible, to 

incorporate the numerous intraoral factors which influence preventive and 

restorative procedures and materials in laboratory studies. In addition, 

the biological response to these procedures and materials cannot be 

ignored. Laboratory studies, however, play an important part in the 

deve 1 opmen t of new preventive and restorative procedures and materials. 

Materials which do not meet the specifications which were developed to 

ensure success fu 1 c 1inica1 performance need not be subjected to further 

evaluation. Materials which do meet the specifications, on the other hand, 

should be subjected to further evaluation in suitable animal models and 

finally in clinical trials. 

In recent years tremendous advances have been made in the development 

of procedures and materials to prevent dental caries. Dental caries is the 

most common chronic disease afflicting mankind and the dental profession 

has been mainly concerned with the repair of tooth structure ravaged by 

dental decay. The results of numerous studies have shown that there is a 

marked decline in caries prevalence in the industrialized western nations. 

Fluoridation of the public water supplies, the application of topical 

fluoride agents, the prescription of fluoride supplements, and the use of 

f 1 uor i de containing dentifrices have played an important role in the 

decline in caries prevalence. 

In the pub 1 i cat ions which are submitted, the development of a biopsy 

procedure for the analysis of fluoride in mineralized dental tissues is 
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described and the clinical and laboratory applications of the biopsy 

procedure are presented. In addition, a microbiopsy procedure has been 

deve 1 oped and its application in both laboratory and clinical studies is 

shown. It is believed that other micronutrients apart from fluoride may 

exert a cariostatic action. Analytical procedures involving neutron 

activation and high resolution gamma spectrometry have been developed for 

the ana 1 y sis of the major and minor inorganic components of mineralized 

dental tissues. 

A major problem in dentistry is that the dental restorative materials, 

with the exception of the polycarboxylate and the glass ionomer cements, do 

not adhere to tooth structure. In 1955 Dr. Michael Buonocore introduced a 

cone e pt which subsequently was to revolutionize restorative dentistry. He 

showed that etching of enamel surfaces with phosphoric acid significantly 

increased the bond strength of acrylic restorative materials to enamel. It 

is s ur prising that this concept was ignored by the dental profession for 

many years. The Bis-GMA composite restorative resins which were developed 

by Dr. Rafael Bowen in the early nineteen sixties replaced the acrylic 

restorative resins as the material of choice for the aesthetic restoration 

of anterior teeth. The difficulty experienced in finishing the 

conventional composite resins led to the introduction of the microfilled 

composite restorative resins. Ultraviolet light and visible light 

activated resins were then developed which enabled the dentist to control 

the setting time of the composite restorative resins. 

Our earlier studies in which the mechanism of action of phosphoric 

acid etching was elucidated led to the general acceptance of this procedure 

in clinical dentistry. The optimal concentration of phosphoric acid as an 

etching agent in clinical . dentistry is controversial and in the published 
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works an optima 1 concentration is defined. Our studies also showed that 

the application of a low viscosity bonding resin to etched enamel prior to 

the application of a conventional composite resin was not necessary. The 

microleakage studies which are presented indicate the weak link in the 

restorative procedures. Alternative milder etching agents for intraoral 

use have been investigated and the results indicate that pyruvic acid may 

be a suitable etching agent. 

Fifty publications are presented in this volume. Although these 

studies were initiated and designed by me, I wish to acknowledge the 

invaluable contributions made by my coworkers. These include colleagues, 

graduate and undergraduate dental students and my laboratory personnel. It 

has always been my policy to encourage young researchers to publish and for 

this reason I have made several of them the principal authors in some of 

the submitted publications. 

Publications in which I am the sole or principal author: 

Publication numbers: 1, 3, 4, 8, 9, 11, 13, 14, 15, 16, 17, 18, 19, 20, 

22' 27' 28' 29' 30' 31' 32' 33' 34' 35' 41' 42' 43' 46' 47' 48' 49. 

Publications in which a laboratory technician is the principal author: 

Publication numbers: 2, 25, 26. 

Pub 1 i cations in which an under graduate dental student is the principal 

author: 

Publication numbers: 10, 36, 40, 50. 

Publications in which a graduate dental student is the principal author: 

Publication numbers: 7, 21, 24, 39, 45. 

Pub 1 i cations in which a junior dental faculty member is the principal 

author: 

Publication numbers: 5, 6, 12, 23, 37, 38, 44. 
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I. RESEARCH RELATED TO PREVENTIVE DENTISTRY 

A. LABORATORY STUDIES 

SUMMARY 

Four spectrophotometric procedures for the analysis of phosphorus were 

evaluated (1F1). The phosphorus concentrations in saliva and dentine were 

determined. All four analytical procedures were accurate but the one 

method was the most sensitive. 

An acid etch enamel biopsy procedure which was originally developed in 

Switzerland was modified in our laboratory (#2). It was subsequently shown 

by other investigators that the modified technique was much more accurate 

for the determination of the fluoride concentration in enamel than the 

original procedure. The modified biopsy technique was used to determine 

the fluoride uptake, distribution and retention by human enamel after the 

topical application of various fluoride agents (1fa3). The enamel fluoride 

uptake in this in vitro study was inversely related to the enamel 

fluoride concentration prior to topical fluoride application. In a 

subsequent publication a selective KOH extraction procedure was used to 

differentiate between the reaction products formed after the application of 

topical fluorides to enamel (#4). Fluorapatite was the predominant 

reaction product with Duraphat and Fluor Protector and alkali-soluble 

fluorides (CaF
2

) with APF application. 

Ename 1 demi ner a 1 i za ti on occurring beneath orthodontic bands is a 

problem of great concern to orthodontists. The modified acid etch biopsy 

procedure was used to evaluate the fluoride uptake and distribution in 

human ename 1 fr om three cements currently in use for orthodontic band 
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cementation (#5). The acid resistance of enamel exposed to a fluoride-

containing orthodontic cement was significantly increased (#6). The effect 

of contact time of acidulated phosphate fluoride (APF) on the fluoride 

concentration in human enamel was determined (1fa7). The predominant 

reaction product was calcium fluoride (CaF
2
), and the concentration of 

the fluoride bound as fluorapatite or hydroxyfluorapatite reached an 

optimal level after a contact time of six hours. 

The rat is used extensively as an animal model in caries research. A 

microanalytical technique for the determination of fluoride in rat molar 

enamel was developed (#8). This technique was used to determine the 

fluoride distribution in the molar teeth of rats given deionized drinking 

water or water containing 25 ppm F Ui9). The exposed enamel on the 

mesiobuccal cusps of the molar teeth of rats acquired more fluoride than 

the ename 1 on the sh i e 1 ded a ppr ox imal surfaces. Acidulated phosphate 

fluoride, Duraphat or Fluor Protector was applied to the molar teeth of 

rats fed a cariogenic diet and the first maxillary molar teeth were 

subjected to the microbiopsy procedure for fluoride analysis and the 

mandibular molars were scored for caries (#10). All three topical fluoride 

agents produced a significant increase in the fluoride content of the 

outermost 5. 0 µm of enamel but only APF produced a significant reduction 

in caries incidence at all sites. 

A new adhesive, fluoride-containing dental restorative material, the 

glass ionomer cement has recently become commercially available to the 

dental profession. The microbiopsy procedure (#8) was used to determine 

the in vitro enamel and cementum fluoride uptake from glass ionomer 

http://etd.uwc.ac.za/ 
 



cement restorations Ufll). Fluoride acquired by enamel after one month 

( ± 2,500 ppm F) was retained after three and six months. The fluoride 

acquired by cementum after one month(± 15,000 ppm F) was significantly 

reduced after three months (± 6,000 ppm F) and maintained at this level at 

six months. The mean tensile bond strengths of a glass ionomer cement to 

enamel, dentine and cementum were determined UF12), and the following 

results obtained: 
-2 . -2 Enamel, 4.52 MN.m ; Dentine, 3.33 MN.m ; Cementum, 

2.18 MN.m- 2 • Doubts were expressed whether bond strengths of this 

magnitude would be adequate for the retention of the glass ionomer cements 

in the clinical situation. 

The cariostatic effect of fluorine is well documented but it is 

believed that other micronutrients may also inhibit dental caries. An 

analytical technique utilizing neutron activation and high resolution gamma 

spectrometry was developed and utilized to determine the concentration of 

16 elements in sound human enamel and dentine UF13). This analytical 

technique was used to determine the mineral content of human dental 

calculus Uf14, 1Fl5) and the selenium concentration in tooth enamel UH6, 

1Fl 7) • The analytical procedure was also used to determine the mineral 

composition of the enamel of two South African population groups; the one 

with a high caries prevalence and the other with a much lower caries 

prevalence (ff18). There was a trend for the concentrations of Al, Ag, Au, 

Fe, Sb and Zn to be higher in the enamel from the White subjects with high 

caries prevalence, and for Mn, Se and Sr to be higher in the enamel from 

Black subjects with a low caries prevalence. 

The sealing of the developmental pits and fissures on the caries 

susceptible occlusal surfaces of teeth forms an integral part of a 

comprehensive caries preventive program. A new pit and fissure sealant, 
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-

(Delton) was subjected to a laboratory evaluation U/:19). The results 

suggested that Delton had the potential to perform well in clinical 

application. This prediction has subsequently been confirmed in clinical 

studies carried out by other investigators. The penetration coefficients 

and tensile bond strengths of two pit and fissure sealants were determined 

Ufo 20) • It was reported that the tensile bond strengths were not dependent 

on the penetration coefficients of the two sealants. This observation was 

confirmed in a subsequent study in which the penetration coefficients and 

tensile bond strengths of eight commercially available pit and fissure 

sealants were evaluated (#21). 

http://etd.uwc.ac.za/ 
 



S. Afr. J. med. Sci. (1969), 34, 105-112. 

THE DETERMINATION OF PHOSPHORUS IN SALIVA AND DENTINE 

by 

D. H. RETIEF*, A. C. DE KOCK* AND M. COHENt 

*Joint Dental Research Unit of the University of the Witwatersrand and the Medical Research Council, 
Johannesburg. 

t Department of Statisrics, University of the Witwatersrand, Johannesburg. 

[RECEIVED 21 ST JULY, 1969) 

Numerous methods have been developed for the determination of phosphorus 
in biological material. Of the methods described, the most sensitive are the colori
metric procedures the basis of which is the formation of a phosphomolybdate complex 
which produces a blue colour on reduction. 

The presence of protein in biological material may cause interference with the 
spectrophotometric methods. Thus, some of the methods used for the quantitative 
determination of phosphorus in biological material need to be modified when used 
for the determination of phosphorus in saliva and mineralized dental tissues [Jenkins, 
J 966]. Of the mineralized dental tissues, dentine was selected for analysis because 
of its high protein content. Four of the accepted spectrophotometric methods for 
the quantitative determination of phosphorus were employed to determine the 
phosphorus content of saliva and dentine, modified where necessary and the -results 
evaluated. In addition the sensitivity of each of the methods was determined. 

The four methods employed were those of Fiske and Subbarow [1925], Chen et al. 
[1956], a modification* introduced by Chen et al. in their original [1956] method, 
and that of Eastoe [1965]. In these methods various reducing agents and different 
ways of developing the colour are used and the spectrophotometric analysis is done 
at a wavelength most suitable for the method (Table J). 

TABLE I 
The reducing agent, colour development and wavelength of the four methods. 

Colour Wave Length 
Method Reducing Agent Development mµ 

Fiske Aminonaphtholsulfonic 5 minutes at 
acid and sulfite room temperature 660 

Chen Ascorbic acid 2 hours at 37°C 820 

"Modified Chen" . Ascorbic acid 2 hours at 37°C 820 

Eastoe Aminonaphtholsulfonic 10 minutes at 815 
acid and sulfite boiling point 

METHODS 

A U nicam SP 500 photoelectric spectrophotometer was used in this investigation. 

* The modification introduced by Chen et al. in their original method consists of the use of reduced 
quantities of TCA filtrate and reagent in order to measure smaller quantities of phosphorus. In 
the present paper this variation will be designated the "Modified Chen" method. 

1 
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Sensitivity 
A comparison was made of the sensitivity of the four methods. This was done by 

recording the absorbance of standard phosphate solutions containing from 0.10-
IOµg of phosphorus. Standard curves were constructed for each method by plotting 
the phosphorus content against the absorbance (Fig. 1). 

Saliva analysis 
Because we were not concerned with the factors that control the composition of 

saliva [Jenkins, 1966] stimulated saliva was collected by chewing rubber tubing 
and pooled for this comparative study. The saliva was centrifuged at 3,000 revolutions 
per minute for ten minutes to remove the epithelial cells and suspended matter. 
Although it has been reported that centrifugation lowers the phosphorus content of 
saliva [Wainwright, 1938] we found that the suspended matter interfered with the 
subsequent analytical techniques if not removed. The centrifuged saliva was filtered 
through Whatman No. 1 filter paper and the filtrate utilized for the phosphorus 
determinations. 

According to Becks [1938] the various phosphorus fractions of saliva can be deter
mined as follows: 

Filtrate of 
centrifuged saliva 

Protein precipitated 

with Ir% TCA Total phosphorus 

R "d ,/ est ue 

1 Ashing 

Organic 
acid-insoluble 
phosphorus 

"-..Filtrate 

Inorganic 
phosphorus 

Total 
acid-soluble 
phosphorus 

The organic acid-soluble phosphorus is determined indirectly by the following 
calculation: 

Organic acid-soluble P = Total acid-soluble P - Inorganic P 
The total phosphorus and the inorganic phosphorus of saliva were determined in 

this comparative study. In both instances the protein of the saliva was removed 
prior to analysis by means of an ashing procedure in the case of the total phosphorus 
and by precipitation with trichloracetic acid in the case of the inorganic phosphorus. 

Total phosphorus of saliva 
The protein of the centrifuged salivary filtrate was removed by wet-ashing. One 

ml. of the filtrate was heated in a crucible on a furnace with 8 drops of concentrated 
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Retief et al.: Determination of phosphorus in saliva and dentine 107 

sulphuric acid until white sulphur trioxide fumes appeared, 0.5 ml. of 30 % hydrogen 
peroxide (H20 2) was then added and heated again until all the hydrogen peroxide 
was driven off. If the remaining fluid was still discoloured, a few drops of 30 % H20 2 
were added and the procedure repeated until a clear liquid was obtained. The liquid 
was transferred to a 25 ml. volumetric flask, washed repeatedly and made up to the 
mark. Different volumes of this solution were taken for subsequent analysis. 

The following volumes gave optimum recordings for each method (based on a 
salivary phosphate of± 10 mg.%). 

Method 

Fiske 
Chen .... 
"Modified Chen" . 
Eastoe . 

Inorganic phosphorus of saliva 

Volume diluted Equivalent volume 
solution (ml.) saliva (ml.) 

5.0 0.2 
0.5 0.02 
0.1 0.004 
0.5 0.02 

10 % Trichloracetic acid {TCA) solution was added to the filtrate of the centrifuged 
saliva to precipitate the protein. 9.5 ml. of TCA solution was added to each 0.5 ml. 
of saliva. The mixture was shaken well, allowed to stand for approximately ten 
minutes and filtered through a Whatman No. 2 filter paper. The analysis was carried 
out directly on the filtrate. 

Because of the difference in sensitivity of the four methods, different volumes of 
TCA filtrate were used for each method. For saliva containing ± 10 mg.% of phos
phorus, the following volumes of TCA filtrate gave optimum readings on the spectro
photometer. 

Method 

Fiske 
Chen .... 
"Modified Chen" . 
Eastoe . 

Volume TCA 
filtrate (ml.) 

5.0 
0.5 
0.1 
0.5 

Equivalent volume 
saliva (ml.) 

0.25 
0.025 
0.005 
0.025 

With the Fiske method a further precipitate occurred when the molybate reagent 
was added to the TCA filtrate. This did not take place when the saJiva was ashed. 
This is in accordance with Wainwright's [1938) observation. He thought that this 
precipitate was due to incomplete precipitation of the salivary protein with 10 % 
TCA. Whenever this precipitate was formed, it was removed by further centrifugation 
at 3,000 r.p.m. for five minutes. The absorbance of the supernatant solution was 
recorded. 
Dentine analysis 

Sound freshly extracted human teeth were used. The teeth were dried in an oven, 
the cementum removed by scraping, the teeth split and the dentine separated. To 
ensure that no enamel was removed with the dentine, only the dentine not in close 
contact with the enamel was removed. The dentine was ground to a fine powder 
in an agate mortar and dried to constant weight at 105°C. The dentine was then 
dissolved either in 1 N hydrochloric acid or 0.8 M TCA, or ashed. The dentine 
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dissolved in 0.8 M TCA was analysed by the Eastoe method only since this is the 
concentration of TCA used in his method. 

Dentine dissolved in 1 N HCI 
About 10 mg. of dentine was accurately weighed and transferred to a 250 ml. 

volumetric flask. The transfer was completed with 10 ml. 1 N HCI. The flask was 
kept at 37°C overnight, allowed to cool and made up to the mark. The undissolved 
protein was removed by filtration. It was found that the following volumes of the 
diluted solution gave optimum recordings with the spectrophotometer. 

Ashed dentine 

Method 

Fiske 
Chen . .. . 
"Modified Chen" . 
Eastoe . 

Volume diluted Equivalent weight 
solution (ml.) of dentine (mg.) 

5.0 0.2 
0.5 0.02 
0.2 0.008 
0.5 0.02 

A dry-ashing technique was used. Approximately 10 mg. dentine was weighed 
accurately in a crucible, 5 ml. 50 % hydrochloric acid and 0.5 ml. 30 % hydrogen 
peroxide (H20 2) added and gradually heated on a furnace until dry. The crucible 
was allowed to cool and the residue dissolved in 5 ml. 1 N HCl containing 0.3 % 
H20 2, facilitated by gentle heating. The solution was transferred to a 250 ml. volu
metric flask with repeated washings and made up to the mark. The same volumes of 
this diluted solution were used with the four methods as for the dentine dissolved 
in 1 N HCI. 

Dentine dissolved in 0.8 M TCA 

Approximately 10 mg. of dentine was weighed accurately in a 10 ml. centrifuge 
tube and 5 ml. of 0.8 M TCA added. The tube was tightly stoppered and left in an 
oven at 37°C overnight. After cooling it was centrifuged to remove undissolved 
protein and 20 µl (0.02 ml. of the supernatant fluid (equivalent to 0.04 mg. dentine) 
was used for analysis by the Eastoe method. 

RESULTS 
Sensitivity 

From the results obtained a standard curve for each method was constructed 
(Fig. 1). Each point on the graph represents the average of four recordings. 

By comparing the absorbance obtained with each of the four methods on solutions 
containing 1 µg. of phosphorus in the test solution the sensitivity of the respective 
methods can be compared. 

Method 

Fiske 
Chen . . . . 
"Modified Chen" . 
Eastoe . 

Absorbance 

0.01 
0.10 
0.26 
0.08 

} 
For lµg. of P 
in test solution http://etd.uwc.ac.za/ 
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0.7 

0.6 

Chen 

Eastoe 

Fig. I Standard curves. 

From these results it is clear that the Fiske method is the least sensitive and the 
"modified Chen" method the most sensitive. 

Saliva analysis 
Total phosphorus-ashed saliva.-The results are given in Table IIA. 
Inorganic phosphorus-protein precipitated saliva. The results are given in Table IIB.· 

TABLE II 
Phosphorus in saliva, total and inorganic 

Method Mean* 

A. Total phosphorus of saliva 
Fiske . 15.16 
Chen . . . 15.54 
"Modified Chen" 15.38 
Eastoe 15.12 

B. Inorganic phosphorus of saliva 
Fiske . 14.76 
Chen . . . 15.42 
"Modified Chen" 15.38 
Eastoe 15.29 

All results expressed in mg%. 

Standard error 

0.02 
0.02 
0.02 
0.01 

0.03 
0.01 
0.02 
0.02 

Approximate 95 % 
confidence interval 

for true mean 

15.12, 15.20 
15.50, 15.58 
15.34, 15.42 
15.10, 15.14 

14.70, 14.82 
15.40, 15.44 
15.34, 15.42 
15.25, 15.33 

* The mean was obtained from the result of 50 analyses with each method. 

Dentine analysis 
The phosphorus is expressed as a percentage of the weight of dentine dried to a 

constant weight at 105°C. 
Dentine dissolved in 1 N HCl.-The results are given in Table IIIA. 
Ashed dentine.-The results are given in Table IIIB. 
Dentine dissolved in 0.8 M TCA .-The results are given in Table IIIC. http://etd.uwc.ac.za/ 
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TABLE III 

Percentage phosphorus in dentine, dissolved in HCI or TCA, or in ashed dentine . . 

Method Mean* Standard error 

A. Percentage phosphorus in dentine dissolved in N HCI 
Fiske . 
Chen ... 
"Modified Ch~n" 
Eastoe 

13.41 
13.46 
13.40 
13.16 

B. Percentage phosphorus in ashed dentine 

0.02 
0.02 
0.02 
0.03 

Fiske . 13.16 0.02 
Chen . . . 12.97 0.02 
"Modified Chen" 13.43 0.03 
Eastoe 13.09 0.02 
C. Percentage phosphorus in dentine dissolved in 0.8 M TCA 
Fiske . 
Chen ... 
"Modified Chen" 
Eastoe 12.95 0.02 

Approximate 95 % 
confidence interval 

for true mean 

13.37, 13.45 
13.42, 13.50 
13.36, 13.44 
13.10, 13.24 

13.12, 13.20 
12.93, 13.01 
13.37, 13.49 
13.05, 13.13 

12.91, 12.99 

All results expressed as percentage of dry weight of dentine heated to 105°C. 
• The mean was obtained from the results of 50 analyses with each method. 

DISCUSSION 
Sensitivity 

From the results obtained it is clear that the Chen, the "modified Chen" and the 
Eastoe methods are the only ones that can be used if small amounts of saliva. or 
dentine are available for analysis. Of these methods the "modified Chen" method is 
by far the most sensitive and a single analysis can readily be made on 0.005 ml. of 
saliva or 0.008 mg. of dentine. 

Saliva analysis 
· In the direct analysis of the protein precipitated saliva (inorganic phosphorus), 

the mean obtained with the Fiske method is lower than that obtained with the other 
methods. There is statistical evidence that the true mean of the first population 
(Fiske) is lower than the average of the true means of the remaining three populations. 
This is in accordance with the findings of Wainwright [1938] and others that the 
phosphorus content of saliva obtained with the Fiske method is on the low side. 
This can partly be explained by the fact that a further precipitate was formed when the 
molybdate reagent was added to the filtrate of the protein precipitated saliva with the 
Fiske method. This precipitate had to be removed by centrifugation prior to spectro
photometric analysis. 

For the Fiske and Chen methods higher phosphorus values were obtained for the 
ashed saliva than the protein precipitated saliva. This is as expected as the inorganic 
phosphorus of saliva is approximately 95 % of the total phosphorus content [Becks, 
1938]. When the "modified Chen" method was used the same results were obtained 
for the phosphorus content of the protein precipitated saliva and the ashed saliva. 
One would expect the total phosphorus content of the ashed saliva to have been 
slightly higher. http://etd.uwc.ac.za/ 
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With the Eastoe method a slightly lower value was obtained for the total phosphorus 
as compared with the inorganic phosphorus of saliva. Eastoe's method, however, 
is not specific for inorganic phosphorus in the presence of organic phosphorus. The 
organic phosphate present in the saliva will be hydrolysed by the 0.34 N sulphuric 
acid of the reagent at the temperature at which the colour is developed (100°C). 

Dentine analysis 
The results obtained on the ashed dentine are generally lower than those obtained 

on the dentine dissolved in 1 N HCI. This may be due to the loss of some material 
during the ashing procedure. · 

Although the results obtained with Eastoe's method are slightly lower than those 
obtained with the other methods a good correlation is evident between the results 
obtained with this method. 

All three methods of bringing the dentine in solution seem to be acceptable. 

Stability of the reagents 
The stability of the colour that is developed and the stability of the reducing agents 

used in the different methods vary as shown in Table IV. 

TABLE IV 

The stability of the colour developed and of the reducing agents with the four methods. 

Method 

Fiske 

Chen 

"Modified Chen" 

Eastoe 

Colour stability 

Increases steadily for several 
several weeks 

Stable for two hours 

Stable for two hours 

Stable for one week 

Stability of reducing agent 

Four weeks 

Fresh daily 

Fresh daily 

Fresh weekly 

The colour stability is the greatest with the Eastoe method and the reducing agent 
the most stable in the Fiske method. 

SUMMARY 

An accurate method for the determination of phosphorus in saliva and mineralized 
tissue is often required. 

A variety of methods have been described for the determination of phosphorus 
in biological samples. The most sensitive of these are based on the reduction of a 
phosphomolybdate complex which gives rise to a colour reaction. Four of these 
methods, in which different reducing agents and different methods of developing 
the colour are employed, were used to determine the phosphorus content of saliva 
and dentine. In addition the same procedure was adopted for the analysis of wet
ashed samples. 

850 phosphate determinations were carried out on saliva and dentine, using the 
methods of Fiske and Subbarow, Chen et al., "modified Chen et al.", and Eastoe. 
Statistical evaluation of the results showed that all four methods are accurate. 

A comparison made of the sensitivity of the four methods indicates that the 
"modified Chen" method is the most sensitive. http://etd.uwc.ac.za/ 
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An evaluation of an in vivo enamel acid etch biopsy 
technique for fluoride determination 
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SUMMARY 

An in vivo acid etch biopsy method was developed by 
Hotz et al (1970) to determine fluoride uptake and re
tention in the outer 5 µm to 15 µm of enamel. This 
technique was evaluated by means of scanning electron 
microscopy and planimetry. Because of the difficulty 
experienced in controlling the areas etched, a modifi
cation was introduced by defining the biopsy areas 
with annular adhesive discs. This modified technique 
was evaluated and the reliability of the method con
firmed using a surface roughness testing instrument. 

INTRODUCTION 

The inverse relationship between the fluoride content 
of enamel and the incidence of dental caries is well 
documented (Armstrong and Brekhus, 1938; Jenkins 
and Speirs, 1953; Brudevold, Gardener and Smith, 
1956). The regulation of the fluoride content of the 
public water supplies to 1,0 ppm is the most safe, 
practical and effective means of preventing dental 
decay (Doherty, 1968). This preventive measure is 
unfortunately not generally accepted nor applied and 
therefore topical fluoride therapy at present plays an 
important part in combating dental decay. 

There is divergence of opinion about the minimal 
fluoride concentration in the outermost layers of 
enamel required to inhibit the onset of dental caries, 
but levels ranging between 700 ppm to 2 000 ppm of 
fluoride have been suggested (Englander, 1968). In 
evaluating the efficacy of caries preventive measures 
involving fluoride therapy, it is important to be able to 
assess the fluoride uptake and retention by tooth 
enamel. 

Various techniques have been developed to determine 
the fluoride content of enamel in extracted teeth. 
Mtihlemann, Schait and Konig (1964) etched surface 
and subsurface layers of enamel from intact crowns of 
extracted teeth for fluoride analysis by immersing 
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OPSOMMING 

'n In vivo suur-geetste biopsie metode is deur Hotz 
et al (1970) ontwikkel om die opneming vanfluoried in 
die buitenste 5 µm-15 µm van glasuur te bepaal. Hierdie 
tegniek is deur middel van skandeerelektronmikroskopie 
en oppervlakmeting ondersoek. Omdat dit moeilik is om 
die geetste gebiede te kontro/eer, is die metode gewysig 
en die biopsiede/e met annu/ere k/eefdiskusse gede.fineer. 
Hierdie gewysigde tegniek is ondersoek en die betrou
baarheid van die metode is met 'n oppervlaksgrofheid
toetsinstrument bevestig. 

the teeth in 2N perchloric acid. They determined the 
depths of the layers etched by measuring the diameter 
of the crowns of the teeth with a high-precision micro
meter before and after etching. Weatherell and Har
greaves (1965) applied single spots of varnish on the 
enamel surface of a tooth before and after each succes
sive exposure to 6N perchloric acid. A section of the 
tooth cut through the row of varnish spots provided a 
histological record showing directly the thickness of 
each layer removed. The same authors (1966) used this 
technique to determine the fluoride distribution pat
tern in enamel of deciduous and permanent teeth. 
They found that the fluoride concentration followed 
a negative exponential curve i.e. the fluoride concen
tration was maximal in the outermost layers and fell 
in a characteristic curve to a plateau in the deeper 
regions of the teeth. This finding confirmed the re
ports of Jenkins and Speirs (1953) and Brudevold 
et al (1956) regarding the fluoride distribution in 
enamel. Vrbic, Brudevold and McCann (1967) cut 
blocks of enamel of known surface area from human 
teeth and mounted them on plastic rods with sticky 
wax in such a way that only the external surfaces were 
exposed. Four layers of ~name] were etched successive
ly by immersing them in perchloric acid and this 
allowed them to determine the fluoride concentrations 
in the outermost 50 µm of enamel. 
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In most of these earlier studies, fluoride was deter
mined in the etching solutions by a method developed 
by Wharton (1962) which involved gaseous diffusion 
of hydrofluoric acid followed by spectrophotometry. 
With the advent of the lanthanum fluoride selective 
fluoride ion electrode (Frant and Ross, 1966), fluoride 
could be measured directly and more rapidly. McCann 
(1968) determined the fluoride content of mineralized 
tissues using the fluoride ion electrode and found that 
this method was ideally suited to the determination 
of fluoride concentrations of etched layers of intact 
tooth enamel in extracted teeth. Another technique 
for in vitro use was designed by Cutress (1972). His 
surface enamel sampling and analyzing apparatus 
enabled him to analyze thin layers of enamel for car
bonate, fluoride and other inorganic constituents. 

An in vivo enamel biopsy technique, however, would 
be of greater value in assessing fluoride uptake and 
retention under intra-oral conditions. Candeli et al 
(1967) developed an in vivo enamel biopsy technique 
whereby enamel was separated mechanically from 
deciduous molars and the biopsied teeth repaired with 
amalgam. The fluoride content of the whole enamel 
specimen was determined which is a distinct dis
advantage of this technique as the fluoride content of 
the superficial enamel layers is of prime importance. 

Brudevold, McCann and Grcf>n (1968) developed an 
abrasive biopsy technique which enabled them to 
determine the fluoride concentration in the superficial 
layers of enamel. They used a felt cone impregnated 
with a silicon carbide glycerine slurry. A disadvantage 
of this method is that they assumed that a constant 
area was sampled and used this in calculating the 
depth of enamel removed. A method, very similar to 
the above, was introduced by Larsen, Kold and von 
der Fehr (1972). As a result of difficulties experienced 
with felt cones with regard to sampling and fluoride 
recovery, they introduced rubber cups which offered 
several advantages. For estimation of the depth of 
biopsy, it was again assumed that the biopsy area 
was approximately 40 mm2 • According to this assump
tion, they calculated that each 100 µ.g of biopsied 
material would correspond to an enamel layer of 
approximately 1 µ.m thick. 

To overcome these shortcomings, Aasenden, Moreno 
and Brudevold (1972) modified the abrasive technique 
by standardizing the area from which the biopsy was 
taken. This made possible the accurate calculation of 
the sampling depth. Mellberg et al (1973) further 
modified the abrasive technique by controlling the 
biopsy area, the polishing speed and the pressure 
applied. This was achieved by using a specially con
structed handpiece. Despite these modifications, the 
amount of enamel removed from a controlled area 
varied from 59,0 µ.g to 195,5 µ.g. Bruun (1973) slightly 
modified the abrasive technique by reducing the 
sample area which enabled him to do two biopsies 
on the same tooth. This made intradental control 
possible in comparative studies. 

Hotz, Milhlemann and Schait (1970) adopted a differ
ent approach and introduced an acid etch in vivo 
enamel biopsy technique for determining the fluoride 
concentration of the outer 5 µ.m-15 µ.m of enamel. 
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Munksgaard and Bruun (1973) employed gas chroma
tography for in vivo and in vitro fluoride determinations 
in enamel solutions obtained with perchloric acid 
etching. Less than 1 ng of F could be detected with 
this sensitive analytical technique. As a result, they 
were able to reduce the biopsy surface area and time 
of etching considerably and up to six consecutive 
biopsies were etched from the same area within ap
proximately 5 µ.m of the surface enamel. 

The object of the present investigation was to evaluate 
some aspects of the acid etch biopsy method of Hotz 
et al (1970) and to attempt to reduce any short
comings by modifying the technique. 

MATERIALS AND METHODS 

Freshly extracted, sound human maxillary incisors 
were used in this investigation. The teeth were cleaned 
and stored moist at - 4°C until required. 

1. Evaluation of acid etch biopsy technique 

The biopsy technique developed by Hotz et al (1970) 
was used to obtain enamel samples for analysis. The 
labial surfaces of 30 lateral incisors were cleaned with 
a slowly-rotating bristle brush and pumice, washed 
well with tap water and dried with compressed air. 
A circular plastic adhesive disc (3M Co. , No. 471), 
3 mm in diameter, was placed on each tooth surface 
and carefully burnished to ensure good marginal 
adaptation. The discs and exposed adjacent tooth sur
faces were coated with Copalite varnish (Cooley & 
Cooley). The varnish was allowed to set and the discs 
removed just prior to etching to expose the underlying 
unvarnished surfaces. 

Special filter paper discs with adhesive backing were 
prepared and handled with a vacuum pipette. On to 
each of these, 10 µ.I of 2N perchloric acid was pipetted. 
The exposed area on each tooth was etched for 8 sec, 
while intermittent pressure, timed with a metronome, 
was exerted with the vacuum pipette to ensure con
trolled agitation of the etching solution. Immediately 
after etching, the exposed surface was swabbed with a 
second filter paper disc, 5 mm in diameter, to absorb 
residual perchloric acid. Both the discs were trans
ferred to a plastic bottle containing 2 ml of TISAB 
(Total Ionic Strength Adjustment Buffer). Filter paper, 
which was free of calcium, was used and three control 
samples were prepared at the same time. 

The solutions in the plastic containers were left for 
3 days to reach equilibrium after which the samples 
and controls were diluted 25 times with deionized 
water. The calcium content of the diluted samples was 
determined by atomic absorption spectrometry (Zeiss 
PMQ II with flame attachment FA2). 

The depth of etch was calculated by the following 
formula: Depth of etch {µ.m) = 

Weight of dissolved enamel 

Density of enamel x Biopsy surface area 

For the calculations it was assumed that the calcium 
content of human tooth enamel was 37,l per cent 
(Retief et al, 1971 ), and that the density of enamel was 
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2,95 gm ml-1 (Manly and Hodge, 1939). The biopsy 
surface area of 7,065 mm2 was calculated from the 
diameter of the disc. 

The etched teeth were then prepared for examination 
in the scanning electron microscope (SEM). The 
crowns of the teeth were mounted on aluminium stubs 
with a colloidal graphite solution and coated with an 
fipproximately 500 A thick layer of silver in a high 
vacuum evaporator equipped with a rotating stage 
(Edwards Coating Unit, Model El2E4). The specimens 
were viewed in a SEM (Cambridge Stereoscan S4) 
operated at 20 keV. The beam/specimen angle was 
varied to obtain a circular etched area. The surfaces 
were photographed at a low magnification ( x 20) 
to include the whole etched area in the field of obser
vation. The periphery and any irregularly etched areas 
as well as the floor of the etched surface were examined 
at higher magnifications. 

The negatives taken at low magnification were used to 
make photographic prints such that their magnifica
tion was 50 times that of the specimen. The areas 
which were isolated for the biopsy were outlined with 
ink on the photographs. Where the periphery of this 
area was not clearly defined, it was del ineated by ex
trapolating the curvature of the adjacent obvious 
margins. The margins of the regions wirhin this area 
which were not etched were also outlined. As the sur
faces of the prints were too smooth for planimetry to 
be carried out directly, it was found necessary to 
transfer the outlines onto tracing paper. The surface 
areas of the original biopsy area and the surfaces 
as:tually etched were determined by means of a plani
meter. 

2. Modification of acid etch technique and evaluation of 
the modified method 

Annular adhesive discs with an outer diameter of 5 mm 
and an inner diameter of 3 mm were prepared. Twenty 
lateral maxillary incisors were cleaned as previously 
described and the annular discs placed on the labial 
surfaces (Fig. 1). The discs were again burnished care
fully to ensure good marginal adaptation and the 
etching procedure carried out as before. The depth of 
etch was calculated for each specimen and the biopsy 
areas examined by SEM. The surface areas of the 
tracings were measured with a planimeter. 

In addition, this modified technique was evaluated as 
follows. The labial surfaces of IO central maxiIJary in
cisors were polished with 600 grit silicon carbide paper 
on a polishing machine (Kent Mk 2). Care was taken 
not to expose the underlying dentine, and specimens in 
which this occurred were discarded. The teeth were 
washed well in tap water, dried and the annular discs 
placed on the planar surfaces. The acid etch enamel 
biopsy technique was carried out and the depth of 
etch calculated after analysis of the samples. 

The actual depths of etch on the smooth surfaces were 
determined by means of a surface roughness testing 
machine (Taylor-Hobson Talysurf Model 3). The ma
chine was set on external datum and a stylus pressure 
of 100 mg employed. Surface profiles, magnified 20 
times along the horizontal and 2 000 or 5 000 times in 
the vertical directions, were recorded for all specimens. 
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Fig. J. Annular plastic adhesive disc on the surface of an incisor. 

SURFACE PROFILE 

0 pm 5000 
Fig. 2. Talysurf profile of etched area. 

Fig. 3. Well defined biopsy area obtained with conventional 
technique. SEM x 20. 
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The stylus was traversed across the etched area in
cluding the margins on either side. Since the profiles of 
the floors of the etched areas were not regular (Fig. 2), 
it was necessary to approximate a mean straight line 
through the etched surface which was drawn parallel 
to the line between the marginal edges. The depth of 
etch was measured as the distance between the two 
parallel lines on the calibrated recording paper. 

RESULTS 

l. Evaluation of acid etch biopsy technique, Hotz et al, 
(1970) 

The amount of enamel removed from the 30 teeth 
ranged from 93,2 µ.g to 209,4 µ.g with a mean of 161,3 
µ.g (S.D. ± 31,3). The depth of etch calculated ranged 
from 4,4 µ.m to 9,8 µ.m with a mean of 7,5 µ.m and a 
standard deviation of 1,4 µ.m (Table I). 

The photomicrographs obtained at low magnifications 
showed biopsied areas with well defined peripheries 
(Fig. 3) as well as with very irregular margins resulting 
from regions which were not etched (Fig. 4). Each 
area which was actually etched was expressed as a 
percentage of the area which had been isolated for the 
biopsy. These varied between 100 per cent and 31 ,6 
per cent with a mean of 77, 1 per cent and a standard 
deviation of 16,5 per cent. From these results and the 
corresponding weight of enamel removed during each 
biopsy, the depths of etch were recalculated and 
ranged from 5,8 µ.Ill to 13,8 µ.m with a mean of JO, 1 
µ.m and a standard deviation of 2,2 µ.m (Table I). 

At higher magnifications some photomicrographs of 
the etched surfaces showed even etching patterns with 
classical prism-end structure (Fig. 5). In other cases 
islands of irregularly etched enamel were shown sur
rounded by apparently unetched surfaces (Fig. 6). In 
addition, perikymata were shown on some surfaces 
with the crests etched to a greater degree than the 
grooves between them (Fig. 7). 

2. Evaluation of the modified technique 

The weight of enamel removed during the biopsy of 
the 20 teeth ranged from 89,2 µ.g to 171,6 µ.g with a 
mean of 144,2 µ.g (S.D. ± 19,6). The depth of etch 
ranged from 4,2 µ.m to 8,0 µ.m with a mean of 6,7 µ.m 
and a standard deviation of 0,9 µ.m (Table I). 

The majority of the etched areas had well defined 
margins (Fig. 8). A higher magnification of this speci
men showed irregularly etched perikymata adjacent 
to an area which did not show a characteristic etching 
pattern (Fig. 9). In a small number of these specimens, 
the etched area extended beyond the margins of the 
exposed area (Fig. JO). 

The etched areas expressed as percentages of the de
lineated areas ranged from I 05,0 per cent to 96,0 per 
cent with a mean of 98,9 per cent and a standard de
viation of 2,2 per cent. The range of the recalculated 
depths of etch was between 4,0 µ.m and 8,2 µ.m with a 
mean of 6,8 µ.m and a standard deviation of 1,0 µ.m. 

These results, compared with those obtained with the 
conventional technique are summarised in Table I. 
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Ta ble I : Summary of results obtained with conventional and 
modified biopsy techniques 

Number Mean Mean Mean Mean 
of weight calcu- percent- recalcu-
speci- of lated age lated 
mens enamel depth of area depth of 

removed etch etched etch 
n ± S.D. ± S.D . ± S.D. ± S.D . 

p.g p.m p.m 

Biopsy Tech- 30 161 ,3 7,5 77,1 10,I 
nique Ho tz ± ± ± ± 
et al (1970) 31 ,3 1,4 16,5 2,2 

Modified 20 144,2 6,7 98.9 6,8 
Biopsy ± ± ± ± 
Technique 19,6 0,9 2,2 1,0 

Fig. 4. Biopsy area showing irregular margins and unetched 
regions. SEM x 20. 

Fig. 5. Regularly etched surface showing characteristic prism-end 
structure. SEM x 200. 
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Table II : Calculated and measured depths of etch obtained 
with modified biopsy technique 

Specimen 
number 

2 
3 
4 
5 
6 
7 
8 
9 

10 

Calculated 
depth of etch 
µm 

6,5 
9,7 
8,3 
9,8 
4,5 
4,0 

10,3 
9,4 
9,8 
8,6 

Mean 8,1 
S.D. ± 2,3 

Measured 
depth of etch 
µm 

5,9 
8,7 
8,4 

10,0 
4,8 
6,0 f :.0 ·fiS 
9,0 
8,3 p '- ' .. , 
9,1 
7,8 

Mean 7,8 
S.D. ± 1,7 

Fig. 6. Islands of etched enamel surrounded by unetcbed areas. 
SEMx200. 

Fig. 7. Etched area showing differential etching of perikymata. 
SEM x 100. 

Journal of the D.A.S.A. - February 1974 

Most of the specimens showed well defined margins at 
higher magnifications (Fig. 11). The etched surface of 
this specimen was regularly and characteristically 
etched. Exposed prism-ends were seen in a higher mag
nification (Fig. 12). 

The depths of etch of the 10 specimens measured from 
the Talysurf profiles are compared with the calculated 
depths obtained with the modified biopsy technique in 
Table II. 

DISCUSSION 

Trisodium citrate has been used in TISAB to complex 
aluminium in order to liberate fluoride bound to alu
minium so that total fluoride may be determined 
(McCann, 1968; Brudevold et al, 1968; Iizuka, Akiba 
and Nakayama, 1970). Retief et al (1971) showed that 
human enamel contained appreciable amounts of alu
minium and iron. According to Harwood (1969), these 

Fig. 8. Well defined biopsy area obtained with modified technique. 
SEMx20. 

Fig. 9. Perlkymata adjacent to uncharacteristic etched area. 
SEMx50. 
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elements form complexes with fluorine which were 
more efficiently broken down to release fluorine by the 
incorporation of cyclohexanediamine-tetra-acetic acid 
(COTA) instead of citrate in TISAB. This formulation 
was used in this study. 

In the conventional biopsy technique the percentages 
of areas etched varied considerably. The observation 
that the controlled areas were not completely etched 
may be due to seepage of varnish underneath the ad
hesive disc because of poor adaptation to the tooth 
surface. The solvent in the Copalite varnish may also 
dissolve the adhesive backing at the periphery leading 
to further seepage of the varnish. Finally, during re
moval of the adhesive disc prior to etching, adhesive 
debris may remain on the surface. These factors may 
result in parts of the enamel surfaces being covered 
with a protective coating which will prevent them from 
being etched. 

Fig. 10. Etching extending beyond margins of control area. 
SEM x 20. 

Fig. 11. Well defined margin and characteristically etched surface. 
SEM x 100. 
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Fig. 12. Exposed prism-ends on etched surface. SEM x 1 000. 

Using the modified technique the percentage area 
etched was never less than 96,0 per cent. Small, un
etched areas were observed at the margins of the ex
posed areas which can only result from irregularities in 
the peripheries of the punched annular discs. In the 
conventional technique similar irregularities were ob
scured by the other factors described. In some cases, 
however, the etched area extended beyond the margins 
of the control area. This again may have resulted from 
the poor adaptation of the annular adhesive disc to the 
tooth surface. A marked improvement in the percent
age of the control areas etched was obtained with the 
modified technique (Table I). The difference between 
the mean percentages of areas etched by the two tech
niques was statistically highly significant (t = 5,46; 
p < 0,0001). 

There is a marked difference between the mean cal
culated and recalculated depths of etch in the conven
tional technique. This can be accounted for by the 
considerable reduction in the etched surface area which 
was taken into account in the recalculation. In. view of 
the more complete etching of the exposed surfaces in 
the modified technique, this difference is much smaller. 
The depths of etch measured from the Talysurf pro
files are very similar to those obtained by calculation 
(Table II). Statistical analysis showed that the differ
ence between the means of the depths of etch as cal
culated and measured was not significant (t = 0,314). 
This confirms the reliability of the modified acid etch 
biopsy technique. 

The technique developed by Hotz et al (1970) has been 
used to evaluate the efficacy of a topical fluoride treat
ment in increasing surface enamel fluoride content 
(Barbakow et al, 1973). This biopsy technique could be 
carried out with ease on posterior teeth. The modified 
technique using the annular discs is being used at 
present (Friedman et al, unpublished work) and a fur
ther advantage is that the area isolated on the tooth 
surface is more readily visible. 
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Weatherell , Robinson and Hallsworth (1972) reported 
that the fluoride concentration varied considerably 
from the incisal edge towards the cervical margin of 
upper incisors. An added advantage of the acid etch 
biopsy technique is therefore the small sampling area 
of 7,065 mm2 • 

Hotz et al (1970) recognized the possibility of repre
cipitation of free fluorides from the etching solution 
during the biopsy procedure. They believed that this 
problem was overcome by agitation of the demineral
izing acid. This aspect was not investigated in the 
present study. 
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In vitro Fluoride Uptake, Distribution and R~tention 
by Human Enamel After 1- and 24-Hour Application 
of Various Topical Fluoride Agents 

D. H. RETIEF, P. G. SORVAS, E. L. BRADLEY,* R. E. TAYLOR and A. R. WALKER 

Institute of Dental Research and Department of Biostatistics,* Schools of Medicine and Dentistry, Uni
versity of Alabama in Birmingham, Alabama 35294. 

The in vitro fluoride acquisition by human enamel 
after a I-hour and 24-hour application of APF, 
Duraphat (a resin varnish) or Fluor Protector (a 
polyurethane varnish) and subjection to various 
procedures was determined. Fluoride acquisition 
was the greatest in teeth treated with Fluor Pro
tector and the least in APF-treated teeth. Fluo
ride uptake and distribution were increased by 
prolonging the contact time between the varnishes 
and enamel, and fluoride retention was decreased 
after subsequent exposure to synthetic saliva. 

J Dent Res 59(3):573-582, March 1980 

Introduction. 

Fluoride acquired by tooth enamel from 
topical fluoride solutions is not perma
nently incorporated in the enamel.1 Coating 
materials applied to enamel surfaces im
mediately after topical fluoride treatment 
markedly increased the amount of fluoride 
retained in the enamel.2 

The observation that enamel acquired 
more fluoride from a solution acidified 
with orthophosphoric acid than from an 
equivalent neutral fluoride solution led to 
the introduction of acidulated phosphate 
fluorides (APF) as topical fluoride agents .3 

Subsequent clinical studies showed that 
topical APF treatment resulted in a marked 
reduction in dental caries4·8 and that the 
cariostatic effect continued for three years 
after treatment.9 

As a result of the marked loss of fluo
ride from enamel surfaces after topical 
APF application, fluoride-containing var
nishes have been developed to maintain the 
fluoride uptake by enamel after topical 
fluoride application. Duraphat ®t is a 
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Clinical Dental Research Fund, School of Dentistry, 
University of Alabama in Birmingham. 

twoelm Pharma, Eschwege, West Germany. 

fluoride varnish containing 5% sodium 
fluoride (NaF) in an alcoholic suspension 
of natural resins. The caries prophylactic 
effect of Duraphat has been demonstrated 
in rats.10 •11 The application of Duraphat 
resulted in a marked fluoride uptake by 
human enamel in vitro12•13 and in vivo. 14•15 

The caries inhibitory effect was evaluated 
in clinical trials.16-20 The caries reduction 
ranged from 30% to 75%, depending on the 
frequency of application. 

A polyurethane varnish, Fluor Pro
tector® :j: has recently become commercially 
available in Europe for topical fluoride ap-
plication. The active ingredient is a difluoro 
silane yielding 0. 7% fluoride. The results of 
recent in vitro studies indicated that a single 
application of this varnish resulted in a 
marked fluoride uptake by enamel21 and 
effectively increased enamel resistance against 
natural and artificial caries attack.22 Riethe, 
Streib and Schubring23 evaluated the cario
static effect of Fluor Protector in a limited 
clinical trial and reported that a single 
topical application resulted in a significant 
reduction in dental caries after one year. 

The objective of the present study was 
to determine the in vitro fluoride uptake , 
distribution and retention by human enamel 
after a single application of APF, § Duraphat 
or Fluor Protector, respectively. 

Materials and methods. 
Relationship between the fluoride con

tent of corresponding tooth halves. - In 
this study, randomly selected tooth halves 
were used as the control and the correspond
ing tooth halves as the experimental speci
mens. It was, therefore, necessary to deter
mine the correlation between the variables -

t1voclar, Schaan, Liech~nstein. 
§ Luride Phosphate, Davies Rose Hoyt, 

Needham, MA. 
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the fluoride concentrations of the control 
halves and the fluoride concentrations of 
the corresponding tooth halves. The crowns 
of ten extracted noncarious human maxillary 
canines were hemisectioned longitudinally 
with a Bronwill-Gillings Model 60 diamond 
blade machine. One of the halves from each 
crown was randomly selected and used with 
its corresponding half to determine the 
correlation between the fluoride content of 
the two halves. 

Enamel samples for · analysis were ob
tained from the ten paired halves by means 
of an acid etch enamel biopsy procedure.24 

The hemisectioned crowns were lightly 
cleaned with a rubber cup and a water 
slurry of pumice. Annular adhesive discs 
with an outer diameter of 5 mm and an 
inner diameter of 3 mm were punched from 
adhesive tape 11 with microtrephines. ~ A disc 
was placed on the middle third of the labial 
enamel surface of a tooth half and burnished 
carefully to ensure good marginal adaptation 
of the disc to the surface. The annular disc 
on a corresponding tooth half was posi
tioned the same distance from the incisal 
edge of the tooth as that of the randomly 
selected half. 

Special filter paper discs** with an 
adhesive tape backing and 3 mm in diameter 
were prepared and handled with fine pointed 
dissecting tweezers. Onto each of these discs 
10 µl of 2M perchloric acid were pipetted. 
The exposed area on each tooth half was 
etched for eight seconds, while intermittent 
pressure , timed with a metronome, was 
exerted on the disc with the tweezers 
to ensure controlled agitation of the etching 
solution. Immediately after etching, the 
exposed area was swabbed with a second 
filter paper disc, 5 mm in diameter, to 
absorb residual perchloric acid solution. 
Both discs were transferred to a plastic tube 
containing 1 ml of Total Ionic Strength 
Adjustment Buffer (TISAB)" and 1 ml of 
distilled water. A second and a third etch
ing of the same biopsy area were carried out. 

The etching solutions in the plastic 
tubes were left for 24 hours to reach equi
librium. The test solutions were analyzed 

llNo. 471, 3M Co., St. Paul, MN 
~ Roboz Surgical Instrument Co., Washington, 

D.C. 
**Millipore Corporation, Bedford, MA 
"Orion Research, Inc., Cain bridge, MA 
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for fluoride and calcium. Fluoride was 
determined with a combination fluoride 
electrode (Model 9609),7T coupled with a 
Model 801A pH/mv meter.'IT The calcium 
content was determined in aliquots diluted 
25 times with 1 % lanthanum chloride to 
prevent interference from phosphorus and 
aluminum. 25 Duplicate calcium determi
nation was carried out with Model 251 IL 
atomic absorption spectrophotometer.*** 

The mass of enamel in each sample was 
calculated by assuming that human enamel 
contains 37% calcium,26 and the depths of 
the successive biopsies were estimated from 
the following formula: 

Depth of etch (µm) = 
M_a_ss_o_f_e_n_a_m_e_l _(µ_g .... )./x biopsy area (mm>2 

Density of enamel 

The density of enamel is 2.95.27 

Because of the steep fluoride gradient in 
the outermost enamel,28 the amount of 
fluoride in a given biopsy obtained from a 
standardized area depends on the depth of 
the biopsy or equivalently on the mass of 
enamel in the biopsy solution. The biopsy 
depth is an uncontrollable variable, and, 
in order to make valid comparisons of the 
fluoride content of the enamel of the two 
crown halves, the fluoride concentrations 
were corrected to uniform depths of 7 .5 
µm, 15.0 µm and 22.5 µm for the first, 
second and third biopsies, respectively. 
(See Statistical Analysis.) 

Standardization of biopsy areas. 
Uniform biopsy surface areas are an essen
tial prerequisite for a comparative study of 
this nature . Leakage of the etching solution 
during the biopsy procedure will not only 
result in loss of solution but may also pro
duce an irregularly etched area. After three 
successive acid etch biopsies were carried 
out, the annular adhesive discs were removed 
and the etched areas examined under a 
Spencer stereo microscope.+ Some of the 
specimens were coated with gold-palladium 
in a high vacuum evaporator# and viewed 

***Instrumentation Laboratory, Inc., Lexing
ton, MA 

+American Optical Corp., Buffalo, NY 
#Hitachi, Ltd., Tokyo, Japan 
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TABLE 1 
EXPERIMENTAL PROCEDURES USED WITH FLUOR PROTECTOR, DURAPHAT AND APF 

RESPECTIVELY 

Topical fluoride agent applied for 3 min 

i 
Treated teeth suspended in synthetic sali.va, pH 7, at 37°C in a shaking water bath 

T '.cal fluoride agent removed 
after 1 hour 

/~ 
Topical fluoride agent removed 

after 24 hours 

lU sec prophylaxis Teeth resuspended 
/ i ~ 

10 sec prophylaxis Teeth resuspended Teeth resuspended 
with pumice in synthetic 

Three successive 
enamel biopsies 

saliva 24 hours 

10 "" Jophyl"'U 
with pumice 

with lumice 

Three successive 
enamel biopsies 

in synthetic 
saliva 24 hours 

10 sec p1phylax0 
with pumice 

in synthetic 
saliva 7 days 

+ 10 sec 
prophylaxis 
with pumice ! 

Three successive 
enamel biopsies Three L"'si" enamel biopsies 

+ . Three successive 
enamel biopsies 

Procedure A Procedure B Procedure C Procedure D Procedure E 

in a Cambridge Stereoscan Model 2A scan
ning electron microscope.1111 

In vitro fluoride uptake, distribution and 
retention of human enamel after a single 
application of a topical fluoride agent. - One 
hundred fifty noncarious, extracted, human 
maxillary canines were used in this part of 
the study. The teeth were washed in tap 
water after extraction and stored in 70% 
ethanol at room temperature. The crowns of 
the teeth were hemisectioned longitudinally 
with the diamond blade cutting machine, 
and the 150 paired halves were randomly 
divided into control and experimental 
halves. The control sections were cleaned 
with a rubber cup and a water slurry of flour 
of pumice, and three successive enamel biop
sies were carried out as previously described. 

The 150 experimental tooth halves were 
cleaned with a rubber cup and a water slurry 
of flour of pumice and divided into five 
groups. Ten of the tooth halves in each 
group were treated with APF, Duraphat or 
Fluor Protector, respectively. The topical 
fluoride agents were applied to the enamel 
surfaces as directed by the manufacturers. 
Three minutes after application, the treated 

1111 Cambridge Scientific Instruments, Ltd., 
Cambridge, England 

teeth were subjected to one of the five 
procedures outlined in Table 1. The topical 
fluoride agents were removed after the tooth . 
halves were suspended in synthetic saliva 
.for one hour or 24 hours. The APF and Dura
phat were removed with gauze tissues, and 
the Fluor Protector was peeled off with a 
scalpel. Prior to the enamel biopsies in each 
procedure, the enamel surfaces were lightly 
cleaned with a rubber cup and a water 
slurry of pumice for ten seconds to remove 
residual varnish. 

Three successive etchings were carried 
out on each tooth half, and fluoride and 
calcium were determined in the etching 
solutions. The fluoride concentrations in 
the enamel were again corrected to standard 
depths of 7.5 µm, 15.0 µm and 22.5 µm. 

Synthetic saliva. - The synthetic saliva 
used in this investigation was made up as 
follows: 5 gm carboxymethyl cellulose@ 
was added to a solution consisting of 250 ml 
water; 100 ml 0.053% tricalcium phos
phate* in 0.01 N HCl; and 100 ml of a 
mixture containing 15 gm sorbitol, 0.6 
gm KCl, 0.42 gm NaCl, and 0.026 gm 
MgC 12 :6H2 0. After dissolution of the 

@Aquacide II-A, Calbiochem, La Jolla, CA 
*Victor Chemical Works, Chicago, IL 
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Fig. 1 - Relationship between the corrected 
fluoride concentrations of control and correspond
ing experimental tooth halves for the three etch
ings. 

polymer at room temperature and ad
justment of the pH to 7 with 0.05 
M NaOH, sufficient water and 5 ml of 
0.2 M sodium phosphate (pH 7) were added 
to make a volume of 500 ml. A pH of 7 ± 
0 .0 was verified electrometrically, and the 
mixture was sterilized in an autoclave. 

Statistical analysis. - Data collected by 
three successive etchings of a surface were 
obtained at varying depths. In order to 
make the data comparable for each surface 
etched, the F ppm wen~ corrected to stan
dard depths of 7.5 µm, 15.0 µm, and 22.5 
µm for the first, second, and third etchings, 
respectively, by the following method: For 
each surface, three data points were calcu
lated based upon the successive cumulative 
measurements of fluoride and enamel mass 
obtained from the three etchings. These 
three data points were fitted to the regres
sion equation: 

lore (F mass) = a + b lore (Enamel mass) 

and the values of a and b were obtained by 
the method of least squares. 

The calibration curve thus obtained for 
a surf ace was used to predict the value of 
lo& (F mass) for the successive depths by 
using the corresponding equivalent amounts 
of enamel mass: 156.45 µg , 312.90 µg 
and 469.35 µg. Antilogarithms of these 
values were then taken to get the adjusted 
amounts of cumulative F mass. The ad
justed F mass in the first etch and the dif
ferences between the second and first and 
between the third and second were then 
calculated and used to obtain the adjusted 
amounts of F ppm for each successive 
7 .5 µm etching and subjected to analysis. 

J Dent Res March 1980 

Fig. 2. - Uniform biopsy area with regular 
outline (SEM x 25). 

The control F ppm and F uptake were 
analyzed for the effects of procedure and 
product by a standard 2-way analysis of 
variance. Individual comparisons between 
means wez:e by Duncan's new multiple 
range test29 at the 0.05 level of signifi
cance. All computations were performed 
utilizing the Statistical Analysis System.30 

Results. 
Relationship between the fluoride con

tent of corresponding halves. - The relation
ship between the corrected fluoride values 
of the ten · randomly selected tooth halves 
and the ten corresponding tooth halves for 
the three etchings are presented in the 
scatter diagram (Fig. 1 ). The correlation 
coefficients for the first, second, and third 
etchings were r=0.875, r=0.910 and r=0.939, 
respectively. These r values are highly signi
ficant (P<0.01). 

Standardization of biopsy areas. - Uni
form biopsy areas with regular outlines were 
obtained with the acid etch biopsy proce
dure used in the present investigation (Fig. 
2). 

In vitro fluoride uptake, distribution 
and retention of human enamel after a single 
application of topical fluoride agent. -
The corrected fluoride content (ppm) 
in the three enamel layers of the control 
and experimental halves, and the acquired 
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TABLE 2 
THE CORRECTED FLUORIDE CONTENT (PPM) IN THE THREE ENAMEL LAYERS OF THE 
CONTROL AND EXPERIMENT AL TOOTH HALVES AND THE ACQUIRED FLUORIDE (PPM) 

AFTER 1 HOUR'S EXPOSURE TO THE VARIOUS TOPICAL FLUORIDE AGENTS 

Topical F Enamel 
Procedure agent layer 

A Fluor 1 
Immediate Protector 2 
biopsy 3 

Duraphat 1 
2 
3 

APF 1 
2 
3 

B Fluor 1 
Resuspended Protector 2 
synthetic 3 
saliva 24 Duraphat 1 
hours 2 

3 
APF 1 

2 
3 

fluoride (ppm) after one hour's (Table 2) 
and 24 hours' (Table 3) exposure to the vari
ous fluoride agents with each of the five 
procedures used in this study are presented. 
The results are diagrammatically presented 
for Fluor Protector, Product A (Fig. 3) ; 
Duraphat, Product B (Fig. 4); and APF, Pro
duct C (Fig. 5) . The fluoride acquired in 
the first enamel layer (0-7 .5 µm) with each 
of the three topical agents subjected to the 
five procedures is presented in Fig. 6. 

The results of the statistical analysis of 
the data by Duncan's Multiple Range Test 
are given in Tables 4 and 5. The ranking of 
the five procedures based on the acquired 
fluoride with each of the three topical 
fluoride agents is presented in Table 4, 
and the three topical fluoride agents are 
ranked for each of the procedures in Table 5. 

Discussion. 
Uniform, standardized biopsy areas are 

readily obtained with the acid etch biopsy 
technique used in this investigation. Van 
Der Merwe et al.24 reported that the mean 
percentage area etched with this biopsy 
method was 98.9% of the theoretical area. 
Sporri, Belser and Miihlemann31 evaluated 

(F) control (F) exp. Acquired 
halves halves (F) 

Mean ± S.E. Mean ± S.E. Mean± S.E. 

976 ± 188 3057 ± 227 2081 ± 322 
687 ± 107 1183 ± 88 495 ± 128 
614 ± 90 896 ± 68 282 ± 97 

1249 ± 218 2198±191 949 ± 116 
842 ± 148 1004 ± 137 163 ± 40 
744 ± 134 803 ± 121 59 ± 33 

1235 ± 258 2007 ± 368 772 ± 158 
819 ± 168 1035 ± 202 217 ± 72 
722 ± 153 847 ± 172 125 ± 61 

1279 ± 158 2683 ± 220 1403 ± 193 
905 ± 101 1567 ± 177 662 ± 125 
810 ± 93 1318 ± 161 508 ± 110 

1291±195 1921 ± 195 629 ± 119 
859 ± 120 1093 ± 113 234 ± 60 
753 ± 106 913 ± 94 160 ± 51 

1326 ± 105 1809 ± 308 483 ± 279 
808 ± 93 880 ± 119 72 ± 73 
689 ± 91 711 ± 98 21 ± 51 

three enamel biopsy procedures and re
ported that the method used in the present 
study showed the best reproducibility. 

Sectioning the canine tooth crowns 
into two halves and utilizing one half as 
the control and a corresponding half as 
the experimental section enabled us to 
perform the comparative studies with 
intradental control. The high correlations 
between the corrected fluoride content of 
symmetrically situated areas on tooth halves 
confirm observations that the average 
fluoride concentrations of two symmetrical 
areas on tooth surfaces are almost identi
cal.32,33 The fluoride acquired by enamel 
after a topical fluoride treatment can, there
fore , be obtained by subtracting fluoride 
content of a control half from that of the 
corresponding experimental half, provided 
that the fluoride values have been cor
rected to the same depth. 

It has not been clearly established what 
influence the initial enamel fluoride level 
has on fluoride uptake from topical fluoride 
agents. M¢11er, Schait and Miihlemann34 
reported that teeth with a high initial 
fluoride level acquired more fluoride from 
biweekly rinsing with a dilute NaF solu
tion than teeth with less fluoride initially. http://etd.uwc.ac.za/ 
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Fig. 3 - Fluoride acquired by tooth enamel 
treated with Fluor Protector (polyurethane var

. nish). 

Irt contrast, Nicholson and Mellberg3 5 re
ported that, in an in vitro study, the amount 
of fluoride acquired after a 4-min topical 
treatment with APF appeared to be influ
enced inversely by the concentration of 
fluoride in the tooth prior to treatment. 
In an in vivo study, Heifetz et al. 36 found 
a low inverse relationship between fluoride 
uptake after topical fluoride application 
and the initial fluoride concentration. In the 
present study the partial correlation co
efficients between the fluoride concentra
tions in the control halves and the fluoride 
uptake by the experimental halves were 
-0.30, -0.32, and -0.34 for the first, 
second and third biopsy layers, respectively. 
These correlations represent the association 
within each procedure/topical fluoride agent 
combination and are significant at P < 
0.001. The fluoride uptake in this in vitro 
study was, therefore, inversely related to the 
fluoride concentrations prior to topical fluo
ride application. 

Teeth treated with Fluor Protector for 
one hour acquired significantly greater 
amounts of fluoride in the outermost 7 .5 µm 
of enamel than teeth treated with Duraphat 
or APF for a similar period (Procedure 
A). The fluoride acquired by all three layers 
of enamel was significantly increased by ex
tending the contact time of Fluor Protector 
and Duraphat to tooth surf aces to 24 

I 

E 
0. 
0. 

3000 

LL. 2000 

Cl 
w 
ct: 
5 
0 
u 
<( 1000 

J Dent Res March 1980 

I h 24 h 

Oh 24h Oh 24h 7d 
+--- ...,___.... ..,.__.. ~ ~ 

DURA PH AT 

Fig. 4 - Fluoride acquired by tooth enamel 
treated with Duraphat (resin varnish). 

hours (Procedure C). More than 3000 
ppm F was acquired by the first biopsy 
layer (0-7 .5 µm) and approximately 2000 
ppm F by the second (7.5-15.0 µm) and 
third layers (15 .0-22 .5 µm) with both 
topical agents. Resuspension of similarly 
treated teeth in synthetic saliva for 24 
hours (Procedure D) resulted in signifi
cant retention of the acquired fluoride in 
all three of the enamel layers. Further 
loss of acquired fluoride occurred by re
suspending the treated teeth in synthetic 
saliva for seven days (Procedure E). Under 
these experimental conditions, teeth treated 
with Fluor Protector retained more than 
1000 ppm F in the outermost 22.5 µm, 
while Duraphat-treated teeth retained just 
under 100 Q>pm F. Bergman and Lind 3 7 

observed that the seemingly caries-resistant 
surface layer of enamel overlying the zone 
of decalcification of incipient caries lesions 
was approximately 40 µm thick. The sub
stantial fluoride uptake by the deeper 
enamel layers of tooth surfaces treated 
with Fluor Protector and Duraphat may 
enhance the caries-inhibiting potential of 
these sealants. 

The results of this study suggest that it 
is important to maintain the contact be
tween the fluoride-containing varnishes 
and tooth surfaces for as long as possible 
in the clinical situation. This can be achieved 
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TABLE 3 
THE CORRECTED FLUORIDE CONTENT (PPM) IN THE THREE ENAMEL LAYERS OF THE 
CONTROL AND EXPERIMENTAL TOOTH HALVES AND THE ACQUIRED FLUORIDE (PPM) 

AFTER 24 HOURS' EXPOSURE TO THE VARIOUS TOPICAL FLUORIDE AGENTS 

(F) control (F) exp. Acquired 

Topical F Enamel halves halves (F) 

Procedure agent layer Mean± S.E. Mean± S.E. Mean± S.E. 

c Fluor 1 1296 ± 202 4409 ± 191 3113 ± 203 
Immediate · . Protector 2 956 ± 151 2941±121 1985 ± 182 
biopsy 3 863 ± 137 2566 ± 114 1703 ± 179 

Duraphat 1 1236 ± 167 4528 ± 287 3292 ± 352 
2 824 ± 114 2937 ± 198 2112± 158 
3 728 ± 107 2540 ± 178 1812 ± 122 

APF 1 1582 ± 226 1984 ± 210 402 ± 74 
2 1119 ± 220 1172 ± 167 54 ± 65 
3 1003 ± 216 991±154 - 11 ± 70 

D Fluor 1 883 ± 148 3175 ± 232 2292 ± 158 
Resuspended Protector 2 617 ± 106 2144 ± 133 1562 ± 134 
synthetic 3 551 ± 96 1889 ± 127 1338 ± 139 
saliva Duraphat 1 1623 ± 254 3327 ± 183 1704 ± 97 
24 hours 2 997 ± 153 2333 ± 160 1336 ± 99 

3 855 ± 132 2072 ± 97 1218 ± 100 
APF 1 1474 ± 229 1818 ± 182 344 ± 224 

2 1047 ± 174 1161 ± 146 114 ± 132 
3 935 ± 160 1004 ± 137 70 ± 110 

E Fluor 1 1078 ± 171 2403 ± 162 1324 ± 214 
Resuspended Protector 2 771 ± 121 1850 ± 140 1079 ± 121 
synthetic 3 692 ± 111 1700 ± 146 1009 ± 118 
saliva Duraphat 1 1634 ± 212 2490 ± 118 857 ± 120 
7 Days 2 1122 ± 150 1858 ± 107 736 ± 74 

3 993 ± 138 1682 ± 120 689 ± 74 
APF 1 1512 ± 256 1676 ± 210 163 ± 141 ' 

2 941 ± 146 967 ± 142 26 ± 77 
3 807 ± 122 810 ± 124 3 ± 65 

TABLE4 
RANKING OF THE FIVE PROCEDURES (A - E) BASED ON ACQUIRED FLUORIDE FOR EACH OF 

THE THREE TOPICAL FLUORIDE PRODUCTS 

Product Procedure 

1st etch 2nd etch 3rd etch 

Fluor Protector c c c 
D D D 
A E E 

~r !J !J 
Duraphat c c c 

D D D 

~] E E 

!] !J B 

APF A 

u ~ g] 
E 

•Means that are not significantly different are bracketed by vertical lines. 
http://etd.uwc.ac.za/ 
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TABLES 
RANKING OF THE THREE TOPICAL FLUORIDE PRODUCTS, FLUOR PROTECTOR (A), 

DURAPHAT (B) AND APF {C), BASED ON ACQUIRED FLUORIDE, FOR EACH OF THE FIVE 
PROCEDURES 

Procedure Topical fluoride product 

1st etch 2nd etch 3rd etch 

A A 

[~] ~] ~r 
B A A A 

~] ~] ~] 
c B !J !1 A 

c c c 
D A ~] ~] B 

c c c 
E A A A 

B B B 
c c c 

*Means that are not significantly different are bracketed by vertical lines. 
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Fig. 5 - Fluoride acquired by tooth enamel 
treated with APF. 

by applying the varnish in the afternoon 
and requesting that patients refrain from 
tooth brushing for 24 hours, and that they 
eat a light meal the first evening after 
application. The results also indicate that 
the acquired enamel fluoride is not perma
nently retained, but that it gradually de
creases after suspension in synthetic ,saliva. 
In clinical practice, the reapplication of 
Fluor Protector and Duraphat will be 
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Fig. 6 Comparison of fluoride acquired in 
outermost enamel layer (0-7.5 µm) of teeth treated 
with Fluor Protector, Duraphat, and APF. 

required to maintain satisfactory levels 
of acquired fluoride. 

Conclusions. 
The in vitro fluoride uptake, distribu

tion, and retention by human enamel" are 
generally the greatest in teeth treated 
with Fluor Protector (a polyurethane var
nish) and the least in APF-treated teeth. 

http://etd.uwc.ac.za/ 
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The fluoride uptake and distribution are 
increased by prolonging the contact time 
of Fluor Protector (a polyurethane varnish) 
and Duraphat (a resin varnish) to enamel, 
and fluoride retention is decreased by 
subsequent exposure to synthetic saliva. 
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Abstract. The in vitro fluoride acquired by human enamel after application of APF, 
Duraphat (a resin varnish) and Fluor Protector (a polyurethane varnish), respectively, and 
subjected to various procedures was determined. Fluoride acquisition was the greatest in 
teeth treated with Duraphat and Fluor Protector and the least in APF-treated teeth. Fluoride 
uptake and distribution were not increased by extending the contact time between the 
topical fluoride agents and enamel from 4 to 24 h. Reapplication of the topical fluoride 
agents did not increase fluoride acquisition. Fluorapatite was the predominant reaction 
product with Duraphat and Fluor Protector and alkali-soluble fluorides with APF appli
cation. 

The observation that enamel acquired 
more fluoride from a solution acidified with 
orthophosphoric acid than from an equiva
lent neutral fluoride solution led to the in
troduction of acidulated phosphate fluorides 
(APF) as topical fluoride agents [l]. APF 
solutions contain 1.23°/o fluoride in the form 
of sodium fluoride and hydrofluoric acid in 
0.1 M orthophosphoric acid, pH of approxi
mately 3. The bulk of the fluoride acquired 
by tooth enamel from APF is not perma
nently incorporated in the enamel [2]. As a 
result of the marked loss of fluoride from 
enamel surfaces after topical application, 

Supported by The American Fund for Dental 
Health and by NIH-NIDR grant DE 02670. 

fluoride-containing varnishes have been de
veloped and introduced to the dental profes
sion in Europe. The objective is to allow 
time for fluoride penetration into and reac
tion with enamel after topical fluoride appli
cation. 

Duraphat (Woelm Pharma, Eschwege, 
FRG) is a fluoride varnish containing 
5 wtO/o sodium fluoride (NaF) in a natural 
colophonium base. Fluor Protector (Viva
dent, Schaan, Liechtenstein) consists of 
1 wtO/o silane fluoride in a polyurethane po
lymer. The results of laboratory and clinical 
studies involving these fluoride-co~taining 

varnishes were summarized in a recent pub
lication [3]. In a recent study, the fluoride 

4 
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Table I. Experimental procedures used with APF, Duraphat and Fluor Protector, respectively 

Topical fluoride agent applied for 4 min 
I 

teeth suspended in SS, 37 °C, pH 7.0 

topical F agent removed after 4 h topical F agent removed after 24 h 

resuspended resuspended resuspended resuspended resuspended 
SS I week SS I month SS I week SS I week SS I month 

I I I I 
biopsies biopsies topical suspended biopsies biopsies topical 

F agent I MKOH F agent 
applied 4 min 24h applied 4 min 

I I I 
topical biopsies topical 
F agent F agent 

removed 4 h removed 24 h 
I I 

resuspended SS resuspended SS 
I month I month 

I I 
biopsies biopsies 

Procedure A Procedure B Procedure C Procedure G Procedure D Procedure E Procedure F 

acquired by human enamel after 1 h and 
24 h exposure to APF, Duraphat and Fluor 
Protector and after suspension in synthetic 
saliva for periods up to 7 "days was deter
mined [3]. It was reported that fluoride up
take and distribution were increased by pro
longing the contact time between the var
nishes and enamel, and some of the ac
quired fluoride was lost after subsequent ex
posure to synthetic saliva. 

The objective of the present study was to 
determine the in vitro fluoride uptake, dis
tribution and retention by human enamel 
after a single application and reapplication 
of APF, Duraphat and Fluor Protector, 
respectively, and after suspension in synthet
ic saliva for periods up to 1 month. 

Materials and Methods 

210 . noncarious extracted human maxillary 
canine teeth were used in this study. The teeth 
were washed in tap water after extraction and 
stored in 706/o ethanol at room temperature. The 
crowns of the teeth were hemisectioned longitudi
nally with a diamond blade cutting machine and 
the 210 paired halves randomly divided into con
trol and experimental halves. Both control and ex
perimental sections were cleaned with a rubber 
cup and a water slurry of pumice. Three succes
sive enamel biopsies were carried out on the con
trols (4). Annular adhesive discs with an inner dia
mete of 3 mm were used to demarcate the biopsy 
sites. 

The 210 experimental tooth halves were divid
ed into seven groups. 10 of the tooth halves in 
each group were treated with APF (Luride Phos
phate, Davies Rose Hoyt, Needham, USA), Dura-
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phat or Fluor Protector. The topical fluoride 
agents were applied to the enamel surfaces as di
rected by the manufacturers. 4 min after applica
tion, the treated teeth were subjected to one of the 
seven procedures outlined in table I. The topical 
fluoride agents were removed after the tooth 
halves had been suspended in synthetic saliva for 
4 or 24 h. The APF and Duraphat were removed 
with gauze tissues and the Fluor Protector peeled 
off with a scalpel. The experimental tooth halves 
were resuspended in synthetic saliva for 1 week or 
1 month. The synthetic saliva was replaced at 
weekly intervals. Reapplication of the topical fluo
ride agents was carried out in procedures C and F. 
In procedure G the treated teeth were suspended 
in 1 M KOH for 24 h. The experimental tooth 
halves were cleaned with cotton pellets soaked in 
acetone to ensure complete removal of the var
nishes and three successive enamel biopsies carried 
out [4). The annular adhesive disc with an inner 
diameter of 3 mm which demarcated the biopsy 
area was positioned on an experimental tooth half 
the same distance from the incisal edge as on the 
randomly selected corresponding control half. The 
etching solutions were analyzed for fluoride and 
calcium. Fluoride was determined with a combina
tion fluoride electrode coupled to a Model 801A 
pH/mV meter (Orion Research, Cambridge, 
Mass. , USA). The calcium content was determined 
in aliquots diluted 25 times with 1 D/o lanthanum 
chloride and duplicate calcium determinations 
were carried out with a Model 251 IL atomic ab
sorption spectrophotometer (Instrumentation Lab
oratory, Inc., Lexington, Mass., USA). The mass 
of enamel in each sample was calculated by as
suming that human enamel contains 370/o calcium 
[5). 

Because of the steep fluoride gradient in the 
outermost enamel [6), the amount of fluoride in a 
given biopsy obtained from a standardized area 
depends on the depth of the biopsy or equivalently 
on the mass of enamel in the biopsy solution. The 
biopsy depth is an uncontrollable variable and, in 
order to make valid comparisons of the fluoride 
content of the enamel of the control and experi
mental crown halves, the fluoride concentrations 
were adjusted to uniform depths of 7.5, 15.0 and 
22.5 ,um for the first, second and third biopsies, 
respectively. For each surface, three data points 
were calculated based upon the successive cu-

Retie fl Bradley I Holbrook/ Switzer 

mulative measurements of fluoride and enamel 
mass obtained from the three etchings. These 
three data points were fitted to the regression 
equation: 

loge (F mass) = a + b loge (enamel mass) 

and the values of a and b were obtained by the 
method of least squares. The calibration curve 
thus obtained for a surface was used to ~redict the 
value of loge (F mass) for the successive depths by 
using the corresponding equivalent amounts of en
amel mass: 156.4, 312.9 and 469.3 ,ug. Antiloga
rithms of these values were then taken to get the 
adjusted amounts of cumulative F mass. The adjust
ed F mass in the first etch and the differences be
tween the second and first and between the third 
and second were then calculated and used to obtain 
the adjusted amounts of F ppm for each succes
sive 7.5-,um etching and subjected to analysis. The 
control F ppm and F uptake were analyzed for 
the effects of treatment procedure and topical 
fluoride product by a standard two-way analysis 
of variance. Individual comparisons between 
means were by Duncan's new multiple-range test 
[7] at the 0.05 level of significance. All computa
tions were performed utilizing the Statistical Anal
ysis system [8). 

The synthetic saliva used in this investigation 
was made up as follows: 5 g carboxymethyl cellu
lose was added to a solution consisting of 250 ml 
water, 100 ml 0.0530/o tricalcium phosphate in 
0.01 N HCI, and 100 ml of a mixture containing 
15 g sorbitol, 0.6 g KCI, 0.42 g NaCl and 0.026 g 
MgClz · 6H20. After dissolution of the polymer at 
room temperature and adjustment of the pH to 7 
with 0.05 M NaOH, sufficient water and 5 ml of 
0.2 M sodium phosphate (pH 7) were added to 
make a volume of 500 ml. A pH of 7 + 0.1 was 
verified electrometrically, and the mixture was 
sterilized in an autoclave. 

Results 

The fluoride acquired by enamel from a 
topical fluoride agent after a specific treat
ment procedure was obtained by subtracting 
the adjusted fluoride concentration of a con
trol half from the adjusted fluoride concen-http://etd.uwc.ac.za/ 
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Fig. 1. Fluoride acquired by 
tooth enamel treated with APF. 
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Fig. 2. Fluoride acquired by 
tooth enamel treated with Dura
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Procedure 

tration of a corresponding experimental half 
for each etch depth. The mean fluoride ac
quired is diagrammatically presented for 
APF (product X, fig. 1); Duraphat (product 
Y, fig. 2), and Fluor Protector (product Z, 
fig. 3). The mean fluoride acquired in the 
outermost enamel layer (0-7.5 µm) with 
each of the three topical fluoride agents sub
jected to procedures A-F is presented in 
figure 4. The mean fluoride acquired by ex
perimental teeth treated with the three topi
cal fluoride agents and subjected to proce-

E F 

dures D and G, respectively, is shown in fig
ure 5. 

Discussion 

Sectioning the canine tooth crowns into 
two halves and utilizing one half as the con
trol and a corresponding half as the experi
mental section enabled us to perform the 
comparative studies with intradental con
trol. The high correlations reported pre-http://etd.uwc.ac.za/ 
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Fig. 3. Fluoride acquired by 
tooth enamel treated with Fluor 
Protector (polyurethane varnish). 
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Fig. 4. Comparison of fluo
ride acquired in outermost enam
el layer (0-7.5 ,um) of teeth 
treated with APF, Duraphat and 
Fluor Protector, respectively. 

viously [3] between the adjusted fluoride 
content of symmetrically situated areas on 
tooth halves confirmed observations by oth
er investigators that the average fluoride 
concentrations of two symmetrical areas on 
tooth surfaces are almost identical [9, 10]. 
The fluoride acquired by enamel after a top-

ical fluoride treatment can, therefore, be ob., 
tained by subtracting the fluoride content of 
a control half from that of the correspond
ing experimental half, provided that the 
fluoride values have been adjusted to the 
same depth. 

In present study the experimental tooth 
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Fig. 5. Comparison of fluoride acquired by 
tooth enamel treated with APF, Duraphat and 
Fluor Protector, respectively, when subjected to 
procedure D and procedure G (KOH extraction). 

halves were well cleaned with acetone prior 
to performing the enamel biopsies. Exami
nation of tooth surfaces treated with the 
fluoride-containing varnishes by scanning 
electron microscopy revealed that this 
cleaning procedure removed varnish materi
al effectively. 

The partial correlation coefficients be
tween the fluoride concentrations in the out
ermost 7 .5 µm of enamel of the control 
halves and the fluoride uptake by the ex
perimental halves were - 0.23 (p = 0.07) 
for APF, - 0.30 (p = 0.02) for Duraphat, 
- 0.34 (p = 0.005) for fluor Protector and 
- 0.28 (p = 0.001) for the combined data. 
These correlations represent the association 
within each procedure/topical fluoride agent 

combination. The fluoride uptake in this in 
vitro study was, therefore, inversely related · 
to the fluoride concentrations prior to topical 
fluoride application. These results confirm 
findings in a previous study [3]. 

It was demonstrated that CaF2 and other 
alkali-soluble fluorides could be separated 
from fluoride bound to apatite as fluorapa
tite (FAp) by KOH extraction [11, 12]. As 
a result of this important finding, the two 
main reaction products of topical fluorides 
with hydroxyapatite, namely alkali-soluble 
fluorides and F Ap, can now be quantitated. 
This principle was applied in the present 
study. Of APP-treated teeth, those subject
ed to procedure D acquired the most fluo
ride in the outermost 7.5 pm of enamel 
(fig. 1). It was therefore decided to repeat 
this treatment procedure on 30 experi
mental tooth halves exposed to APF, Dura
phat and Fluor Protector, respectively. The 
teeth were suspended in 1 M KOH for 24 h 
after the topical-fluoride-treated teeth had 
been suspended in synthetic saliva for 1 
week .and prior to carrying out the biopsy 
procedures (procedure G). Extraction with 
1 M KOH significantly reduced the fluoride 
acquired from APF treatment in all three 
etch depths. Fluoride acquired from Dura
phat treatment was reduced in the second 
and third biopsy layers while KOH extrac
tion had no significant effect on fluoride ac
quired after Fluor Protector treatment. 
These results may suggest that the predomi
nant reaction product of APP-treated teeth 
subjected to procedure D was CaF2 while 
FAp was the major reaction product in Dur
aphat- and Fluor-Protector-treated teeth. 

The high fluoride uptake in the form of 
F Ap by enamel surfaces treated with Dura
phat and Fluor Protector can be explained 
as follows. Fluoride is released slowly from 
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the natural resin base of Duraphat and the 
polyurethane resin base of Fluor Protector, 
and the relatively low p - concentrations at 
the enamel-varnish interfaces will enhance 
F Ap formation. The protective effect of the 
varnishes will allow sufficient time for the 
second-order reaction in which CaF2 

formed during the induction stage is con
verted to FAp to take place [13]. Topical 
application of APF with its high fluoride 
content (12,300 ppm F) will result in the 
formation of CaF2 as the main reaction 
product. Suspension of the treated teeth in 
synthetic saliva immediately after the appli
cation of APF will result in washing out of 
unfixed fluoride ions. This explains why 
minimal fluoride fixation in the form of 
FAp was obtained with APF treatment. 

In a previous study [3] we reported -that 
the enamel fluoride uptake was increased by 
prolonging the contact time of Duraphat 
and Fluor Protector to enamel from 1 to 
24 h. In the present study we found that for 
Fluor Protector in particular, extension of 
the contact time from 4 to 24 h did not 
significantly increase enamel fluoride up
take. From these studies it can be concluded 
that a 1-hour contact time between Fluor 
Protector and enamel was not sufficient to 
ensure maximal fluoride uptake. These find
ings are in harmony with the two-step reac
tion of p - with DCPD to form F Ap as pro
posed by Chow and Brown [13]. These ob
servations suggest that in clinical practice 
maintenance of intimate interfacial contact 
of Duraphat and Fluor Protector to enamel 
surfaces for 4 h could result in maximal 
fluoride uptake. 

In the previous study [3], we also ob
served that enamel fluoride retention was 
decreased by extending the immersion time 
of topically fluoridated teeth from 1 day to 

Retief/Bradley /Holbrook/Switzer 

7 days. In the present study we found that 
the fluoride acquired and retained from 
Duraphat and Fluor Protector topical appli
cation after 1 week's exposure to synthetic 
saliva was not lost after immersion in syn
thetic saliva for 1 month (procedures A vs. 
B and D vs. E in fig. 3 and 4). This indicat
ed that the fluoride retained after 1 week of 
exposure to synthetic saliva was firmly 
fixed in the enamel, possibly as F Ap. The 
similarity between the histograms depicting 
fluoride acquired from Duraphat and Fluor 
Protector exposed to procedures D and G, 
respectively (fig. 5), support this hypothesis. 

Reapplication of Duraphat and Fluor 
Protector did not increase the fluoride ac
quired by enamel. Comparison of the histo
grams for procedures B vs. C and E vs. F, 
respectively, in figures 2 and 3 showed that 
in some instances reapplication of the topi
cal fluoride agent resulted in a slight loss of 
fluoride. It is interesting to speculate what 
the results would be if the reapplication 
were carried out 6 months after the initial 
application. 

Conclusions 

Under the experimental conditions de
fined in this in vitro study it can be conclud
ed that: 

(1) Duraphat- und Fluor-Protector-treat
ed teeth acquired and retained significantly 
greater amounts of fluoride than APP-treat
ed teeth. 

(2) A 4-hour contact period of Duraphat 
and Fluor Protector with enamel was suffi
cient to ensure maximal fluoride uptake. 

(3) The main reaction product of enamel 
with Duraphat and Fluor Protector was 
fluorapatite while alkali-soluble fluorides 
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were the main reaction products with 
APF. 

(4) Reapplication of Duraphat and Fluor 
Protector 1 month after the initial applica
tion did not increase enamel fluoride up
take. 
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Enamel fluoride uptake from 
orthodontic cements and its 
effect on demineralization 
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Birmingham, Ala. 

Dr. Sadowsky 

This study was undertaken to determine the in 1·itro enamel fluoride uptake and 
distribution from fluoride-containing orthodontic cements after 21 days' exposure and 
the effect on acid deminerak:.ation . Three successive acid-etch biopsy specimens were 
taken from the facial middle third <i thirty maxillary cellfral incisors. Orthodontic 
hands were cemented to these teeth, ten each with (A) -;:,inc phosphate, (8) zinc 
phosphate containing 5 percent SnF 2, and (C) silicophosphate cement, respectively . 
The teeth were suspended individuall_v in synthetic saliva at 37° C. in a shaking 
incubator for 21 days. The bands were removed, the cement was cleaned off; and 
three suffessi1•e biopsies were carried out adjacent to the previous biopsy sites. 
Analysis for fluoride was carried out electrometrically and for calcium by atomic 
absorption spectroscopy . Fluoride concentrations were adjusted to depths of 10.0, 
20.0, and 30.0 µm for the three biopsies, respectively . The acquired fluoride was 
calrnlated and the data were analyzed statistically. In addition, six teeth each with 
bands cemented with cements A, 8, and C, respectively, were incubated in synthetic 
salim for 21 days, after which the bands were loosened and the teeth were suspended 
for a further 3 months in a caries-producing medium. After careful cleaning, the 
enamel surfaces were examined by microradiography and scanning electron 
microscopy for demineralization. Results showed that acquired fluoride at the first 
depth was highest with cement C, followed by cement 8, with cement A producing a 
net loss of fluoride. Further, the greater the fluoride uptake, the more resistant the 
enamel was to demineralization. 

Key words: Cements, enamel fluoride uptake, demineralization 

Enamel demineralization occurring beneath orthodontic bands during treat
ment is a problem of great concern to orthodontists. Factors contributing to this decal
cification include seal breakdown, inadequate structural and bonding strength of the 
cements, and their solubility in oral fluids. 1 Poor oral hygiene is also a most important 
contributory factor to demineralization beneath bands and to decalcification occurring 
beyond the fitting margins of orthodontic bands and bonded attachments . 

This research was supported by NIH-NIDR Grant DE 02670 and Stratford-Cookson Company, 
Newnan, Ga. 
*Associate Professor, Department of Orthodontics, University of Alabama School of Dentistry. 
**Professor of Dentistry, Department of Biomaterials, University of Alabama School of Dentistry. 
***Associate Professor, Department of Biostatistics, University of Alabama . 
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There are numerous references in the dental literature to the higher incidence of caries 
in patients undergoing orthodontic treatment. 2- 5 Areas of enamel demineralization are 
often observed after removal of orthodontic bands. Tillery and associates6 noted that 
enamel decalcification is the initial step in the development of carious lesions. 

It is an accepted fact that fluoride has anticariogenic properties, and this has led to the 
incorporation of fluoride into drinking water, dentifrices, and mouthwashes. In addition, 
topical fluoride regimens have become accepted procedures in preventive dentistry pro
grams. Fluoride has also been incorporated into pit-and-fissure sealants,7 used as an 
adjunct in orthodontic treatment,6 occurs naturally in some restorative materials, 8 or is 
added to dental cements. 9 The purpose of this research has been to reduce enamel de
mineralization and dental caries. Investigations have also been carried out to determine the 
uptake and release of fluoride from dental materials .10- 13 

The purpose of this investigation was to evaluate the fluoride uptake and distribution in 
human enamel from three cements currently in use for orthodontic band cementation . In 
addition, a qualitative evaluation of caries production beneath loosened orthodontic bands 
in vitro was carried out. 

Material and method 

The three cements selected were a zinc phosphate cement (A),* a zinc phosphate 
cement containing 5 percent stannous fluoride by weight in the powder (B), t and a 
silicophosphate cement (C).:j: 

Cements A and B have the same basic composition. Stannous fluoride was added by 
the manufacturer to cement B to impart cariostatic properties . All three cements are 
marketed for orthodontic band cementation . 

Enamel fluoride uptake and distribution 

Thirty noncarious human maxillary central incisors were cleaned with a water slurry of 
flour of pumice with a rubber cup and stored in 70 percent ethanol. The teeth were divided 
into three groups of ten. From each tooth three successive enamel acid-etch biopsy 
specimens were taken from the middle third of the facial surface (Fig. 1). This area was 
selected since a fitted and cemented orthodontic band would most likely cover the middle 
third of the crown in orthodontic appliance design. These acid-etch biopsies were carried 
out according to the method described by Van der Merwe and associates. 14 Annular 
adhesive disks with an outer diameter of 5 mm. and an inner diameter of 3 mm. were 
punched from adhesive tape§ with microtrephines.11 A disk was placed on one side of the 
middle third of the labial enamel surface of each tooth and burnished carefully to ensure 
good marginal adaptation of the disk to the surface (Fig. 1). 

Special filter paper disks~ with an adhesive tape backing and 3 mm. in diameter were 
prepared and handled with fine-pointed dissecting tweezers. Onto each of these disks 10 
µ.l of 2 M perchloric acid were pipetted. The exposed area on each tooth half was etched 

*Zinc phosphate, Stratford-Cookson Company, Newnan, Ga. 
tOrthostan , Stratford-Cookson Comp;my, Newnan, Ga. 
:j:Fluoro-Thin, S. S. White Dental Products , Philadelphia, Pa. 
§No. 471, 3M Company, St. Paul, Minn . 
llMicrotrephines, Roboz Surgical Instrument Company, Washington, D.C. 
1!Millipore Corporation, Bedford, Mass. 
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Fig. 1. Experimental procedure. 

for 8 seconds while intermittent pressure, timed with a metronome , was exerted on the 
disk with the tweezers to ensure controlled agitation of the etching solution. Immediately 
after etching, the exposed area was swabbed with a second filter paper disk, 5 mm. in 
diameter, to absorb residual perchloric acid solution. Both filter paper disks were trans
ferred to a plastic tube containing 1 ml. of Total Ionic Strength Adjustment Buffer* and 1 
ml of distilled water. A second and third etching of the same biopsy area were carried out. 
These acid-etch biopsies were to serve as controls of fluoride concentration at the three 
successive depths within the enamel surface. 

The solutions in the plastic tubes were left for 24 hours to reach equilibrium . The test 
solutions were analyzed for fluoride and calcium content. Fluoride content was deter
mined with a combination fluoride electrodet coupled to a pH/mv meter. :j: The calcium 
content was determined in aliquots diluted 25 times with 1 percent lanthanum chloride to 
prevent interference with phosphorus and aluminum. 15 Calcium determinations were car
ried out with a Model 251 IL atomic absorption spectrophotometer.§ 

*TISAB, Orion Research, Inc., Cambridge, Mass. 
tModel 96-09, Orion Research , Inc ., Cambridge, Mass . 
~Orion Research, Inc. , Cambridge, Mass . 
§Instrumentation Laboratory, Inc ., Lexington, Mass. http://etd.uwc.ac.za/ 
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The mass of enamel in each sample was calculated by assuming that human enamel 
contains 37 percent calcium16 and the depths of the successive biopsies were estimated 
from the following formula: 

Mass of enamel (µg) 
Depth of etch (µm) = . . 

Density of enamel x B10psy area (mm. 2) 

The density of enamel is 2.95.17 
Because of the steep fluoride gradient in the outermost enamel, 18 the amount of 

fluoride in a given biopsy specimen obtained from a standardized area depends on the 
depth of the biopsy or, equivalently, on the mass of enamel in the biopsy solution. The 
biopsy depth is an uncontrollable variable and, in order to make valid comparisons of the 
fluoride content of the enamel of the control and experimental crown areas, the fluoride 
concentrations were adjusted to uniform depths of 10.0 µ.m, 20.0 µ.m, and 30.0 µ.m for 
the first, second, and third biopsies, respectively. (See Statistical Analysis.) 

Preformed stainless steel orthodontic bands were selected for each of the thirty incisor 
teeth. Each band was fitted to its respective incisor tooth and adapted as closely as possible 
in keeping with clinical orthodontic standards . The teeth were then randomly divided into 
three groups of ten and their preselected orthodontic bands were cemented into place on 
each tooth. Group 1 bands were cemented with cement A, Group 2 with cement B, and 
Group 3 with cement C, respectively. Each of the cements was mixed according to the 
manufacturers' instructions on a glass slab at room temperature. Excess cement was 
cleaned off according to accepted clinical procedures and standards. 

The banded teeth were suspended individually in separate test tubes in synthetic saliva 
at 37° C. in a shaking water bath for 21 days. At the end of the 21-day period the bands 
were removed from the teeth and all traces of cement were carefully cleaned off the 
enamel surfaces. Three successive biopsies were again carried out adjacent and parallel to 
the previous biopsy sites in a mesiodistal direction. These biopsy specimens were taken 
from an enamel area on each tooth that had been covered by the cemented band (Fig. 1). 

The biopsy solutions were analyzed for fluoride and calcium, as previously described. 
Fluoride concentrations were again adjusted to standard depths of 10 µ.m, 20 µ.m, and 30 
µ.m for the first, second, and third biopsies , respectively . 

Synthetic saliva. The synthetic saliva used in this investigation was made up as follows: 
5 Gm. carboxymethyl cellulose was added to a solution consisting of 250 ml. water; 100 
ml. 0.053 percent tricalcium phosphate in 0.01 N HCl; and 100 ml. of a mixture contain
ing 15 Gm. sorbitol, 0.6 Gm. KCl, 0.42 Gm. NaCl, and 0.026 Gm. MgC12 • 6H20. After 
dissolution of the polymer at room temperature and adjustment of the pH to 7 with 0.05 N 
NaOH, sufficient water and 5 ml. of 0.2 M sodium phosphate (pH 7) were added to make 
a volume of 500 ml. A pH of 7 ± 0.0 was verified electrometrically, and the mixture was 
sterilized in an autoclave. 

Statistical analysis. Data collected by three successive etchings of an enamel surface 
were obtained at varying depths. In order to make the data comparable for each surface 
etched, the parts per million of fluoride were adjusted to standard depths of 10 µ.m, 20 
µ.m, and 30 µ.m for the first, second, and third etchings, respectively, by the following 
method; For each surface, three data points were calculated on the basis of the successive 
cumulative measurements of fluoride and enamel mass obtained from the three etchings. 
These three data points were fitted to the regression equation, http://etd.uwc.ac.za/ 
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loge (F mass) =a + b loge (Enamel mass) 

and the values of a and b were obtained by the method of least squares. The calibration 
curve thus obtained for a surface was used to predict the value of loge (F mass) for the 
successive depths of 10 µ.m , 20 µ.m, and 30 µ.m by using the corresponding equivalent 
amounts of enamel mass: 208.6 µ.g, 417 .2 µ.g , and 625.8 µ.g. Antilogarithms of these 
values were then taken to get the adjusted amounts of F ppm for each successive 10 µ.m 
etching. 

For each product and etching depth , a paired t test was used to test whether ftuoridt( 
uptake was significant. The control F ppm and F uptake were analyzed for the effects of 
product by a standard one-way analysis of variance. Individual comparisons between 
means were by Duncan's new multiple range test 19 at the 0 .05 level of significance. 
Duncan's test is a well-known procedure for making multiple comparisons among means. 
All computations were performed by the Statistical Analysis System.20 This system is a 
computer package for performing statistical computations. 

Carieslike production beneath loosened orthodontic bands 

Preformed stainless steel orthodontic bands were selected for eighteen extracted 
human central incisor teeth which had been previously cleaned with pumice and water. 
Each band was fitted to its respective incisor tooth and adapted as closely as possible in 
keeping with clinical orthodontic standards. The teeth were randomly divided into three 
groups of six, and their preselected bands were cemented into place on each tooth. Each of 
the cements was mixed according to the manufacturers' instructions, and the bands were 
cemented into place . Group 1 was cemented with cement A, Group 2 with cement B, and 
Group 3 with cement C, respectively. Excess cement was cleaned off after allowing for 
setting at room temperature (22° C.). The banded teeth were individually suspended in 
separate test tubes in synthetic saliva at 37° C. in a shaking water bath for 21 days. 

At the end of this period the bands were loosened from the teeth by means of a band 
remover but were allowed to remain in place on the tooth. This was done to simulate the 
clinical situation in which an orthodontic band may become loose and yet remain in situ. 
The roots of the teeth with the loosened bands were coated with nail varnish and the teeth 
were individually suspended in test tubes in an acidified gel medium as described by Kidd 
and associates21 and Grieve.22 The gel was prepared by heating 20 g gelatin in 100 ml. 
0.1 M lactic acid to 60° C. and, after cooling to near room temperature, adjusting the pH 
to 4.5 with sodium hydroxide. This medium was to act as an in vitro agent producing 
carieslike lesions. The teeth were suspended in this medium for 12 weeks, the medium 
being changed every 2 weeks. 

At the end of the 12-week period the bands were removed from the teeth and the 
residual cements were carefully cleaned from the enamel surface with hand instruments 
only. Two teeth from each group were examined with the scanning electron microscope 
and the remaining teeth by microradiography . The tooth crowns were mounted on alumi
num stubs, coated with gold/palladium in a high-vacuum evaporator,* and viewed in a 
Cambridge Stereoscant scanning electron microscope operated at 20 kv. For the mi-

*Hitachi, Ltd., Tokyo, Japan. 
tCambridge Scientific Instruments, Ltd., Cambridge, England . http://etd.uwc.ac.za/ 
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Table I. Fluoride (ppm) acquired by enamel from test cements 

F ppm 

Cement Etch Control± SE I Experimental ± SE I Acquired ±SE 

A . Zinc phosphate I 570 ± 92 433 ± 72 - 137 ± 27 
2 531 ± 90 348 ± 67 -J85 ± 29 
3 5J9 ± 92 32J ± 65 -198 ± 33 

B. Zinc phosphate + I J 155 ± 235 J629 ± 303 474 ± J38 
fluoride 2 807 ± J35 907 ± J66 JOO ± 49 

3 7J8 ± IJ4 762 ± J43 45 ± 5J 
c. Zinc silicophosphate I J316 ± J89 2637 ± 38J J32J ± 364 

2 871 ± 113 1324 ± J93 453 ± J48 
3 763 ± JOO J078 ± J60 3J5 ± JJ5 

Table II. Enamel fluoride acquired at three etch depths from the three cements, ranked in 

ascending order of fluoride uptake 

Depth 1 0-10 µm 

*[~ 
c 

Depth 2 10-20 µ,m 

A 
B 
c 

*Means that are not significantly different (p = 0.10) are bracketed . 

Depth 3 20-30 µm 

A 
B 
c 

croradiographic study, the tooth crowns were embedded in Bioplastic* and sectioned 
longitudinally with a hard-tissue sectioning machine. t The sections were approximately 
200 µ.m thick. Contact microradiography of the sections was performed with a Picker 
microradiographic unit:j: with a beryllium window, copper anode tube, and 20 µ.m thick 
nickel filter on Kodak spectroscopic plates. The unit was set at 20 kv and 20 mA with a 
target to film distance of 10 cm. 

Results 

Enamel fluoride uptake and distribution. The adjusted fluoride content (ppm) in the 
three enamel layers of the control and experimental areas and the acquired fluoride (ppm) 
are shown in Table I. The analysis of variance showed that there were significant differ
ences in acquired fluoride among the cements at all three depths. The results of the 
statistical analysis of the data by Duncan's Multiple-Range Test are given in Table II. The 
cements are ranked in ascending order of fluoride uptake. The enamel beneath the 
silicophosphate cement (cement C) acquired the greatest amount of fluoride at all three 
depths. The addition of fluoride to the zinc phosphate cement resulted in a significantly 
greater fluoride uptake in the second and third depths, while the fluoride uptake in the 
superficial enamel was marginally greater (p = 0.10) when compared to the zinc phos
phate cement containing no added fluoride. 

*Ward's Natural Science Establishment, Inc., Rochester, N.Y. 
tGillings-Bronwill, Scientific Products, Chamblee, Ga. 
*Picker, Special Products Division, Cleveland, Ohio . 
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Fig. 2. Electron micrograph of area beneath band cemented with zinc phosphate cement after exposure 

to acidified gel. Arrows indicate band margins. (Magnification, x 25.) 

Carieslike production beneath loosened orthodontic bands 

A scanning electron micrograph of a tooth surface to which a band was cemented with 
cement A showed surface demineralization apical and incisal to the band margins (Fig. 
2). In addition, severe demineralization occurred in localized areas beneath the band. A 
photomicrograph of a tooth surface to which a band was cemented with cement B showed 
small localized areas of enamel decalcification (Fig. 3). A tooth surface to which a band 
was cemented with cement C showed very little change in surface morphology after 
exposure to the acidified gel (Fig. 4). 

The microradiograph study showed that subsurface demineralization occurred in the 
enamel adjacent to and beneath a band cemented with cement A (Fig . 5) . The acidified gel 
did not produce subsurface demineralization in the enamel beneath a band cemented with 
cement B, but demineralization occurred in unprotected enamel adjacent to the band (Fig. 
6). Results similar to those with cement B were obtained with cement C (Fig. 7). 

Discussion 

For reasons described previously, enamel demineralization is known to occur in some 
patients undergoing orthodontic treatment. The areas gingival to and incisal to the 
cemented bands can and should be adequately cleaned by a cooperative and motivated 
patient. The areas beneath orthodontic bands pose particular problems, since the ingress of 
food particles and bacterial plaque could make these areas prone to demineralization. 
Thus, cements and their particular properties assume great significance in the prevention 
of enamel demineralization and possible subsequent caries formation . http://etd.uwc.ac.za/ 
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Fig. 3. Electron micrograph of area beneath band cemented with zinc phosphate cement containing 
stannous fluoride after exposure to acidified gel. (Magnification, x 125.) 

Fig. 4. Area beneath band cemented with silicophosphate cement after exposure to acidified gel. 

(Magnification, x 1,400.) 
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Fig. 5. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement A. 

Arrow indicates band margin and, to the left, demineralization beneath the cemented band. 

Because of the steep fluoride gradient in the outermost enamel , 18 the amount of 
fluoride in a given biopsy specimen obtained from a standardized area depends on the 
depth of the biopsy or , equivalently, on the mass of enamel in the biopsy solution. The 
biopsy depth can be controlled to some extent by the strength of the etching solution and 
the duration of etch. In order to make valid comparisons of the fluoride content of the 
enamel, the fluoride concentrations were adjusted to uniform depths of 10.0 µ.m, 20.0 
µ.m, and 30.0 µm for the first , second, and third biopsies , respectively. The high correla
tions between the adjusted fluoride content of symmetrically situated areas on tooth 
crowns23 enabled us to perform the comparative studies with intradental control. The 
fluoride acquired by enamel from a fluoride-containing cement can therefore be obtained 
by subtracting the fluoride content of the control area from that of the symmetrically 
situated experimental area , provided that the fluoride values have been adjusted to the 
same depth. 

Since fluoride is an accepted aid in the protection of enamel against acid attack, its 
availability to the enamel from a cement could be of value. This in vitro study has shown 
that' enamel beneath cemented orthodontic bands can take up fluoride from the cement. 
For fluoride to be liberated from the cement for uptake by the enamel, the cement must 
have some degree of solubility . The silicophosphate cements have been shown to have 
greater solubility than the zinc phosphate cements , 1 and this could account for the higher 
enamel fluoride uptake and the apparent greater protection of the enamel beneath 
cemented bands exposed to the acidified gel. This possible advantage must be weighed 
against the loss of cement mass beneath the orthodontic band. 

The enamel beneath bands cemented with zinc phosphate cement containing stannous 
fluoride (cement B) acquired 474 , 100, and 45 ppm Fin the first, second, and third biopsy 
depths, respectively. This fluoride uptake apparently had a protective effect on subsequent 
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Fig. 6. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement 8 . 

Arrow indicates band margin and , to the right , absence of demineralization beneath band . 

Fig. 7. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement C. 

Arrow indicates band margin and, to the right, absence of demineralization beneath band. 
http://etd.uwc.ac.za/ 
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exposure to the acidified gel as demonstrated in the microradiographs. In this study the 
fluoride was acquired during the .21-day cementation period. In clinical orthodontics 
cemented bands remain in place for much longer periods. It could therefore be anticipated 
that enamel beneath zinc phosphate cements containing fluoride would acquire more 
fluoride in clinical practice . 

In this study a fluoride loss was recorded from the enamel surface beneath orthodontic 
bands cemented with zinc phosphate cement (cement A). In order to ensure proper band 
seating, cements must be used in a relatively thin mix. Unreacted phosphoric acid in these 
cements could demineralize the underlying surface enamel with its higher fluoride con
tent. It is not surprising, therefore, that a net loss of fluoride was observed from enamel 
surfaces beneath zinc phosphate cement. 

The choice of a cement for band cementation is dependent on many factors . These 
include ease of manipulation clinically, the bond strength of the cement to both the band 
material and enamel, marginal leakage, compressive strength, and solubility in the mouth 
over extended periods of time. 1 In clinical orthodontics zinc phosphate cements are used 
extensively for band cementation. The concept of adding fluoride to zinc phosphate 
cements in an attempt to reduce enamel decalcification appears to have merit. 

In this study the amount of fluoride acquired by surface enamel was evaluated after a 
3-week exposure to the cements. It is our intention to extend this study over longer periods 
of time for both fluoride uptake and enamel demineralization . 
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Acid resistance of enamel exposed to 
fluoride-containing orthodontic cements 

Dr. Sadowsky 
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D. H. Retief, M.Sc., B.D.S., Ph.D.(Dent.),** and E. L. Bradley, Jr., Ph.D.*** 
Birmingham, Ala . 

In a previous study enamel fluoride uptake from fluoride-containing orthodontic cements was evaluated after 
a 21-day period. The enamel fluoride uptake from a zinc phosphate cement (A), a zinc phosphate cement 
containing 5 per cent stannous fluoride by weight (8) , and a silicophosphate cement (C) was compared. The 
results indicated that there was a net loss of fluoride from enamel beneath the orthodontic bands cemented with 
A while the enamel beneath B and C acquired significant amounts of fluoride. The purpose of the present study 
was to evaluate enamel fluoride uptake after 12 weeks and the effect of the fluoride uptake or loss by the enamel 
on acid resistance. Five teeth each had bands cemented with cements A, B, and C, respectively, and were 
individually suspended in synthetic saliva for 12 weeks at 37° C. Following this period the bands were removed, 
the cements were carefully cleaned off the teeth, and the crowns of the teeth were individually suspended in a 
lactic acid buffer at pH 4 for 4 weeks. Each tooth crown was then sectioned longitudinally and examined 
microradiographically to study the degree of enamel demineralization. Characteristic subsurface enamel carieslike 
lesions were noted on all the specimens studied. The carieslike lesions in the enamel exposed to the 
fluoride-containing cements were considerably reduced. The enamel which had acquired fluoride from the 
fluoride-containing cements was apparently more resistant to artificial caries attack. 

Key words: Cements, enamel fluoride uptake, enamel acid resistance 

The placement of orthodontic bands as part 
of an appliance to correct malocclusions has caused 
concern relative to enamel demineralization and possi
ble subsequent caries production. The orthodontist has 
encouraged maintenance of excellent oral hygiene and 
instructed that , should bands become loosened, the pa
tient must return for immediate recementation of the 
bands. Loosened orthodontic bands are stagnation areas 
for debris and plaque, and the occurrence of demineral
ization beneath these bands is well documented. 1- 3 In 
addition, oral hygiene programs and regimens have be
come an integral part of orthodontic practice . Proper
ties of the luting cements can also contribute to the 
decalcification which can occur beneath loosened 
bands. 4 

Fluoride, with its anticariogenic properties, is also 
incorporated into mouthwashes and dentifrices, and 
more recently manufacturers have begun to incorporate 
fluoride into cements used in orthodontic band cemen
tation. 

From the University of Alabama School of Dentistry . 
This research was supported by NIH-NIDR Grant DE 02670 and Stratford
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In a previous study;; enamel fluoride uptake from 
fluoride-containing orthodontic cements was evaluated 
after a 21-day exposure of the enamel to the cement. 
This study revealed that enamel was capable of taking 
up fluoride after a 21-day period and that the increased 
fluoride in the enamel apparently rendered it more resis
tant to acid demineralization. 

The present investigation is an extension of the 
previous study. Human enamel was exposed to selected 
orthodontic cements for a 12-week period to assess 
fluoride uptake . In addition, the effect of the fluoride 
uptake , if any, was evaluated relative to acid resistance 
of the enamel after exposure to the fluoride-containing 
cement. 

MATERIAL AND METHOD 

Three cements were selected for this study: zinc 
phosphate cement (A),* a zinc phosphate cement con
taining 5 percent stannous fluoride by weight in the 
powder (B),t and a silicophosphate cement (C).:j: Ce
ments A and B have the same basic composition. 
Stannous · fluoride is added by the manufacturer to ce-

*Zinc phosphate, Stratford-Cookson Company, Newnan, Ga . 
tOrthostan, Stratford-Cookson Company. Newnan, Ga . 
~Fluoro-Thin, S. S. White Dental Products , Philadelphia, Pa . 
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Table I. Fluoride acquired or lost by enamel from test cements after 12 weeks 

Fluoride (ppm ) 

Cemenr Etch Co111ro/ ::!: SE I Experimental ::!: SE I Acquired :t SE 

A . Zi nc phosphate I 2,005 ::!: 1,020 1,518 ::!: 876 - 488 ::!: 277 
2 
3 

1,396 ::!: 677 1.059 ::!: 555 - 337 ::!: 199 
1,242 ::!: 605 945 ::!: 486 -297 ::!: 227 

B. Zinc phosphate + fluoride I 2,072 ::!: 929 2, 149 ::!: 899 76 ::!: 476 
2 
3 

1,263 ::!: 467 1, 124 ::!: 457 - 139 ::!: 196 
1,078 ::!: 386 920 ::!: 382 - 157 ::!: 163 

C. Zinc silicophosphate I 1,552 ::!: 780 2,763 ::!: 907 1.1 21 ::!: 1,024 
2 
3 

995 ::!: 472 1,462 ::!: 336 467 ::!: 424 
863 ::!: 406 1,208 ::!: 309 346 ::!: 356 

Table II . Enamel fluoride acquired at three etch 
depths from the three cements (cements ranked in 
descending order of fluoride uptake) 

Deprh I Deprh 2 Depth 3 
0 /()JO µJll JO 10 20 µ.111 20to 30 µ.m 

c c c 
B [ !* [ !* A 

* M.:ans that are bracketed are not significantly different. 

ment B to impart cariostatic properties . The three ce
ments are marketed for orthodontic band cementation . 

Fluoride uptake 

Thirty-six noncarious canine teeth were selected for 
the first part of this study . The teeth were cleaned with 
a water slurry of flour of pumice with a rubber cup and 
stored in 70 percent ethanol. The teeth were divided 
into three groups of twelve . From each tooth three suc
cessive enamel acid-etch biopsy specimens were taken 
from the middle third of the facial surface. This is an 
area that would be covered by an orthodontic band in 
routine appliance design . The acid-etch biopsies were 
carried out according to the method described by Van 
der Merwe and associates . H This method and technique 
have been previously described by us in this JOURNAL . 

By this method it was poss ible to calculate the fluo
ride concentrations at three succesive depths ( 10 µ.m , 20 
µ.m . and 30 µ.m ) within the enamel surface . These 
concentrations would serve as controls of fluoride con
centrations in each tooth at each depth within the 
enamel . 

Preformed stainless steel orthodontic bands were 
selected for each of the thirty-six canine teeth and 
adapted as closely as possible in keeping with good 
clinical orthodontic standards . The teeth were then ran
domly divided into three groups of twelve , and prese-

lected bands were cemented into place on each tooth. 
Group l bands were cemented with cement A, Group 2 
with cement B, and Group 3 with cement C. Each of 
the cements was mixed on a glass slab at room tempera
ture according to the manufacturer 's instructions. Ex
cess cement remaining on the tooth or band was 
removed . 

The banded teeth were then individually suspended 
in separate test tubes in synthetic saliva at 37° C in a 
shaking water bath for 12 weeks . The composition of 
the synthetic saliva used was described previously. 5 

The synthetic saliva was changed every 2 weeks . At the 
end of the 12-week period the bands were removed 
from the teeth and all traces of cement were carefully 
removed from the enamel surfaces. Three successive 
biopsies were again carried out on each tooth adjacent 
to the previous biopsy sites and equidistant from the 
cementoenamel junction. The biopsy specimens were 
therefore taken from an enamel area that had been 
covered by the cemented band . By methods previously 
described , the fluoride concentrations were adjusted to 
standardized depths of 10 µ.m , 20 µ.m , and 30 µ.m . 

For each product and etching depth, a paired t test 
was used to test whether fluoride uptake was significant. 
The control fluoride p.p.m. and fluoride uptake were 
analyzed for the effects of product by a standard one
way analysis of variance. Individual comparisons be
tween means were by Duncan's new multiple range 
test7 at the 0 .05 level of significance . Duncan 's test is a 
well-known procedure for making multiple compari
sons among means . All computations were performed 
by the Statistical Analysis System. 8 This system is a 
computer package for performing statistical compu
tations. 

Carieslike production 

Fifteen extracted canine teeth were cleaned with 
pumice and water , and preformed stainless steel orth-

http://etd.uwc.ac.za/ 
 



Volume 83 
Number I 

Acid resistance of enamel exposed to fl11oride-containing cements 35 

Fig. 1. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement A 
(zinc phosphate cement) . The arrow indicates the band margin and, to the right, demineralization 
beneath the band. 

odontic bands were selected for each tooth. Each tooth 
had its respective band adapted as closely as possible . 
The teeth were randomly divided into three groups of 
five, and their preselected bands were cemented into 
place; Group I was cemented with cement A (zinc 
phosphate), Group 2 with cement B (zinc phosphate 
plus fluoride), and Group 3 with cement C (silicophos
phate) . After allowing the cements to set at room tem
perature (22° C .), the excess cement was removed and 
the banded teeth were individually suspended, in sepa
rate test tubes , in synthetic saliva at 37° C. in a shaking 
water bath for 12 weeks. The synthetic saliva was 
changed every 2 weeks. 

At the end of the 12-week period the bands were 
removed from the teeth by means of an orthodontic 
band remover, with great care being taken not to dam
age the enamel . All traces of cement were also care
fully removed from each tooth with hand instruments 
only. The roots of each tooth were then cut off from the 
crown, and the cut surface was coated with nail var
nish . This was done to decrease the surface area of 
tooth exposed to the decalcifying solution into which 
each tooth crown would be placed . 

Each tooth crown was then individually placed in a 
test tube containing a demineralizing solution . The 
demineralizing solution consisted of 0 .01 M acetic 
acid/potassium acetate buffer enriched with 3 .0 mM 
calcium and 1.8 mM phosphate . The pH of the demin
eralizing solution was adjusted to 4 .0 by addition of 0 .1 
N potassium hydroxide . The buffer was changed every 
48 hours over a 21-day period. At the end of the 21-day 
period the tooth crowns were washed with deionized 

water and then dried and embedded in Bioplastic . * 
They were then sectioned longitudinally with a hard
tissue sectioning machine . t The sections were approx
imately 200 µ.m thick. Contact microradiography of the 
sections was performed with a Picker microradio
graphic uniti with a beryllium window, a copper anode 
tube , and a 20 µ.m thick nickel filter on Kodak spectro
scopic plates . The unit was set at 20 kv . and 20 mA 
with a target-to-film distance of 10 cm . The micro
radiographs were then photographed with a Nikon 
Biophote microscope with Nikon VFX camera 
system.§ 

RESULTS 
Enamel fluoride uptake and distribution 

The results of this study indicate that fluoride 
uptake by enamel occurs from fluoride-containing 
orthodontic cements after 12 weeks' exposure . This 
corroborates findings of our previous study of fluoride 
uptake after 21 days' exposure of enamel to fluoride
containing orthodontic cements. 5 Table I shows the ad
justed fluoride content (p .p.m .) in the three layers of 
the control and experimental areas . The fluoride con
tent of all three depths of enamel beneath the bands 
cemented with the zinc phosphate cement (cement A) · 
was reduced . The first depth (0 to 10 µ.m) of enamel 
beneath the band cemented with the zinc phosphate 

*Ward's Natural Science Establishment. Inc ., Rochester, N.Y. 
t Gillings-Bronwill . Scientific Products. Chamblee , Ga . 
i Picker, Special Products Di vision , Cleveland , Ohio. 
§Instrument Division , Nikon . Inc . . Garden City, N.Y. 
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Fig. 2. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement B 
(zinc phosphate cement with added fluoride). The arrow indicates the band margin and, to the left, 
relative absence of demineralization beneath the band. 

Fig. 3. Microradiograph of an enamel surface beneath and adjacent to a band cemented with cement C 
(silicophosphate cement). The arrow indicates the band margin and, to the right, relative absence of 
demineralization beneath the band. 

plus 5 percent stannous fluoride added (cement B) indi
cated an increase in fluoride content (76 ± 476). The 
second and third depths of enamel (10 to 20 µ.m, 20 to 
30 µ.m) beneath cement B, however, indicated a net 
loss offtuoride. All three depths of enamel (0 to 10 µ.m, 
10 to 20 µ.m, 20 to 30 µ.m) beneath the band cemented 
with the silicophosphate revealed a marked increase in 
fluoride content. The silicophosphate cements are 
known to have a greater solubility than the zinc phos-

phate cements4 and also have greater amounts of 
fluoride for release. 

The analysis of variance showed that there was a 
significant difference in acquired fluoride among the 
three cements at the 0 to 10 µ.m depth . Results of the 
statistical analysis by Duncan's Multiple-Range Test 
are given in Table II . The silicophosphate cement (ce
ment C) acquired the greatest amount of fluoride at all 
three depths. The addition of fluoride to the zinc phos-
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phate cement resulted in a statistically significantly 
greater fluoride uptake in the first depth only . 

Carieslike production on enamel exposed to the 
test cements 

Examples of the microradiographic study results are 
shown in Figs . l , 2, and 3. A consistent finding in the 
enamel which had been covered for the 12-week period 
with the zinc phosphate cement (cement A) was that 
subsurface lesions were evident in almost all areas 
(Fig. 1). This would indicate that the enamel was not 
resistant to the acid attack of the demineralizing solu
tion used in this study . The enamel which had been in 
contact with the zinc phosphate plus fluoride cement 
(cement B) and the silicophosphate cement (cement C) 
apparently was more resistant to the demineralizing so
lution and to the production of artificial carieslike le
sions (Figs. 2 and 3). 

DISCUSSION 

Although the direct bonding of orthodontic attach
ments has become popular, orthodontic bands are still 
widely used, particularly in problem regions . The prob
lem of enamel demineralization occurring beneath 
orthodontic bands is still one that plagues orthodontists. 
Patients who maintain excellent oral hygiene during 
treatment and who immediately report loosened bands 
have a greatly reduced risk of enamel demineralization 
and caries production. The area beneath the band is still 
vulnerable, particularly when cement breakdown and 
dissolution are considered . 

The use of fluoride as an anticariogenic agent is 
well proven, and its incorporation into orthodontic ce
ments would seem to be a logical step . However, in 
order for fluoride contained within a cement to be 
available for uptake by the enamel, it must be some
what soluble and solubility is an undesirable property 
of cements. The silicophosphate cements have a greater 
solubility than the zinc phosphate cements (with or 
without added fluoride) , and their fluoride release 

would be greater. The results of the present study do, 
indeed, corroborate this fact. Zinc phosphate cements 
currently enjoy great popularity in clinic use. Solubil
ity, although an undesirable property, does occur. This 
undesirable property may be somewhat alleviated if, 
during its minimal dissolution, released fluoride could 
be taken up by the enamel. 

The results of the present study indicated that over~ 
longer period of time than that employed in our previ
ous study (21 days versus 12 weeks) enamel fluoride 
uptake can occur from a cement source . The outer
most 10 µ,m of enamel acquired significantly greater 
amounts of fluoride from cement C than from cement 
B, while with cement A a loss of fluoride occurred in 
the superficial enamel. Microradiographic study of in
duced carieslike lesions is a qualitative analytical 
method. On the basis of microradiographic findings, it 
appeared that the enamel was more resistant to artificial 
caries attack when the orthodontic bands were ce
mented with the fluoride-containing cements. 
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t Dcpartmcnt of Biostati stics. University of Alabama in Birmingham, 

Bir mingham. AL 35294. U.S.A. 

Summary Poli shed enamel blocks with known surface areas were obtained from human man
dibular incisors. Acidula ted phospha te flu oride was applied for 4 mm an~ washed off a fter 
additional contact times of O. 2. 6 and 24 h, respecti vely. The ena mel flu oride concentrations 
were determined in th ree successive etch depths before a nd after extraction in I M KOH for 
24 h. The predo minant reac tion product was Ca F 2• The concentra tion of the fluo~ide bound as 
flu ora pa tite or flu orhydroxya patite reached a n optimal leve l after a 6-h contact time. 

l:\TRODL1CTIO:\ 

The fi nding tha t enamel acq ui red more flu oride from 
the topica l applica tio n of a flu oride so luti o n acidified 
with o rthophosphoric acid than fro m a n equi va lent 
neut ra l sodium flu o ride so lution led to the int roduc
tio n of acidula ted phospha te flu oride (A PF) as a topi
cal flu oride agent (Brudcvold et al .. 1963 ) to cont rol 
denta l car ies. -Acidula ted phosphate fl uoride contains 
1.23 per cent flu oride (F - ) der ived from NaF and HF 
in 0.1 M o rthophosphoric acid. The enamel flu oride 
acquired fro m APF is not permanentl y re tai ned and 
is readily lost by washing the trea ted enamel surfaces 
with wa ter (Mellberg. Laa kso a nd N icho lson, 1966 ; 
Richa rdso n. 1967). There is a significa nt increase in 
the ena mel flu o ride concent ra ti on as the contac t time 
between APF and ena mel is increased (M ellberg et al. , 
1966 : Richardson, 1967). 

The main reactio n product of ena mel ex posed 
to APF is calcium flu oride (CaF 2) (Frazier and 
Engen, 1966). To pical flu oride trea tment is based on 
the assumptio n th a t flu oride retained in enamel is 
bound as flu orapa tite (F Ap) or fluorhyd roxyapatite 
(FOHAp) which is more resistant to the carious 
attack tha n hyd roxyapatite (OH Ap). Calcium flu oride 
and o ther a lka li -soluble flu orides are selecti vely sepa
ra ted from flu oride bound to apatite as FAp or 
FOHAp by KOH. ext rac tion (Caslavska, M o reno and 
Brudevold, 1975). 

Our objective was to evaluate the effect of contact 
time between enamel and APF on enamel flu oride 
uptake and to differentia te between the reaction 
products CaF2 and FAp or FOHAp which are 
form ed after topica l APF a pplication. 

MATERI ALS A1 D M ETHODS 

Estahlis/111u!11I o( enamel .fluoride haseline ra lues 

Twelve non-carious extracted human mandibular 
incisor teeth were used. Enamel b locks, about 
4 x 5 mm. were prepared from the centre of the 

• Present address : Kaldbak ur. 640 Husavik. Iceland. 

crowns of these teeth by grinding the mesial. distal, 
incisal and cervical margins on a po lishing machine. 
The margins were accura tely measured with Vernier 
ca lipers, the surface areas calcula ted a nd expressed in 
mm 2

• 

The enamel blocks were mounted on the tips of 
plastic rods with denta l sticky wax to expose the 
fac ial enamel su rfaces. All exposed surfaces except the 
fac ial were covered wrth the wax. The blocks were 
immersed in a plas tic tube in 250 µ1 of I M HC104 for 
5 s and lhe e tched surfaces were washed immediately 
with 2 ml of to tal ionic strength acti vity buffer 
(TISAB) (I : 1) collected in the sa me tube as the etch
ing solution . This procedure removed a layer of en
amel of approx ima tely 5 µm in thickness. Three suc
cessive etchings were perfo rmed on each of the 12 
enamel blocks. Fluoride was determined in the etch
ing solut ions by a fluoride electrode coupled to a digi
tal ionalizer (Orion Research, Inc., Cambridge, 
Mass.). The mass of flu oride in the etching solu
tion was expressed in picograms (pg). The etching 
solutions were diluted with I per cent lanthanum 
chloride and the calcium concentrations determined 
by atomic absorption spectroscopy (Instrumentation 
Labora to ry Inc .. Lexington, Mass. ). The mass of cal
cium in the etching solut ion was expressed in micro
grams (µg) and the mass of enamel removed by the 
biopsy technique calcula ted by using the assumption 
that human enamel contains 37 per cent calcium 
(Retief et al., 1971 ). Because the biopsy depth is an 
uncontrollable variable, the fluoride concentrations 
expressed in parts/ 106 F were adjusted to standard
ized depths of 5 µm (see sta tistical analysis) in order 
to make the results comparable (Fig. L Procedure A). 

The same enamel slabs were then polished with 600 
grit sil icon-carbide discs on a polishing machine to 
remove the superficia l enamel. After polishing, the bi
opsy procedures were carried out as previously de
scribed and the fluoride and calcium concentrations 
in the etching solutio ns determined. The fluoride con
cent ra tions were again adjusted to standardized 
depths of 5.0 11m for three successive etchings (Fig. L 
Procedure B). 
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Enamel blocks 

i 
Biops ies- Enamel blocks 

( x 3) poli shed 

Enamel blocks 

polished 

Enamel blocks Enamel blacks 

polished polished 

l l 
Topical application of APF 

!· !· 
Biopsies(x3) KOH Biopsies!x3) KOH 

jextraction jextraction 

i l·· i l·· 
F analysis Biopsies ( x 3) F analys is Biopsies ( x 3) 

Procedure A B C D E,H,K,N F,1,L,O G,J,M,P 

Fig. I. Experimental design.• Wash in 200 ml wa ter for 10 min .** Wash in 200 ml water for 5 min. E. F. 
G : 4min APF treatment: H. I. J : 4mi n APF trcatmcnt + 2h in humidor : K. L. M : 4mi n APF 

treatment + 6 h in humidor: N. 0 . P : 4 min APF trea tment + 24 h in humidor. 

F.11a111el .f/11r1ride c'IJlln•11t rntio11 in rdatio11 to reaction 
lillll' 

Si:\t)' non-carious mandibular incisor teeth were 
used. Two.:lve of these teeth served as cont ro l (Pro
cedu re BJ and the remai ning 48 teeth were poli shed as 
described previously. The resulting enamel blocks 
were divided into 4 groups of 12 blocks each . These 
groups were designated E. H. K and N. respec ti vely 
(Fig. IJ. 

The APF so lution was applied to the enamel sur
faces with a cotton pellet for 4 min . Care was taken to 
keep the enamel surfaces mo istened with the A PF 
so lution th roughout the 4 min period by repeated re
ap plication of A PF. After A PF applica tion, the blocks 
in gro up E were washed in 200 ml of di stilled. de
ionized water for 10 min. Each block was washed in a 
separate beaker. The remaining groups of blocks were 
treated in the same way except that the APF solution 
was not washed off until 2 (Procedure H). 6 (Pro
cedure K) and 24 h (Procedure N) after the APF ap
plica ti on. During this time. the enamel blocks were 
stored in a humidor at 37 C. Immediately following 
the washing procedure. enamel biopsies were carried 
out as described earlier and the resulting etch ing sol
utions analysed for fluoride and calcium. The flu oride 
concentrations were aga in adj usted to standardized 
depths of 5.0 pm. 

D(ffi'l'<'lltiatio11 hl'tll'l'l'll a/lwli-so/11hll'.fl11orides and FAp 

Sixty mandibular incisor teeth were used in thi s 
phase and enamel blocks were prepared as previously 
described. The blocks in one of the groups received 
no topical F trea tment and served as a contro l (Pro
cedure D). The other groups (Procedures G. J. M and 
PJ represented 0, 2. 6 and 24 h of contact between the 
APF solution and the enamel surfaces after the 4 min 
topical applica tion, respectively (Fig. I ). Following 
the applica tion of APF and subsequent washing in 
200 ml of water for I 0 min. the blocks were suspended 
in 10 ml of I M KOH for 24 h in a shak ing water bath 
a t 37 C. One mill ilit re of the KOH-ex trac tion sol
ution was transferred to a test tube. neutralized with 
I ml of I M HCI and 2 ml of TISAB (I : I ladded. The 
flu oride concentrations in these solutions were then 
determined and expressed in pg/mm~ (Procedures C. 

F. I. L and 0). The enamel blocks wh ich were sus
pended in the KOH -ex tract ion solution were then 
washed in 200 ml of di stilled wa ter for 5 min to 
remove the KOH and the enamel biopsies then car
ried ou t on the blocks as previously described. The 
fluoride and calcium concentrations in the etching 
solutions were determined and the fluoride concen
tra tions aga in adjusted to standard ized depths of 
5 11m (Procedures G. J. M and PJ. 

Srntistical wwlysis 

The biopsy depth is an uncontrollable va riable. In 
order to overcome the di sl: repancy in etch depth and 
to eti able us to compare the results, a mathematical 
model was used to adj ust the fluoride concentration 
to standard ized depths of 5 11m. From the data 
obtai ned. the depth of each biopsy was calculated by 
means of the fo llowing equation : 

depth of etch (µm) 

mass of enamel (11g) 
= -----------------, . 

den ity of enamel x biopsy area (mm-) 

The mass of enamel removed by each biorsy was cal
culated from the calcium content of the biopsy sol
ution by assuming that human enamel contains 37 
per cent calcium (Relief et al .. 1971 ). The density of 
enamel is 2.95 (Manl y. Hodge and Ange. 1939) and 
the biopsy areas were measured with Vernier calipers. 
As the mean depth of each etching was approximately 
5 11m, the concentrations of fluoride were adjusted to 
that depth by calculations based upon the successive 
cum ulati ve measurements of flu oride and enamel 
mass obtai ned from the three etchings. These three 
data points were fitted to the regression equation: 

loge (F mass) = a + h loge (Enamel mass) 

and the values of a and h obtained by the method of 
least squares. The calibration curve thus obtained was 
used to predict the value of loge (F mass) by using the 
mass of enamel equivalent to 5 11m increments of en
amel. The adjusted mass of fluoride [antilogc (F 
mass)] in the first depth and the differences between 
the second and first and between the third and second 
depths were then ca lculated and used to obtain the 
amounts of F in parts/ 106 for each successive 5 Jim 
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depth and the results subjected to statistical analysis. 
The n:la1i,H1s between contact times and fluoride con
c.:ntratiuns w.:re analysed by a one-way analysis of 
rnriance (Chilton. l 967J and the mean va lues com
pared by the use of Duncan's new multiple-range test 
(Duncan. 1955) at the 0.05 level of significance. A 
paired 1-test was used to analyse differences in 
parts IO" F content at the adjus ted depths of each 
group. All computations were performed utilizing the 
Stat istica l Ana lysis System (Barr <!I al .. 1976). 

RESL'LTS 

Eswhlishme111 o( l:'lllllllel .fl11oridl:' haw/int:' ral11t!s 

The mean ± SD of the fluoride concentrations 1t1 

the unpolished and polished enamel blocks adjusted 

to standardi zed depths of 5.011m increments are 
presented in Fig. 2. The lluoride concentrations in the 
5 11m depths ranged from 726 2068 parts IO" F for the 
first. 534 1548 parts I 06 F for the second and 
480 1442 parts IO" F for the third layers of the unpo
lished enamel blocks (Procedure A). After po lishi ng. 
comparable results w..:re 317 482 parts IO" F for the 
first. 303 489 pans, I 06 F for the second and 
286 491 parts IO" for the third depths (Procedure BJ. 
There existed a highly significant difference among 
the adjusted lluoride concentra tions of the three 
depths of the unpolished enamel blocks I/> < 0.001 J 
but the differences in adjusted fluoride con tent among 
the three depths of the polished blocks were less sig
nificant (/> = 0.03: Table I). On the other hand. a 
paired 1-te ·1 confirmed that the adjusted lluoride co n
centration in the enamel of th.: unpo li shed bloch was 
significant ly gr1.:ater than the concentration of the cor
responding <lcpth of the polished blocks(/> < 0.f)()l ). 

f:1w11wl .f/11orit!e co11 n •111rutio11 i11 rdo1io11 to reaui1111 
time 

The mean adjusted 1·alucs of the parts IO" Fin the 
three successi1·e etching depths of .:name! a rc 
pr.:=s.:nted diagrammaticall y in Figs 3a. b and c. re
spectively. The mean lluoridc concentrati ons after 
4 min app lication of A PF (Procedure EJ were abou t 9 
times the mean fluoride concentration of the first etch 
depth in the control group (Procedure BJ. There was a 
gradual increase in lluoride concentration with in
creased reaction time in a ll three etch depths. 
However. there was no statist ical significan t increase 
in mean fluoride concentration by increasing the con
tact time from 6 (Procedure K J to 24 h (Procedure 1. 
This was valid for the two outermos t etch depths. In 
addition. there were no sicnificant differences in the 
mean adjusted fluoride c~ncen trations at all three 
etch depths of the enamel blocks subjected to Pro
cedure N (/' > 0.05J. There were ,; i1mifican t differences 
in the fluoride concentrations of all three etch depths 
of the enamel block expose<l to Procedures E. H and 
K (/' < 0.001 i. 

Difj'i!rrn1iati1111 he111·ee11 a/lwli-so/11hle fl1111rides and FAp 

The mean enamel fluoride concentrations of the en
amel blocks whi ch \\ere subjected to KOH extraction 

Table I. The mean ( ± SDl of the differences in adj usted fluoride concentrations between the etch depths 
(parts I 0") 

Mean difference in fluoride concentra tion ± SD 

Procedure First·-Second f' First- Third f' Second- Third f' 

A 320 ± 233 0.001 409 ± 283 0.001 89 ± 51 0.001 
B 29 ± 36 0.03 38 ± 47 0.03 9 ± 11 0.03 
D I± 50 0.93 0 ± 72 0.99 -I± 22 0.82 
E 2179 ± 687 0.001 2473 ± 735 0.001 294 ± 103 0.001 
G 45 ± 34 0.001 59 ± 43 0.001 14 ± 9 0.001 
H 3400 ± 2445 0.001 4083 ± 2848 0.001 683 ± 420 0.001 
J 496 ± 90 0.001 590 ± 109 0.001 94 ± 22 0.00 1 
K 6734 ± 4683 0.001 8097 ± 5321 0.001 1363 ± 705 0.00 1 
M 655 ± 1461 0.14 773 ± 1629 0.13 11 8 ± 171 0.04 
N 3032 ± 5089 0.06 3635 ± 6460 0.08 603 ± 1427 0.17 
p 400 ± 249 0.00 1 510 ± 300 0.001 110 ± 51 0.001 
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are presented diagrammatically in Fig. 3a fo r the first. 
Fig. 3b for the second and Fig. 3c for the third etch 
depth. The mean fluoride concent ra tio ns of the 
untreated enamel blocks which were subjected to 
KOH ex traction (P rocedur..: D ) and the untreated en
amd blocks which were not immersed in KOH (Pro
cedure Bl were not significan tly different in all three 
etch depths. The mean fluoride concentrations of the 
enamel slabs treated wi th A P F were significantly 
lower at all three etch depths tha n their coun terparts 
which were not subjected to KOH ex traction. A 4 min 
applicat ion of APF (Procedure G) did not increase 
the fluoride bound as FAp o r FOHAp in the first etch 
depth significa ntly. but when the APF was allowed to 
reac t wi th the ena mel surfaces for 2 h (Procedure J) . 
FAp or FOHAp was significa ntly increased. Exten
sion of the cont ract time to 6 h (Proc..:dure M) 
resu lted in a further significant increase in FAp or 
FOHAp. Prolonging the contact time to 24 h (Pro
cedure P) did not significa ntly devate fluoride con
centrations in enamel subjected to KOH extraction. 
Similar findings were obta ined in the second etch 
depths. In the third etch depths significantly increased 
fluoride concen trations were onl y observed after 6 h 
of contact between APF and ena mel. 

The mean fluoride concentra tions in the KOH 
ex tracts are presented diagrammatically in Fig. 4. The 
fluoride concent ra ti ons in the KOH -washing sol
ut ions (Procedures C. F. I, L a nd 0) showed that 
negligible amounts of fluoride were detected in the 
KOH -wash ing solution ob tai ned from the cont ro l 
slabs (Procedure C) and the slabs treated for 4 min 
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with topical APF (Procedure F). After 2 h of contact 
between the topical agent and enamel, there was a 
sharp increase in the fluoride content of the KOH
washing solutions (Procedure I). No significant in
crease or decrease was obtained in the fluoride con
tent of the KOH solutions obtained from the enamel 
blocks treated for 6 h (Procedure L) and for 24 h (Pro
cedure 0) compared with the 2 h contact group (Pro
cedure I). 

DISCUSSION 

Enamel fluoride acquired from topical fluoride 
treatment is inversely related to the enamel fluoride 
content prior to the application of topical fluoride 
agents (Relief et al., 1980). The fluoride content in the 
superficial depths of enamel of teeth, derived from 
subjects resident in different geographical areas, 
varied tremendously (Fig. 2). In comparative studies 
in which the fluoride acquired from topical fluoride 
agents are evaluated, it would be preferable if teeth 
with similar fluoride concentrations were used. In an 
attempt to obtain tooth surfaces with a more uniform 
fluoride distribution, Caslavska et al. (1975) removed 
the superficial enamel by immersing enamel blocks in 
2 M HC104 for 2 min. As we were not sure how acid 
etching prior to APF application might affect sub
sequent enamel fluoride uptake, we used a polishing 
procedure to remove the superficial fluoride-rich en
amel. This procedure resulted in a much more even 
fluoride distribution in the three etch depths. 

The observations that the total fluoride concen
tration of the enamel slabs exposed to APF increased 
with extension of the contact time between enamel 
and APF (Figs 3a, b and c) confirmed the findings of 
Mellberg et al. (1966) and Richardson (1967). We 
obtained optimal fluoride concentrations after a con
tact time of 6 h. The bulk of the fluoride was in the 

form of CaF 2 or alkali-soluble fluoride salts which 
were selectively dissolved by suspension of the treated 
enamel slabs in 1 M KOH for 24 h. The fluoride 
retained in the enamel blocks after KOH extraction is 
bound as FAp or FOHAp (Caslavska et al., 1975). 

A 4 min topical application of APF resulted in no 
significant increase in bound fluoride. Extension of 
the contact time of APF to enamel from 0 to 2.h 
resulted in a significant increase in fluoride concen
tration. Prolonging the contact time to 6 h resulted in 
optimal fluoride retention. These observations are in 
agreement with the postulated time-dependent reac
tions that take place after contact between topical 
fluoride solutions and OHAp (Chow and Brown, 
1973, 1975). This is further supported by the analysis 
of the KOH-extraction solutions which indicated that 
CaF 2 formation had reached its maximum after a 
reaction time of 2 h. 

Dicalcium-phosphate dihydrate (DCPD) forms 
readily on tooth surfaces under a wide range of acidic 
conditions. Further reactions of DCPD with fluoride 
proceed more slowly and the reaction products are 
dependent on the fluoride concentration. At high fluo
ride concentrations, CaF 2 is the main reaction 
product (Chow and Brown, 1975). As CaF2 is able to 
react with DCPD to form FAp a t a slow rate (Chow 
et al. , 1980), the benefits derived from this reaction in 
the form of FAp or FOHAp fixation were evident 
after a contact time of 2 h and reached an optimal 
level after 6 h. 

Under our experimental conditions, optimal fluo
ride fixation in the form of FAp or FOHAp was 
obtained after a contact time of 6 h between the topi
cally applied AFP and enamel surfaces. Extension of 
the contact time beyond 6 h did ·not result in a signifi
cant increase in the bound fluoride although CaF 2 

was readily available. We suggest that depletion of 
DCPD is responsible for this observation. After topi
cal APF application clinically, most of the formed 
CaF 2 is washed away by the saliva and the reaction 
between DCPD and CaF 2 to form FAp cannot pro
ceed. It is therefore not surprising that Heifetz et al. 
( 1970) observed minimal fluoride fixation as FAp or 
FOHAp after topical APF application. Our findings 
suggest that protection of APF applied topically to 
tooth surfaces from the oral environment for 6 h 
should result in optimal fluoride fixation as FAp or 
FOHAp. 
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A MICROANAL YTICAL TECHNIQUE FOR THE 
ESTIMATION OF FLUORIDE IN RAT 

MOLAR ENAMEL 

D. H. RETIEF*, J. M. NAVIA and H. LOPEZ 
Dental Research Unit of the South African Medical Research Council and the University of 

the Witwatersrand, Johannesburg 2001, Republic of South Africa and Institute of Dental Research, 
School of Dentistry, University of Alabama in Birmingham, Birmingham, Alabama 35294, U.S.A. 

Summary-Circumscribed areas of 1 mm diameter were demarcated on the mesio-buccal cusps 
of rat maxillary molars by punched adhesive tape. The areas were etched with 0.4 µI of 1.0 M 
or 0.5 M perchloric acid (HC104 ) and the resultant solutions mixed with 0.1 M sodium acetate 
buffer. Fluoride was determined with a combination fluoride electrode modified to allow 
measurements in 2.5 µ1 aliquots. The depth of etching obtained with 1.0 M HC104 was 
6.3 ± 0.2 µm and with 0.5 M HC104 , 3.1 ± 0.1 µm. Twice daily topical applications of NaF 
solutions containing 1000 µg F/ml and 2000 µg F/ml respectively, to the molars of weanling 
rats resulted in a significant (p < 0.05) increase in fluoride uptake by rat first maxillary molar 
enamel surfaces. 

INTRODUCTION 

Animal experimentation has played an important role 
in the evaluation of various preventive procedures in 
reducing the incidence of dental caries. The cariostatic 
properties of fluorides administered in various forms 
and methods have been tested in the rat (Sognnaes, 
1941; Konig et al., 1965 ; Green and Hartles, 1966; 
Green and Hartles, 1968 ; Mellberg and Larson, 1971; 
Poulsen and Larson, 1975; Liu, 1975 ; Hunt and 
Navia, 1975). 

In early studies, caries incidence was not related 
to the fluoride uptake by rat molar enamel. More 
recently, the fluoride content of rat molar teeth has 
been determined by covering the jaws with sticky wax 
and immersing the exposed crowns of the teeth in 
various concentrations of hydrochloric or perchloric 
acids (Konig et al., 1965 ; Riethe, 1968 ; Tori, Gedalia 
and Sharav, 1970; Mellberg and Larson, 1971; Leh
man, Gedalia and Westreich, 1974). The thickness of 
enamel layers removed could not be determined 
because the size of the areas exposed to acid was 
not known. 

An in-vivo aci~-etch biopsy technique was intro
duced (Hotz, Milhlemann and Schait, 1970) and sub
sequently modified (Van der Merwe et al., 1974) for 
determining the fluoride content in the superficial 
layers of human enamel. These biopsy methods could 
not be applied to rat molars because the areas 
exposed to the acid and the samples obtained were 
too small. However, Levine (1973) developed a tech
nique to determine fluoride electrometrically under 
non-equilibrium conditions in 100 µI solutions of 
mineralized specimens. 

The purpose of the present investigation was to de
velop an acid-etch technique py which layers of en
amel of known depth could be removed and to de-

• Present address : Institute of Dental Research, School 
of Dentistry, University of Alabama in Birmingham, Birm
ingham, Alabama 35294, U.S.A. 

velop a rapid, simple microanalytical method for 
fluoride determination. 

MATERIALS AND METHODS 

Enamel acid-etch technique for rat molars 

First maxillary molars were immersed in 5 per cent 
sodium hypochlorite solution for a few minutes to 
remove organic deposits on the teeth. The following 
procedures were carried out under a dissecting miCro
scope : each tooth was mounted on a drop of dental 
sticky-wax placed in the centre of a 2.5 x 2.5 cm Plex
iglass block. The exposed mesio-buccal cusp and the 
root were swabbed with a cotton-wool pledget soaked 
in 5 per cent sodium hypochlorite to remove any 
remaining organic debris. The embedded tooth was 
washed with distilled water, dried with air under pres
sure, swabbed with absolute alcohol and again dried. 
A circular hole, 1 mm diametre, was punched in a 
6 mm wide adhesive tape (No. 471, 3M Co., St. Paul, 
Minnesota 55101) with a microtrephine (Roboz Surgi-
cal Instrument Co., Washington, D.C. 20006). A 3 mm 
strip was cut from the adhesive tape, positioned over 
the embedded tooth with finely pointed forceps and 
then seated on the cusp by gentle finger pressure. 
Care was taken to ensure that the hole in the adhesive 
was centred over the molar cusp and did not extend 
on to the root surface. The margins of the perforation 
were gently burnished to ensure good marginal adap
tation of the adhesive to the tooth surface. 

The integrity of the ·seal of the adhesive tape to 
the enamel surface was determined by placing 0.4 µI 
of distilled water on the exposed tooth surface. If a 
leak was present, the water was rapidly drawn away 
from the surface by capillary action. In these cases 
the adhesive tape was removed, the tooth surface 
cleaned with absolute alcohol and a new perforated 
tape positioned on the cusp. 

The etching solution used was 1.0 M or 0.5 M 
perchloric acid. 0.4 µI was deposited on the exposed 
tooth surface by means of a 1 µI Hamilton syringe 
fitted with a Chaney adaptor (Hamilton Co., Reno, 
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Nevada 89510) and allowed to interact with the en
amel surface for 10 s. The acid was then withdrawn 
with the same syringe and transferred to a 250 µI 
capacity micro-tube (Hruden Laboratory Products, 
Ann Arhor. Michigan 48106) containing 100 µI of 
0.1 M sodium acetate buffer solution, pH 5.4, pre
pared by mixing 0.2 M sodium acetate and 0.2 M 
acetic acid solutions in a ratio of S: I and diluting 
with an equal volume of water (Walpole. 1914). The 
etched surface was washed twice in quick succession 
with 0.3 1tl aliquots of the acetate buffer and the wash
ings transferred to the centrifuge tube with the Hamil
ton syringe. A combination fluoride electrode (Orion 
Research Inc., Cambridge, Mass. 02139) was im
mersed and equilibrated in acidified buffer solution 
and the millivoltage at equilibrium recorded with a 
digital meter (Digital lonalyzer Model 801 A. Orion 
Research). The acidified buffer solution was made up 
to contain perchloric acid and acetate buffer in the 
same proportion as that found in the biopsy solution. 

The teeth were removed from the Plexiglass blocks 
while still embedded in the sticky wax to ensure cor
rect orientation and mounted on aluminium stubs. 
The specimens were coated with gold- palladium in 
a high-vacuum evaporator (Hitachi Ltd .. Japan) and 
viewed in a scanning electron microscope (SEM Cam
bridge Stereoscan Mark IL Cambridge. England) 
operated at 20 kV. 

Microanalytical method for the determination of fluor
ide in the biopsy solutions 

Standard fluoride solutions containing O.ot. 0.025, 
0.05, 0.1 , 0.25 and 0.5 µg F - per ml were prepared 
in the acidified acetate buffer prior to calibration. 

Approximately 2- 3 µl of a standard fluoride solu
tion were transferred to a disposable 22 x 22 mm 
plastic microscope cover-slip (Scientific Products, 
McGaw Park, Illinois 60085), the fluoride electrode
tip carefully cleaned with lens tissue and the cover 
slip seated against the base of the electrode with firm 
finger pressure. The electrode potential was recorded 
after an interval of two minutes. The cover slip was 
removed, the electrode tip cleaned with lens tissue 
and the fluoride electrode immersed in the acidified 
acetate buffer in a disposable plastic beaker. The elec
trode potential was restored to a predetermined base
line value with mechanical stirring. The procedure 
was repeateq with the standard fluoride solutions pro
ceeding from the lowest to the more concentrated 
standard solutions. The electrode potential of each 
standard solution was determined four times, each 
time returning the electrode potential to the same 
base-line value with acetate buffer and subsequently 
recording the electrode potential after two minutes. 
The first reading was discarded and the average of 
the remaining three recordings determined. A stan
dard curve was constructed on linear graph paper 
by plotting electrode potential against fluoride con
centration. 

The same procedure was used to determine the 
electrode potentials of 2- 3 µI aliquots of the biopsy 
solutions obtained from the rat molars. The electrode 
potential was restored to the same predetermined 
base-line value between each reading. The fluoride 
concentrations of the biopsy solutions were read from 
the calibration curve. The sensitivity of the fluoride 

electrode was improved by standing the electrode in 
the acidulated acetate buffer when not in use (Levine, 
1973). Calibration curves were constructed before and 
after each series· of measurements. 

The calcium content of the samples was determined 
in duplicate in 20 µI aliquots of the biopsy solutions 
by the fluorometric method of Kepner and Hercules 
( 1963). The enamel content was calculated by assum
ing that rat molar enamel contains 34 per cent cal
cium (Spector, 1956). 

The depth of etch was calculated from the following 
formula : 

Depth of etch (µm) 

_ Weight enamel dissolved (µg) 

- Density of enamel x surface area (mm)2 

The density of rat enamel is 2.90g/ml (Gilda, 19Slb). 

Determination of fluoride uptake hy rat molar enamel 

These micromethods were tested by determining 
the fluoride uptake of rat molar enamel after appli
cation of topical sodium fluoride (NaF) solutions. 
Nineteen-day COBS weanling rats (Charles River 
Laboratories, Wilmington, Mass.) were randomly 
assigned to one of three experimental groups and 
three animals, one from each treatment group, were 
housed together. The animals were fed a caries
promoting diet, MIT 200 (Navia, Lopez and Harris, 
1969) and distilled water ad /ibitum. The molars of 
the rats in the first group were swabbed with distilled 
water, in the second group with a NaF solution con
taining 1000 µg F - /ml and in the third group with 
a NaF solution containing 2000 µg F-/ml. All ani
mals were swabbed twice daily for 30 s intervals for 
6 days a week and the treatment continued for 3 
weeks. When the animals were killed, 9 rats were 
selected at random from each group and the maxil
lary left and right first molars etched with 1.0 M 
perchloric acid. In another 6 of the control animals, 
enamel samples from the left and right maxillary 
molars were obtained using 0.5 M perchloric acid as 
the etching agent. 

Comparison of macro- and microanalytical techniques 
for fluoride analysis 

Sound, extracted human permanent molar teeth 
were cleaned with pumice on a dental lathe. The teeth 
were washed well with distilled water and dried in 
a desiccator over silica gel for one week. The enamel 
was mechanically separated from the dentine as pre
viously described (Retief et al. , 1971). The enamel was 
pooled, ground to a fine powder in the mortar and 
homogenized (Nizel et al., 1964). 

Twenty enamel samples of approximately 30 mg 
each were accurately weighed into separate stoppered 
plastic containers and dissolved in 2.0 ml of 0.5 M 
perchloric acid for at least 2 days. Ten of the dis
solved enamel samples were quantitatively transferred 
with 0.2 M sodium acetate buffer, pH 5.4, and made 
up to volumes of SO ml in volumetric flasks. The 
remaining 10 enamel solutions were made up to simi
lar volumes in TISAB (total ionic strength adjustment 
buffer) (Orion Research) previously diluted with an http://etd.uwc.ac.za/ 
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Table 1. Fluoride uptake of enamel surfaces of molar teeth of rats treated 
with topical fluoride solutions. Enamel etched with 1.0 M HCJ04 for 10 s 

F concentration 
in enamel (parts/ 106

) 

Weight enamel 
biopsied (µg) 

Depth of etch (µm) 

Control 

335 ± 17 

14.7 ± 0.6 
6.3 ± 0.2 

Mean of 18 observations ± S.E. 

equal volume of deionized water. The diluted enamel 
solutions were stored in stoppered plastic containers. 

Fluoride standard solutions were made up from a 
100 parts/106 F - solution (Orion Research) to con
tain 0.01, 0.025. 0.05. 0.1, 0.25 and 0.5 µg F - /ml. Two 
sets of fluoride standards were made in solution with 
similar compositions to those in which the enamel 
had been dissolved and subsequently diluted. 

The combination fluoride electrode was allowed to 
equilibrate in the respective fluoride-free acidulated 
buffer solutions before use. With the macrotechnique, 
the electrode potentials of the different standard fluor
ide and enamel solutions were determined in dispos
able plastic containers after five minutes while the 
solutions were agitated mechanically. Between read
ings, the electrode was washed well with deionized 
water and the electrode tip dried carefully with lens 
tissue. The calibration curves were constructed on 
semi-logarithm paper and the fluoride concentrations 
of the enamel samples determined. 

The microanalytical technique for fluoride analysis 
of the two groups of enamel samples were carried 
out on 2- 3 µl aliquots of standard and enamel solu
tions as previously described. The calibration curves 
were drawn on linear graph paper. 

RESULTS 

A variable etching pattern of rat enamel by perch
loric acid was observed. This was dependent on prism 
orientation e.g. whether etching took place perpen
dicular to prism orientation (Plate Fig. 1), parallel 
to it (Plate Fig. 2) or a combination of the two (Plate 
Fig. 3). , 

Table 1 shows the amount of enamel biopsied and 
the depth of etching produced by a 10 s application 
of 1.0 M HC104 . Topical application of NaF solu-

Topical NaF solution 
1000 µg F -/ml 2000 µg F - /ml 

573 ± 38 

13.9 ± 0.5 
6.2 ± 0.2 

776 ± 48 

14.0 ± 0.4 
6.0 ± 0.1 

tions containing 1000 µg F -/ml and 2000 µg F-/ml 
for 3 weeks respectively, resulted in a significant 
(p < 0.05) increase in fluoride uptake. The amount of 
enamel removed and the depth of etch produced by 
a 10 s application of 1.0 M HC104 were very similar 
in the three experimental groups. By etching the first 
maxillary molars of six control animals with 0.5 M 
perchloric acid for 10 s, 7.0 ± 0.2 µg of enamel was 
removed and a mean fluoride content of 297 ± 20 
parts/106 in the outermost 3.1 ± 0.1 µm of enamel 
determined. 

Table 2 shows the fluoride concentrations of the 
composite human enamel samples determined in the 
acidulated acetate buffer and acidulated TISAB with 
the macro- and microanalytical methods. In both in
stances, significantly higher results were obtained with 
the micrnanalytical technique. 

DISCUSSION 

A basic requirement of the acid etch technique is 
exact definition of the area sampled as the depth of 
etch is calculated from the surface area exposed to 
acid. By careful manipulation under a dissecting 
microscope, standardized etched areas of 1 mm dia
meter with well-defined margins were obtained (Plate 
Fig. 4). A variable etching pattern of rat enamel by 
perchloric acid was observed. Decussation of enamel 
prisms (Plate Fig. 3) is characteristic of rodent enamel 
(Boyde, 1969). The depth of etch should therefore not 
be regarded as an absolute value but rather as an 
approximate distance between a line joining the mar
gins of the etched area and a mean straight line 
through the etched surface (Van der Merwe et al., 
1974). 

The concept of determining fluoride electrometri
cally under non-equilibrium conditions was intro-

Table 2. Fluoride concentration in composite human enamel samples 

Enamel in 
acidified 0.2 M 
acetate buffer 

Enamel in 
acidified TISAB 
buffer 

Mean± S.E. 

Number of 
samples 

10 

10 

Fluoride concentration 
parts/106 

Macrotechnique Microtechnique 

128.0 ± 2.2 137.2 ± 2.1 

127.0 ± 1.8 141.6 ± 1.8 
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duced by Levine (1973) who used 0.2 M sodium acet
ate buffer at a pH of 3.8 as the demineralizing solu
tion. We decided to use a 0.1 M sodium acetate buffer 
with a pH of 5.4 as this solution showed little change 
in pH and in equilibrium millivoltage when different 
amounts of 1.0 M or 0.5 M perchloric acid were 
added to the buffer. 

The base-line values to which the fluoride-free acet
ate and TISAB buffers were returned between read
ings were predetermined for each buffer system used. 
It was lower than the equilibrium millivoltage 
recorded for the fluoride free buffer systems and 
higher than the millivoltage recorded for the lowest 
fluoride standard of 0.01 parts/106 F- in the respec
tive buffer systems. Base-line values of + 205 m V and 
+ 215 m V were suitable for the acidified sodium acet
ate and acidified diluted TISAB buffer systems re
spectively. Appropriate base-line values should be 
determined for each buffer system used. 

Direct comparison of the fluoride uptake by rat 
molar enamel obtained in our study with that 
reported previously from topical or systemic fluoride 
administration was not possible because the fluoride 
concentrations at precise depths were not determined. 
The depths of etch were estimated to range from 
20 µm (Konig et al., 1965), from 30-40 µm (Riethe, 
1968) to over 100 µm (Tori et al., 1970). 100 µm prob
ably represents the entire thickness of rat enamel 
(Gilda, 1951a). 

We obtained similar results for the fluoride concen
trations of human enamel samples in the acidified 
acetate buffer and acidified TISAB with the macro
technique. The analysis was carried out under equilib
rium electrometric Nernstian conditions. These 
results suggest that the sodium acetate buffer is as 
effective as TISAB in providing an adequate ionic 
blanket. The results obtained with the microtechnique 
under non-equilibrium conditions were higher than 
those obtained with the macromethod in both buffer 
systems. This could be due to evaporation from the 
2- J µl samples during the two-minute counting inter
val we used. 

It was not possible to reduce the diameter of the 
sampling surface to less than 1 mm. Because of the 
presence of a deep groove towards the occlusal mar
gin of the mesio-buccal cusp of the maxillary molar, 
the perforated area of the adhesive strip had to be 
positioned just above the cementum-enamel junction. 
At this point the junctional epithelium extends 
slightly on to the enamel surface and the gingival 

Ging ival margin 

Upper margin of junctional epithelium 

Fig. 5. Relationship of etched area on mesio-buccal cusp 
to gingival margin, upper margin of junctional epithelium 

and cementum--enamel junction. x 60 

margin approximately one third coronally adjacent 
to the cusp of this particular tooth (P. E. Cleaton
Jones, 1976, personal communication). Up to one-half 
of the sampling area could therefore include sub
gingival enamel (Text Fig. 5). The extent to which 
this enamel is accessible to topical fluoride treatment 
is unknown. 

To obtain even etching of the enamel surface, 
plaque, organic debris and pellicle had to be removed 
prior to etching. Of the various solvents used, 5 per 
cent sodium hypochlorite was the most effective. Galil 
(1975) reported that a 6 per cent sodium hypochlorite 
solution removed the acquired organic integument 
from extracted human teeth but left the actual enamel 
intact. It is possible that the cleansing procedure used 
in the present investigation might remove loosely
bound fluoride from the rat enamel surfaces but the 
procedure was standardized throughout the investiga
tion. 
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Plate 1. 

Fig. I. Perchloric acid etching of rat enamel perpendicular to prism orientation. SEM x 2800 

Fig. 2. Perchloric acid etching of rat enamel parallel to prism orientation. SEM x 2800 

Fig. 3. Perchloric acid etching of rat enamel surface with decussating prism orientation. SEM x 2800 

Fig. 4. Well-defined margin of etched area. SEM x 3500 
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Summary- Fluoride in the superficial enamel of the mesiobuccal cusps and approximal sur
faces of 1st maxillary molar teeth of rats given deionized 'drinking water, or water containing 25 
parts/106 F, was evenly distributed in the outermost 15 µm of the enamel at the two biopsy sites 
in both the control and experimental animals. The exposed enamel on the mesiobuccal cusps of 
rats in the experimental group acquired more F than the enamel on the shielded approximal 
surfaces. 

The over-all content of rat molar enamel has been 
determined previously (McClure, 1941 ; Konig et al., 
1965 ; Mellberg and Larson, 1971) but not the differ
ential distribution in the enamel. 

Fifteen-day timed-pregnant rats (COBS-CR) 
obtained from Charles River Laboratories, Wilming
ton, Mass., were housed in polycarbonate cages with 
stainless-steel tops and hardwood sterilized bedding, 
and provided with a mildly cariogenic diet MIT No. 
305 and distilled water ad libitum. On day 2, the pups 
were randomized among litters and the number per 
litter adjusted to 9. The pups were weaned on day 18 
and maintained on diet MIT No. 305 and distilled 
water. Two groups were established on day 22 so that 
each litter was distributed as evenly as possible 
among the groups. The control-group received de
ionized drinking water and the experimental group 
deionized water containing 25 parts/ 106 F. The ani
mals in both groups were fed the mildly cariogenic 
diet MIT No. 305. 

The rats were killed on day 43 by an overdose of 
sodium pentobarbital. The maxillary 1st molar teeth 
were extracted and the mesiobuccal and approximal 
surfaces of the crowns subjected to an acid-etch mic
robiopsy procedure (Retief, Navia and Lopez, 1977). 
The demarcated biopsy areas had a diameter of 1 mm. 
The etching was performed with 0.4 µI of 1 M HC104 

for 8 s using a Hamilton syringe fitted with a Chaney 
adaptor (Hamilton Co., Reno, Nev.) to dispense and 
aspirate the acid. The etched area was washed twice 
in quick succession with 0.3 µI of distilled water and 
the etching solution and washings transferred to a 
250 µI polyethylene tube (Kew Scientific, Columbus, 
Ohio) containing 20 µI of 0.05 M NaOH. Two further 
etchings were carried out and the etching solutions 
and washings transferred to separate polyethylene 
tubes. A tooth was discarded if leakage occurred dur
ing the etching procedures. The enamel solutions were 
made alkaline to prevent loss of F during storage. 

The F content of the etch solutions was determined 
by gas chromatography using a procedure which 
depends on the conversion of a chlorosilane to a vola
tile fluorosilane (Fresen, Cox and Witter, 1968) and 
modified by Munksgaard and Bruun (1973) for the 
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determination of F in superficial enamel biopsies from 
human teeth. The trimethylfluorosilane formed 
(TMFS) was extracted from the aqueous phase into 
the benzene layer. Using a 10 µI Hamilton syringe, 
2 µI of the supernatant benzene phase was removed 
for injection into a Hewlett- Packard model 5830A 
gas chromatograph equipped with a flame-ionization 
detector, and coupled to a model 18850A terminal 
(Hewlett- Packard, Avondale, Pa.). The sample was 
sandwiched between 1 µI portions of benzene and 1 µI 
air spaces. The gas chromatograph was used under 
the following conditions: column temperature t00°C, 
injector temperature 2oo~c. detector temperature 
300°C, chart speed 10 cm/min and carrier gas flow 
50 ml/min. With minimal attenuation, a 4 cm peak of 
TMFS corresponded to approximately 0.1 ng of F. 
Freshly prepared solutions of F and perchloric acid 
were employed as standards. The F content of the 
etching solutions was expressed in picograms (pg). 

The polyethylene tubes were left unstoppered over
night in a desiccator to ensure evaporation of the 
volatile components. The residue containing the cal
cium from the etched enamel sample was transferred 
quantitatively by five successive 100 µI washings of 1 
per cent lanthanum chloride solution to a 5 ml plastic 
test tube. The calcium content was determined by ato
mic-absorption spectroscopy (Model 251 AAS, Instru
mentation Lab. Inc., Lexington, Mass.) and expressed 
in micrograms (µg). The enamel content was calcu
lated by assuming that rat molar enamel contains 34 
per cent calcium (Spector, 1956). Data collected by 
three successive etchings of a surface were obtained at 
varying depths. In order to make the data comparable 
for each surface etched, the F parts/ 106 values were 
corrected to standard depths of 5.0, 10.0 and 15.0 µm 
for the 1st, 2nd and 3rd etchings, respectively by 
linear regression analysis of In F versus In En (Retief 
et al., 1980). 

Six of the remaining 1st maxillary molar teeth were 
randomly selected for scanning-electron microscopy 
(SEM). The mesiobuccal cusps of three of the teeth 
were etched once, twice and three times respectively 
while the approximal surfaces of the remaining three 
teeth were similarly etched. The teeth were mounted 
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Table l. Fluoride concentration (parts/ 106 F) in rat 1st maxillary molar teeth 

Control Experimental 
Depth Number of 

µm teeth Mesiobuccal Approximal Mesiobuccal Approximal 

0-5 5 24 ± 3• 
5- 10 5 27 ± 4 

10-15 5 28 ± 5 

•Mean ±SE. 

on aluminium stubs, coated with gold- palladium in a 
high-vacuum evaporator (Hitachi Ltd, Tokyo, Japan) 
and viewed in a Cambridge Stereoscan Model 2A 
scanning-electron microscope (Cambridge Scientific 
Instruments, Ltd, Cambridge, England) operated at 
20kY. 

The mean ±SE of the adjusted F concentrations 
are given in Table l. Statistical analysis of the data by 
means of Student's t-test revealed that the difference 
in F concentrations at the three adjusted etch depths 
at each site within a group were not significant. 

Examination of the etched teeth in the scanning
electron microscope revealed that well-defined biopsy 
areas were obtained on the mesiobuccal cusps after 
one (Fig. 1), two (Fig. 3) and three (Fig. 5) etchings 
respectively. Examination of the margins of the 
biopsy areas revealed a progressive increase in the 
biopsy depths (Figs 2, 4 and 6). The biopsy areas on 
the approximal surfaces revealed a similar pattern 
(Figs 7- 12). 

A fundamental requirement of an acid-etch biopsy 
procedure is a well-defined biopsy area. Scanning
electron microscopy of the etched areas on the mesio
buccal and approximal surfaces revealed that this 
could be achieved with the biopsy technique used. 

The slight differences in the F concentrations of the 
mesiobuccal cusps and approximal surfaces of the 1st 
maxillary molars of the control animals were not stat
istically significant. In the experimental animals, how
ever, the enamel F concentrations of the mesiobuccal 
cusps were significantly higher than the F content of 
the approximal surfaces (p < 0.005 for the 1st enamel 
layer, p < 0.025 for the 2nd, and p < 0.05 for the 3rd). 
The flattened approximal surface of the 1st maxillary 
molar is in close contact with its opposing surface on 
the 2nd maxillary molar. Apparently, the shielding of 
the approximal surfaces limited the exposure of the 
approximal surfaces to fluoridated drinking water, in 
contrast to the exposed mesiobuccal cusps. 

The perforated area in the adhesive strip which 
demarcated the biopsy site was positioned on the 
mesiobuccal cusps and approximal surfaces of the 1st 
maxillary molar teeth so that the lower border of the 
perforation was situated just above the cement-ena
mel junction. At this point the junctional epithelium 
extends slightly on to the enamel surface and the 
gingival margin to approx. 1/3 of the cusp height 
coronally. Approximately 1/2 of the biopsy area could 

21 ± 7 262 ± 18 122 ± 22 
21±2 302 ± 31 171 ± 35 
27 ± 8 323 ± 47 206 ± 58 

therefore include subgingival enamel (Retief, Navia 
and Lopez, 1977). Cervically disposed enamel absorbs 
little F from F-containing solutions (Weatherell, 
Robinson and Deutsch, 1979). The F uptake by rat 
enamel from systemic F administration or the appli
cation of topical F agents could be more accurately 
assessed if the biopsy areas were confined to the 
exposed coronal halves of the mesiobuccal cusps. This 
could be achieved by reducing the diameter of the 
biopsy area to 0.5 mm. However, the sensitivity of this 
microanalytical technique at its present stage of devel
opment is not sufficient for studies of such small 
areas. 
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Plate I. 

Fig. I. Biopsy area on mesiobuccal cusp after one etch. SEM x 45 

Fig. 2. Margin of biopsy area in Fig. I. SEM x 2000 

Fig. 3. Biopsy area on mesiobuccal cusp after two successive etches. SEM x 45 

Fig. 4. Margin of biopsy area in Fig. 3. SEM x 2000 

Fig. 5. Biopsy area on mesiobuccal cusp after three successive etches. SEM x 45 

Fig. 6. Margin of biopsy area in Fig. 5. SEM x 2000 

Fig. 7. Biopsy area on approximal surface after one etch. SEM x 55 

Fig. 8. Margin of biopsy area in Fig. 7. SEM x 2000 

Fig. 9. Biopsy area on approximal surface after two successive etches. SEM x 55 

Fig. 10. Margins of biopsy area in Fig. 9. SEM x 2000 

Fig. 11. Biopsy area on approximal surface after three successive etches. SEM x 55 

Fig. 12. Margins of biopsy area in Fig. 11. SEM x 2000 
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fn vivo Enamel Fluoride Uptake from and 
Caries Inhibition by Topical Fluoride Agents 

M. GIBBS, D.H. RETIEF,* E. L. BRADLEY,** R. E. TAYLOR, and A. R. WALKER 

Institute of Dental Research, University of Alabama School of Dentistry and **Department of Biostatis
tics, University of Alabama at Birmingham, Birmingham, Alabama 35294 

Acidulated phosphate fluoride (APF), Duraphat 
or Fluor Protector, was applied to the molar teeth 
of rats fed a cariogenic diet. The first maxillary 
molar teeth were subjected to a microbiopsy pro
cedure for fluoride analysis and the mandibular 
molars scored for caries. All three topical fluoride 
agents produced a significant increase in the fluo
ride content of the outermost 5.0 µm of enamel. 
Only APF produced a significant reduction in 
caries incidence at all sites. 

J Dent Res 60(4):770-775, April 1981 

Introduction. 

As a result of the marked loss of fluoride 
from enamel surfaces after topical fluoride 
application, 1 fluoride<ontaining varnishes 
have been developed to retain fluoride 
acquired by enamel from topical fluoride 
agents. Two of these varnishes, Duraphat®t 
and Fluor Protector®,§ are available to the 
dental profession in Europe. Duraphat is a 
fluoride varni.sh yielding 2.26% F- from a 
suspension of sodium fluoride in an alcoholic 
solution of natural resin substances. Fluor 
Protector is a polyurethane varnish contain
ing 0.7% fluoride derived from a difluoro
silane as the active ingredient. 

The in vitro fluoride uptake, distribution, 
and retention by human enamel after one
and 24 hours' application of APF, Duraphat, 
and Fluor Protector were evaluated in a 
recent study.2 Duraphat and Fluor Protector 
application resulted in a marked fluoride 
uptake by the outermost 30 µm of human 
enamel. 

The objective of this study was to deter
mine the in vivo enamel fluoride uptake 
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from, and caries inhibition by, a single 
application of APF, Duraphat, or Fluor 
Protector to rat molar teeth. 

Materials and methods. 
Rat dams (Sprague-Dawley-derived,• 

(COBS-CR) with two-day-old male pups were 
provided with a mildly cariogenic diet, MIT 
305, and distilled water ad libitum. The 
litters were housed in plastic cages ( 14 x 12 x 
6* inch) containing hardwood bedding in a 
room with controlled lighting (12 h light, 
12 h darkness), temperature (21°C-23°C) 
and humidity (50%). On day three the pups. 
were randomized and weighed, and the 
number per litter was adjusted to nine. The 
pups were weaned on day 18 and were 
maintained on diet MIT 305 and distilled 
water. Oral inoculations of S. mutans were 
done on three consecutive days (18, 19, and 
20), and on day 21 implantation of the cario
genic bacteria was verified by taking oral 
swabs and streaking irt MS media (Difeo 
Mitis salivarius plus Streptomycin, 1 mg/ml). 

Four treatment groups, each consisting 
of 20 rats, were established so that each 
litter was distributed as evenly as possible 
among the treatment groups. The groups 
were: A) The control group to be treated 
with distilled water (Procedure A); B) an 
experimental group to be treated with APF, 
1.23% F- derived from NaF and HF in 
0.1 M H3 P04 , pH 3.1 (Luride Phosphate®)+ 
(Procedure B); C) an experimental group 
to be treated with Duraphat (Procedure 
C); and D) an experimental group to be 
treated with Fluor Protector (Procedure D). 

The rats were anesthetized with a sodium 
pentobarbital solution administered intra
peritoneally. The rats were suspended in a 
holding device, and distilled water, APF, 
Duraphat, or Fluor Protector were applied 

•Charles River Laboratory 
+Davies Rose Hoyt, Needham, MA 
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to exposed surfaces of the molar teeth for 
three min. Small cotton pellets were used for 
the application of distilled water, APF, or 
Duraphat, while Fluor Protector was applied 
with a brush. Teeth treated with distilled 
water or APF were repeatedly moistened 
during the three-minute application, while 
Duraphat and Fluor Protector were applied 
and allowed to set for three min, during 
which time the lips and cheeks were retracted. 
The teeth were isolated with small cotton rolls 
and saliva aspirated during the application. 

The rats were killed 28 d after application 
of the topical fluoride agents by an overdose 
of sodium pentobarbital. Maxillary first 
molars were extracted. The mandibles were 
removed, lightly autoclaved, stripped of soft 
tissue, and stained with murexide.3 ° The 
mandibular molars were scored for caries on 
the buccal, sulcal, and approximal surfaces 
using Keyes' procedure.4 The buccal and 
sulcal lesions were scored as extending into 
enamel only (E) or penetrating into dentin 
(DM). 

The maxillary first molar teeth were 
subjected to an acid etch microbiopsy 
procedure. 5 The teeth were mounted on 
plexiglass blocks with dental sticky wax with 
the mesiobuccal cusps facing upward. 
Although no residual varnish was visible on 
the teeth, the cusps were repeatedly swabbed 
with cotton pellets soaked in acetone to 
ensure complete removal of varnish. A 
circular hole, 1 mm in diameter, was 
punched in a 6 mm-wide adhesive tape# 
(No. 471) with a microtrephine.# A 3 mm 
strip was cut from the adhesive tape, posi
tioned over the embedded tooth with finely
pointed forceps, and then seated on the cusp 
with firm finger pressure. Care was taken to 
ensure that the hole in the adhesive tape was 
centered over the molar cusp and did not 
extend on to the root surface. The margins 
of the perforations were gently burnished to 
ensure good marginal adaptation of the 
adhesive to the tooth surface. The integrity 
of the seal was evaluated by depositing 0.4 
µl of distilled water on the demarcated 
enamel surface with a 1 µl Hamilton syringe 

0 Ammonium purpurate, Matheson, Coleman, 
and Bell, Norwood, OH 

#JM Co., St. Paul, MN 
#Roboz Surgical Instrument Co., Washington, 

DC 

fitted with a Chaney adaptor. .. 0.4 µl of 
1 M HCL04 was then applied to the demar
cated enamel surface for eights using a Hamil
ton syringe to dispense and aspirate the acid. 
The etched area was washed twice in quick 
succession with 0.3 µl aliquots of distilled 
water, and the etching solution and washings 
were transferred to a 250 µl polyethylene 
tube11 containing 20 µl of 0.05 M NaOH. 
The etching solution was made alkaline to 
prevent loss of fluoride during storage. 

The p - content in the etching solution 
was determined by gas chromatography 
using a procedure which depends on the 
conversion of a chlorosilane to a volatile 
fluorosilane.6 The trimethylchlorosilane 
(TMCS) "working reagent" was prepared as 
follows. Benzene&> (99+% spectrophotometric 
grade) was purified by redistillation. 2-
methyl-butane<I> (99+% spectrophotometric 
grade) was diluted with the purified benzene 
to a final concentration of approximately 
l0-3 µl/ml solution. The TMCS working 
reagent was prepared by adding TMcs+ 
to achieve a final concentration of 0.25 µl/ 
ml of the benzene/2-methyl-butane mixture. 
To the etching solutions in the polyethylene 
tubes were added 25 µl of the TMCS work
ing reagent and 10 µl 1 M perchloric acidtt 
(Ultrex perchloric acid, 70-72%. The tubes 
were tightly closed and shaken for 20 min in 
a "Yankee" pipette shaker.§ § The TMCS 
is hydrolyzed to the corresponding silanol 
which reacts selectively with hydrogen 
fluoride in the acidified etching solution to 
form trimethylfluorosilane (TMFS) according 
to the following reactions: 

(CH3)JSiCl + H2 0 - (CH3)JSiOl-l + H+ + c1-
(CH3)JSiOH + HF - (Ct-1 3lJ SiF + H20 . 

the formed TMFS was extracted from 
the aqueous phase into the benzene layer. 
Using a 10 µl Hamilton syringe , 2 µl of the 
supernatant benzene phase were removed for 
injection into a Hewlett-Packard model 
5830A gas chromatograph equipped with a 
flame ionization detector and coupled to a 
model 18850A terminat.1111 The sample was 

**Hamilton Co., Reno, NV 
11 Kew Scientific, Columbus, OH 
<I> Aldrich Chem. Co., Milwaukee, WI 
+Pierce Chemicals, Rockford, IL 
ttJ.T. Baker Chem. Co., Phillipsburg, NJ 
§§Clay Adams Co., Parsippany, NJ 
1111 Hewlett-Packard, Avondale, PA 

http://etd.uwc.ac.za/ 
 



772 GIBBS £1' AL. 

sandwiched between µl portions of 
benzene and 1 µl air spaces. The conditions 
under which the chromatograph were used 
and a typical chromatogram are shown in 
the Figure. With minimal attenuation, a 
4-<:m peak of TMFS corresponded to approx
imately 0.1 ng of fluoride. Freshly prepared 
solutions of fluoride and perchloric acid 
were employed as standards. The fluoride 
content of the etching solutions was ex
pressed in picograms (pg) . 
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Figure - Typical chromatogram obtained 
under the defined experimental conditions. 

The polyethylene tubes were left un
stoppered overnight to ensure evaporation of 
the volatile components. The residue con
taining the calcium from the etched enamel 
sample was transferred quantitatively by five 
successive 100 µl washings of 1 % lanthanum 
chloride solution to a 5 ml plastic test tube. 
The calcium content was determined by 
atomic absorption spectroscopy00 (Model 
251 AAS) and expressed in micrograms (µg) . 
The enamel content was calculated by as
suming that rat molar enamel contains 34% 
calcium.7 The depth of etch was calculated 
from the following formula : 

Weight en amel dissolved (µ g) 
D~p th of etch (µm ) = ·-

D~nsity of enamel X surface area (mm )2 

The density of rat enamel is 2.90 g/ml.8 

Statistical methods. - The following data 
transformations were done in order to 

001nstrumentation Lab ., Inc. , Lexington, MA 
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stabilize the data and to make the data more 
closely follow a Gaussian distribution: 

I' mass m pi.:ogram ----log. mass F ( l nF) 
Enamd mass in m1,rogram - - -log. mass En ( l nEn) 

cet nc:s score _____... ,.;-~aii~s~Co-re~ 

Paired t tests were carried out to deter
mine whether there were significant dif
ferences between 1 nF (right) and 1 nF 
(left) and lnEn (right) and lnEn (left), 
respectively, for all four procedures. Because 
of the steep fluoride gradient in superficial 
enamel9 and the variation in lnEn (or 
equivalent biopsy depth), the lnF values 
were adjusted to a standardized depth of 
5.0 µm (equivalent enamel mass 11.39 µg) 
by covariance analysis. Io 

A standard analysis of covariance I I 
was used to compare the adjusted 1 nF data, 
and individual comparisons between lnF 
means were made by Duncan's New Multiple 
Range Test at the 0.05 level of significance. IO 
A one-way analysis of varianceIO was run 
on the transformed square root caries data, 
and individual comparisons between these 
means were carried out by Duncan's New 
Multiple Range Test at the 0.05 level of 
significance. 

Partial correlation coefficients between 
adjusted lnF and .JC;aries score data were 
determined. Io All computations were per
formed utilizing the Statistical Analysis 
System.I 2 

Results. 
Paired t tests showed that there were no 

significant differences between 1 nF (right) 
and 1 nF (left) and 1 nEn (right) and 1 nEn 
(left), respectively, for all the procedures. 
The mean values for lnF and lnEn for each 
procedure were therefore determined from 
the average 1 n (right) and 1 n (left) values for 
each animal within a group. 

The mean unadjusted 1 nF and the mean 
1 nF values adjusted to 5 .0 µm and the 
corresponding fluoride concentrations ex
pressed in ppm F are given in Table 1. The 
standard analysis of covariance revealed that 
the overall test of difference was F = 44 .61 
(P < 0.0001) , and the individual compari
sons between adjusted 1 nF means indicated 
that the only significant differences (P < 
0 .05) were between the control (Procedure 
A) and each of the treatment groups (Table 
1 ). http://etd.uwc.ac.za/ 
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TABLE 1 
UNADJUSTED AND ADJUSTED lnF VALUES WITH CORRESPONDING 

F VALUES IN PPM IN BRACKETS 

lnF lnF 
:Procedure Unadjusted Adjusted to 5 .0 µm p < 0.05 

A 7 .077 ± 0.190* 6.781 ± 0.193 A 
(118 ± 19) (77 ± 15) 

B 9.097 ± 0.133 8.954 ± 0.155 

:r (854 ± 80) (679 ± 105) 

c 8.768 ± 0.124 8.589 ± 0.162 
(584 ± 67) (472 ± 76) 

D 8.852 ± 0.120 8.573 ± 0.188 
(587 ± 54) (464 ± 87) 

F-test = 44.61 
p < 0.0001 

*Mean± S.E. 
"'*Means that are bracketed by a vertical line are not significantly different. 

The one-way analysis of variance on the 
transformed square root caries data gave 
F-test values which were significant. The 
ranking of the four procedures based on 
Jcaries score data is given in Table 2. Means 
that are ' not significantly different are 
bracketed by vertical lines. Only APF (pro
cedure B) produced a significant reduction 
in caries incidence at all sites when compared 
to the control (Procedure A). Duraphat 
applications (Procedure C) and Fluor Protec
tor (Procedure D) resulted in significant 
caries reduction at some sites. 

Partial correlation coefficients between 
adjusted 1 nF and J caries score data revealed 
that none of these correlations were signif
icant. 

Discussion. 

The in vivo application of the three 
topical fluoride agents APF (Procedure B), 
Duraphat (Procedure C), or Fluor Protector 
(Procedure D) to rat molar teeth resulted in 
a significant enamel fluoride uptake when 
compared to the control group (Procedure 
A). The differences among the enamel fluo
ride uptakes from the three topical fluoride 
procedures, however, were not significant 
(Table 1). In previous in vitro studies2,13 
carried out an extracted human teeth, it 
was reported that Fluor Protector and 
Duraphat application resulted in a signif
icantly greater enamel fluoride uptake when 
compared to APF-treated teeth. In both of 

TABLE 2 
RANKING OF CONTROL (A), APF (B), DURAPHAT (C), AND FLUOR 

PROTECTOR (D) IN DECREASING ORDER OF CARIES INCIDENCE BASED ON 
TRANSFORMED CARIES SCORE DATA 

JBuccal E JBuccal DM JSulcal E Jsulcal DM v'Proximal E 

"' 

I j I I 
A A 

E I A 

D 

I I: I D 

c c I B B B 

*Means that are not significantly different (p > 0.05) are bracketed by vertical lines. 
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these studies it was found that the acquired 
fluoride was considerably reduced when the 
treated teeth were exposed to synthetic 
saliva for 24 h and one wk, respectively. 
The topical application of the fluoride-con
taining varnishes may, however, also result in 
the formation of substantial amounts of 
CaF 2 .14 The CaF 2 will be leached from the 
treated tooth surfaces during exposure to 
synthetic saliva. In the present study the rats 
were killed 28 d after topical fluoride ap
plication. If CaF2 is deposited on and in the 
tooth surfaces during and after the applica
tion of the topical fluoride varnishes, most 
of it will be leached from the enamel during 
the 28-day exposure to the rat oral environ
ment. Bang and Kim,15 however, using X
ray and electron diffraction techniques, 
could not detect CaF 2 in surface enamel of 
human teeth treated in vivo with Duraphat 
seven d after application. 

Direct comparison of the enamel fluo
ride uptake by rat molar teeth obtained in 
this study with that reported previously 
from topical or systemic fluoride adminis
tration ill rats was not possible because the 
fluoride concentrations had not been pre
viously determined at precise depths. The 
depths of etch were estimated to range from 
20 µm,16 from 30-40 µm1 7 to over 100 
µm.18 The entire thickness of rat enamel 
does not exceed 100 µm.19 

The in vivo cariostatic effect of topically
applied Duraphat to rat molar teeth has 
been previously studied. Heuser and 
Schmidt20 applied Duraphat twice, and 
Riethe and Weinman21 applied Duraphat 
four times to the molar teeth of rats fed a 
cariogenic diet and reported a substantial 
reduction in caries incidence. Different 
methods were used to score the caries 
incidence and severity and the ages of the 
rats at the time of Duraphat application 
varied. The dependence of enamel fluoride 
uptake and caries inhibition on the age of 
rats at the time of topical fluoride adminis
tration has been well documented.22 More 
frequent administration of Duraphat as 
recommended for clinical application in the 
Duraphat Technical Bulletin may result in 
greater enamel fluoride uptake and caries 
reduction in rats. 

In this study the perforated area in the 
adhesive strip was positioned on the mesio
buccal cusp of the first maxillary molar 
teeth so that the lower border of the per-

J Dent Res April 1981 

foration was situated occlusal to the cement
enamel junction. At this point the junctional 
epithelium extends slightly onto the enamel 
surface and the gingival margin to approx
imately one-third of the cusp height coronal
ly. Approximately one-half of the biopsy 
area could therefore include subgingival 
enamel. 5 Cervically-disposed enamel absorbs 
little fluoride from topically-applied solu
tions.23 The fluoride uptake by rat enamel 
from the application of topical fluoride · 
agents could be more accurately assessed if 
the biopsy areas were confined to the 
exposed coronal halves of the mesiobuccal 
cusps. This can be achieved by reducing the 
diameter of the biopsy area to 0.5 mm. 
When enamel containing 100 ppm F is 
biopsied from an area 1 mm in diameter to 
a depth of 5 µm, the 2 µl of the supernatant 
benzene phase, which were injected into the 
gas chromatograph, will contain approx
imately 0.1 ng of F. The optimal experi
mental conditions as defined in the Figure 
will not allow for a reduction in the dia
meter of the 1 mm biopsy area at this stage 
of development of this analytical technique 
since the accuracy of the results will be 
impaired. 

Topical application of APF, Duraphat, 
and Fluor Protector to rat molar teeth re
sulted in a significant enamel fluoride uptake 
when compared to the control teeth. There 
were no significant differences, however, 
among the fluoride acquired by enamel 
treated with the three topical fluoride agents. 
Although Duraphat and Fluor Protector 
significantly reduced the caries incidence 
and the depth of the carious lesions at most 
of the sites examined (buccal, sulcal, and 
approximal), only APF application resulted 
in a significant reduction in caries incidence 
at all these sites. Under the experimental 
conditions defined in this study, the fluoride
containing varnishes were not superior to 
APF as far as enamel fluoride uptake and 
caries inhibition are concerned. 
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Abstract: Class V cavities were parepared at the 

cemento-enamel junction on the facial surfaces of 45 extracted human 

central maxillary incisors. Enamel samples for analysis were obtained 

by means of perchloric acid etching from circular areas, 1 mm in 

diameter, positioned 1.5, 3.5, 5.5 and 7.5 mm from the incisal and 

apical margins of the restorations, respectively. The preparations 

were filled with Fuji Ionomer Restorative, Type II. The restored 

tee th were individually suspended in synthetic saliva at 37 °C and the 

saliva changed at regular intervals. Fifteen teeth were removed after 

1, 3 and 6 months, respectively. Enamel and cementum samples were 

again obtained from the teeth from sites parallel and adjacent to the 

previous biopsy sites. The fluoride content of the etching solutions 

was determined by gas chromatography and the calcium content by atomic 

absorption spectrophotometry. Fluoride acquired by enamel after 1 

month ( ± 2,500 ppm F) was retained after 3 months and 6 months. 

Fluoride acquired by cementum after 1 month ( ± 15,000 ppm F) was 

significantly reduced after 3 months ( ± 6,000 ppm F) and maintained 

at this level after 6 months. http://etd.uwc.ac.za/ 
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Introduction 

The decreased incidence of secondary caries along the margins of 

silicate restorations as compared to other restorative materials has 

been reported [Volker et al., 1944]. It was demonstrated that this 

phenomenon was the result of a decrease in enamel solubility [Phillips 

and Swartz, 1957]. The decreased enamel solubility was due to the 

increased fluoride content of the enamel adjacent to silicate 

restorations [Norman et al., 1961]. 

As a result of the efforts of Dr. Alan Wilson and his colleagues 

from the Laboratory of the Government Chemist in London [Wilson and 

Kent, 1972; McLean and Wilson, 1974], a new generation of adhesive 

dental restorative materials, the glass ionomer cements, has recently 

been introduced to the dental profession. The major advantages of the 

glass ionomer cements are that they bond to tooth surfaces by physico

chemical interaction [McLean and Wilson, 1977] and that fluoride is 

slowly released from these cements [Tveit and Gjerdet, 1981]. 

The purpose of this in vitro study was to determine enamel 

and cementum fluoride uptake from Class V glass ionomer cement 

restorations. 

Materials and Methods 

Fluoride concentration in enamel and cementum. In order to 

determine the fluoride uptake by enamel and cementum from 

fluoride-containing restorative materials, a knowledge of the fluoride 

content of these tissues at the time of insertion of the restorative 
http://etd.uwc.ac.za/ 
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materials is of fundamental importance. In this part of the study the 

correlations between the fluoride content of enamel and cementum at 

various distances from the cemento-enamel junction and the fluoride 

content of adjacent sites equidistant from the cemento-enamel junction 

were determined. 

Ten extracted noncarious human maxillary central incisors were 

used in th is part of the study. The teeth were stored in 70% ethanol 

after extraction. The facial surfaces of the root and crown of a 

tooth were lightly cleaned with a rubber cup and flour of pumice, 

washed, dried with compressed air and the tooth surface swabbed with a 

cotton pellet soaked in acetone to remove residual organic debris. 

Four circular holes, 1 nnn in diameter and 1 nnn apart, were punched in 

a 6 mm wide adhesive tape (471, 3M Co., St. Paul, MN) by means of a 

specially constructed micropunch (O'Neal, Birmingham, AL). The two 

strips were positioned on the enamel and cementum surfaces of the 

tooth just off the midline. The biopsy sites were positioned on the 

enamel and cementum 2.5 (El,Cl), 4.5 (E2,C2), 6.5 (E3,C3) and 8.5 

(E4,C4) mm from the cemento-enamel junction, respectively. The 

margins of the perforations were burnished carefully to ensure good 

marginal adaptation. Enamel samples were obtained from the demarcated 

biopsy sites by means of an acid etch microbiopsy procedure [Retief et 

al., 1977]. 

The integrity of the seal of each biopsy site was evaluated by 

depositing 0 .4 µl of distilled water on the demarcated enamel and 

cementum surfaces with a 1 µl Hamilton syringe fitted with a Chaney 

Adaptor (Hamilton Co., Reno, NV). The disappearance of the drop of 

water from the demarcated biopsy site indicated a defective marginal 

http://etd.uwc.ac.za/ 
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seal. Then 0. 4 µ 1 of 1 M HClo
4 

was applied to a demarcated surface 

using a Hamilton syringe to dispense the acid. A 2 mm diameter filter 

paper disc (Whatman 4ft41) was used to absorb the acid five seconds 

after application. An etched area was washed twice in quick 

succession with a 0.4 µl aliquots of TISAB 1:1 (Orion Research, Inc., 

Cambridge, MA) and absorbed with filter paper discs. The discs 

containing the etching solution and washings were transferred to a 250 

µl polyethylene tube (Kew Scientific, Columbus, OH) containing 10 µl 

of 1 M NaOH. The etching solution was made alkaline to prevent loss 

of fluoride during storage. Enamel and cementum biopsies were again 

obtained from the teeth from sites parallel to the previous biopsy 

sites and equidistant from the cementa-enamel junction (Fig. 1). 

The F content in the etching solutions was determined by gas 

chromatography using a procedure which depends on the conversion of a 

chlorosilane to a volatile fluorosilane [Fresen et al., 1968). The 

analytical procedure was previously described [Gibbs et al., 1981). 

The polyethylene tubes were then left unstoppered in a desiccator 

overnight to ensure evaporation of the volatile components. The 

residue containing the calcium from the etched samples was transferred 

quantitatively by five successive 100 µl washings of 1% lanthanum 

chloride solution to a 5 ml plastic test tube containing 2 ml of 1% 

lanthanum chloride solution. The calcium content was determined by 

atomic absorption spectroscopy (Model 251 AAS, Instrumentation Lab. 

Inc., Lexington, MA) and expressed in micrograms (µg). The enamel 

content was calculated by assuming that human enamel contains 37% 

calcium [Retief et al., 1971) and human cementum 26% calcium [Selvig 

and Selvig, 1962). http://etd.uwc.ac.za/ 
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Variations in the etch depths occurrred as it is impossible to 

control depth of etch precisely by means of the acid etch procedure. 

Because of the steep fluoride gradient in superficial enamel 

[Brudevold et al., 1956] and cementum [Hals and Selvig, 1977] the 

fluoride concentrations were adjusted to standardized depths of 2.5 

µm by covariance analysis [Gibbs et al., 1981]. In these 

calculations it was assumed that the specific gravity of enamel is 

2.95 [Manly and Hodge, 1939] and of cementum is 2.02 [Manly et al., 

1939]. 

Enamel and cementum fluoride uptake from a glass ionomer 

cement. Forty-five extracted noncarious human maxillary 

central incisors were used to evaluate the enamel and cementum 

fluoride uptake from the glass ionomer cement (Fuji Ionomer Type II, 

G-C Dental Industry Corp., Tokyo, Japan). The teeth were cleaned and 

stored in 70% ethanol. Standardized Class V preparations involving 

both the ename 1 and cementum were prepared on the facial surfaces of 

these teeth using accepted clinical procedures. The preparations 

extended into dentin and the total depth was 2 mm and the width 2 mm. 

Immediately after cavity preparation, a tooth was prepared for the 

baseline (control) microbiopsy procedure. Four circular holes, 1 mm 

in diameter and 1 mm apart, were punched in a 6 mm wide adhesive tape 

as previously described and the two strips were positioned on the 

enamel and cementum surfaces of a tooth just off the midline and the 

demarcated biopsy areas were situated 1.5 (El,Cl), 3.5 (E2,C2), 5.5 

(E3,C3) and 7.5 (E4,C4) mm from the incisal and apical margins of the 

preparations, respectively (Fig. 2). 

Immediately after the biopsy procedure, the glass ionomer cement http://etd.uwc.ac.za/ 
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was mixed according to the manufacturer's instructions and transferred 

to the preparation with plastic instruments. The preparation was 

overfilled and the cement allowed to set for 10 minutes. The 

restoration was covered with varnish and the tooth suspended in 5 ml 

synthetic saliva [Retief et al., 1980] for 48 hours when final 

trimming and polishing were done. The teeth were then individually 

suspended in plastic tubes containing 5 ml synthetic saliva in a 

shaking bath at 37°C. The synthetic saliva was replaced every two 

weeks. The restored teeth were biopsied at 1 month, 3 months and 6 

months. Fifteen teeth were biopsied at each time interval. The teeth 

were washed well in running tap water to remove the saliva and 

biopsies carried out as previously described. The adhesive strips 

were placed on the ename 1 and cementum surfaces and biopsy areas 

positioned just off the midline on the tooth half not previously 

biopsied (Fig. 3). The microtubes were left unstoppered in a 

desiccator to allow all volatile components to evaporate. The tubes 

were then stoppered and stored until the analyses could be performed. 

The fluoride content of the etching solutions was determined by gas 

chromatography and the calcium content by atomic absorption 

spectroscopy as previously described. The fluoride concentrations 

were again adjusted to standardized depths of 2.5 µm. 

In evaluating the fluoride uptake by enamel and cementum from the 

glass ionomer cement, the adjusted fluoride concentration of a 

baseline (control) biopsy site was subtracted from the adjusted 

f 1 uor i de concentration of a corresponding experimental biopsy site to 

give the enamel or cementum fluoride acquired at that biopsy site. 

The acquired fluoride data were analyzed by a two-way analysis of 
http://etd.uwc.ac.za/ 
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variance. Individual comparisons between means were made by Duncan's 

New Multiple Range Test [Steel and Torrie, 1960] at the 0.05 level of 

significance. All computations were performed utilizing the 

Statistical Analysis System [Barr et al., 1976]. 

Results 

Fluoride concentration in enamel and cementum. The fluoride 

cone en tr at ions of corresponding biopsy sites on enamel and cementum 

are given in Table I. A paired t-test revealed that the fluoride 

concentrations of corresponding biopsy areas were not significantly 

different. The correlations between the fluoride concentrations of 

corresponding biopsy sites were determined by means of a method of 

least squares fit. The correlations are given in Table I. These were 

all highly significant. 

Enamel and cementum fluoride uptake from a glass ionomer 

cement. The fluoride acquired by the enamel from the glass 

ionomer cement at the various biopsy sites, one month, three months 

and six months after placement of the restorations is given in Table 

II. A two-way analysis of variance of the acquired enamel fluoride 

data showed that both the location and duration had no significant 

different effect on fluoride acquisition and that interaction between 

these parameters was not significant. The fluoride uptake by the 

enamel at the different biopsy sites at the three time intervals are 

listed in descending order of magnitude. Although the fluoride uptake 

at the biopsy sites was not significantly different for each time 

interval, there was a tendency for the acquired enamel fluoride after 

three and six months to decrease with increasing distance from the 

glass ionomer restoration. 
http://etd.uwc.ac.za/ 
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The cementum fluoride uptake is presented in Table III. Analysis 

of the acquired cementum fluoride data showed that the location did 

not have a significant different effect on fluoride acquisition but 

that the duration had a significant effect on fluoride uptake. The 

interaction between location and duration was not significant. The 

fluoride uptake by the cementum at the different biopsy sites at the 

three time intervals are listed in descending order of magnitude. The 

cementum fluoride uptake at the biopsy sites for each specific time 

interval was not significantly different. The cementum fluoride 

uptake after three months was significantly reduced when compared to 

the cementum fluoride uptake after one month but was not significantly 

different than the cementum fluoride uptake after six months. 

Discussion 

The highly significant correlations between the fluoride 

concentrations of corresponding biopsy sites on enamel and cementum 

surfaces, respectively, (Table I) enabled us to determine the fluoride 

acquired by enamel and cementum from fluoride-containing restorative 

materials by subtracting the fluoride concentration of a baseline 

(control) biopsy site from the fluoride concentration of a 

corresponding experimental biopsy site. 

The enamel fluoride uptake at the biopsy sites was not 

significantly different for each time interval; there was a tendency 

for the acquired enamel fluoride to decrease with increasing distance 

from the glass ionomer cement restorations (Table II). The time of 

exposure of the enamel to the glass ionomer cement had no significant 

different effect on enamel fluoride uptake. This observation suggests http://etd.uwc.ac.za/ 
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that the f 1 uor i de acquired by enamel was firmly bound to the apatite 

structure possibly in the form of fluorapatite or hydroxyfluorapatite. 

The cementum fluoride uptake at the biopsy sites for a specific time 

interval was not significantly different (Table III). The cementum 

fluoride uptake after three months was significantly reduced when 

compared to the cement um f 1 uor i de uptake after one month but not 

significantly different than the cementum fluoride uptake after six 

months. The results suggest that an appreciable amount of the 

fluoride acquired by cementum during one month exposure to the glass 

i onomer cement was not firmly bound to the cementum. The reduced 

fluoride uptake obtained after three months was, however, maintained 

after six months. It can be cone 1 uded that some of the fluoride 

acquired by cementum during the first month was soluble in synthetic 

saliva. 

A report was recently published in which the enamel fluoride 

uptake from fluoride containing restorative materials, including a 

glass ionomer cement, was evaluated [Swartz et al., 1980). The 

authors reported that the enamel fluoride acquired at biopsy sites 

with a 3 mm diameter positioned 1 mm from a glass ionomer cement 

restoration, increased by approximately 30 times the enamel fluoride 

content of the pre-restoration biopsy sites after one month and 

approximately 45 times after 6 months. Although the experimental 

design and the enamel biopsy procedure was different in the present 

study, the acquired enamel fluoride was approximately double the 

base 1 i ne enamel fluoride content. The fluoride uptake by cement from 

a glass ionomer cement has not previously been reported. 

The fluoride acquired by the enamel and cementum from a glass 

ionomer cement in this in vitro study may largely be due to the 

http://etd.uwc.ac.za/ 
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topical effect of the released fluoride in the synthetic saliva. In 

the clinical situation a tooth is constantly bathed in saliva but the 

saliva is replenished by the salivary flow. The fluoride concentra

tion in the saliva in the oral environment will be less than in the 

synthetic saliva in this in vitro study. In the clinical situa

tion, therefore, enamel and cementum fluoride uptake may be considerab

ly less than the fluoride uptake obtained in the present study. Never

theless, this investigation has shown that enamel and cementum in 

particular, can acquire substantial amounts of fluoride from a glass 

ionomer cement restoration. 

Conclusions 

1. The correlations between the fluoride concentrations of 

corresponding biopsy sites on enamel and cementum surfaces were highly 

significant. 

2. The ename 1 fluoride uptake at biopsy sites positioned at various 

distances from the glass ionomer cement restoration was not 

significantly different for each time interval. There was a tendency 

for the acquired enamel fluoride to decrease with increasing distance 

from the glass ionomer cement. The time of exposure of the enamel to 

the glass ionomer cement had no significant different effect on enamel 

fluoride uptake. 

3. The cementum fluoride uptake at biopsy sites positioned at 

various distances from the glass ionomer cement restoration was not 

significantly different for a specific time interval. The cementum 

fluoride uptake after three months was significantly reduced when 

http://etd.uwc.ac.za/ 
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compared to the cementum fluoride uptake after one month but not 

significantly different than the cementum fluoride uptake after six 

months. 

4. Ename 1 and cementum can take up substantial amounts of fluoride 

from a glass ionomer cement restoration. 
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Table I. Fluoride content of corresponding biopsy sites on enamel and cementum 

and the correlations between the fluoride concentrations of corresponding 

biopsy sites 

Surface Location 

Enamel El 

E2 

E3 

E4 

Cementum Cl 

C2 

C3 

C4 

Number of 

biopsy sites 

10 

10 

10 

10 

10 

10 

10 

10 

F cone 

left-ppm 

2536 

1467 

1418 

1143 

2126 

1948 

2227 

1909 

F cone 

right-ppm 

2539 

1348 

1308 

1229 

2294 

2140 

2207 

2194 

r 

0.98 

0. 79 

0.92 

0.87 

0.91 

0.73 

0.92 

0. 75 

p 

0.0001 

0.01 

0.0001 

0.001 

0.0001 

0.02 

0.0001 

0.01 

15 
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Table II. Fluoride acquired by enamel from the glass ionomer cement 

restorations 

Number of Fluoride acquired - ppm 

Surface Duration biopsy sites Location Mean ± SD 

Enamel 1 month 15 E2 * 2,755 ± 1,902 

15 E4 2 ,686 ± 891 

15 El 2 ,494 ± 1'773 

15 E3 2 ,425 ± 1,083 

3 months 15 El 2 '720 ± 1, 548 

15 E2 2,195 ± 1,112 

15 E3 1,986 ± 963 

15 E4 1 ,476 ± 731 

6 months 15 El 2,745 ± 1,849 

15 E2 2,283 ± 1,622 

15 E3 2,106 ± 931 

15 E4 2,102 ± 883 

* Means are listed in descending order of magnitude and means which 
are linked by vertical lines are not significantly different. 

16 
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Table III. Fluoride acquired by cementum from the glass 1onomer cement 

restorations 

Number of Fluoride acquired - ppm 

Surf ace Duration biopsy sites Location Mean ± SD 

Cementum 1 month 15 C2 * 16 ,692 ± 4,856 

15 Cl 15 ,935 ± 3 ,876 

15 C3 15,569 ± 3,815 

15 C4 14,931 ± 4,017 

3 months 15 C3 7 ,454 ± 2 ,311 

15 C2 7 ' 09 3 ± 2 ' 46 6 

15 Cl 6'185 ± 1'832 

15 C4 5 '9 7 4 ± 1 '464 

6 months 15 Cl 6 '465 ± 2'139 

15 C4 6 ' 06 1 ± 1 ' 5 72 

15 C2 5,952 ± 2,017 

15 C3 5 ' 86 2 ± 1 '9 8 2 

* Means are listed in descending order of magnitude and means which are 
linked by vertical lines are not significantly different. 

17 
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Fig. 1. Position of the adhesive strips to demarcate the 

subsequent biopsy sites. 
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1.5mm ___ __ - - -

2mm 

1.5mm -- -- --- Adhesive tape 

Fig. 2. Demarcation of the biopsy sites to determine the 

baseline (control) enamel and cementum fluoride 

concentration. 
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Fig. 3. Demarcation of the biopsy sites to determine the 

experimental enamel and cementum fluoride concentration. 
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Tensile bond strength of a glass ionomer cement 
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Ph.D. (Dent.)*** 

University of Alabama School of Dentistry, Birmingham, Alabama. 

The glass ionomer cements have been in general clinical use in Europe since 

1975 and were introduced into the North American market in 1977. The glass 

ionomer cements for restorative and luting purposes develop their strength by a 

hardening reaction between ion-leachable glasses and aqueous solutions of homo

and copolymers of acrylic acid. 1 The glass ionomer cements are adhesive 

dental restorative materials which bond to enamel and dentin and slowly release 

fluoride. 2 • 3 Recommended clinical usage of the glass ionomer restorative 

cements are for the restoration of Class V lesions (particularly noncarious 

cervical lesions) and small Class III lesions where appearance is not a 

4 
problem. Several investigators have determined the tensile or shear bond 

strengths of glass 
5-15 

ionomer cements to enamel and dentin. 

these studies are sumnarized in Table I. 

The results of 

The objectives of this in vitro study were to determine the tensile bond 

strength of a glass ionomer cement to untreated, conditioned (treated with 

citric acid) and etched (treated with orthophosphoric acid, H
3

Po
4

) enamel, 

dentin and cementum. 

*Instructor, Department of Biomaterials. 
**Student, School of Dentistry. 

***Professor, Department of Biomaterials. 
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MATERIAL AND METHODS 

Fuji Ionomer Type II (G-C Dental Industrial Corp., Tokyo, Japan), Batch AZ 

2, was used in this study. 

d d 1 d b d · 1 · 19 d d . A test proce ure eve ope y Kemper an Ki i.an was use to etermi.ne 

the tensile bond strength of the glass ionomer cement to the various substrates. 

The apparatus consists of a bonding alignment block (Fig. 1) that ensures proper 

positioning of the test specimens during mounting and a measurement alignment 

block (Fig. 2) that ensures proper alignment of the test specimens during 

loading to failure. Two types of cups were utilized; a tooth cup (A in Fig. 1) 

in which the crowns and roots were mounted, and a specimen cup (B in Fig. 1) for 

the glass ionomer cement. These cups are held in the alignment block with 

mounting rods (C in Fig. 1). 

Extracted noncari.ous human molar teeth with flat root surfaces were 

selected for this study. The teeth were sectioned at the cementa-enamel 

junction and the roots and crowns mounted in the tooth specimen cups with epoxy 

res in so that the labial surfaces of the crowns projected above the lips of the 

cups (Fig. 3). The epoxy resin was allowed to set for 24 hours. To prepare the 

enamel test surfaces, the tooth cups with the embedded crowns were placed in a 

polishing block and the enamel ground wet on 600 grit silicon carbide discs on a 

polishing wheel (Buehler Ltd., Evanston, IL). The dentin surfaces were prepared 

by grinding the embedded crowns wet on 320 grit silicon carbide discs until the 

underlying dentin was exposed. Final wet polishing was done on 600 grit silicon 

carbide discs. The cementum surfaces on the roots were not ground because of 

the thinness of the cementum, therefore teeth with flat root surfaces were 

selected. The prepared specimens were stored in water at 22°C ± l°C for 24 

hours. 
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The experimental design is shown in Figure 4. Two hundred thirty-three test 

surfaces were prepared. The enamel, dentin and cementum surfaces were either 

left untreated or conditioned with 50% citric acid or etched with 37% H
3

Po
4

, 

respectively. The acids were applied to the respective tooth surfaces for 1 

minute with cotton pellets using a dabbing action. A tooth surface was 

conditioned or etched just prior to the preparation of the tensile test 

specimen. The conditioned and etched surfaces were washed well with distilled 

water to remove the reaction products and dried with oil-free compressed air. A 

tooth specimen cup was mounted in the bonding alignment block, the glass ionomer 

cement mixed according to the manufacturer's instructions and the mixed cement 

transferred to the specimen cup with plastic instruments. The specimen cups 

have necks tapered on the outside to a knife edge to ensure proper demarcation 

of the bonding area. The rod with the attached specimen cup was lowered until 

the cup made contact with the tooth surface and locked lightly in position (Fig. 

1). The excess cement outside the bonding area was removed with an explorer and 

the cement allowed to set for 15 minutes under a load of 1 pound. An assembled 

unit was removed from the mounting block, the junction of the two cups sealed 

with petroleum jelly, and the test specimen immersed in deionized water at room 

temperature for 24 hours. 

The test specimens were mounted in the measurement alignment block (Fig. 

2), which was suspended in the jaws of an Instron testing machine (Instron 

Corp., Canton, MA.). A tensile load was applied at a rate of 0.05 inch/min, and 

the force required to break an experimental specimen was recorded. The tensile 

-2 
bond strength was expressed in MN.m • The data were subjected to analysis of 

variance and Tukey's test for multiple contrasts at the 5% level of 

significance. 
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RESULTS 

Analysis of variance of the data showed that there were significant differ-

ences among the tensile bond strengths of the glass ionomer cements to the vari-

ous substrates. The results obtained with Tukey's test for multiple contrasts 

are presented in Tables II and III. The effects of tooth surface on the tensile 

bond strength to unetched, etched and conditioned surfaces are given in Table 

I I. The tensile bond strengths of the glass ionomer cement to unetched, etched 

and conditioned enamel surfaces were significantly greater than the tensile bond 

strengths to the corresponding dentin surfaces. The tensile bond strengths of 

the glass ionomer cement to unetched and conditioned dentin were significantly 

greater th an the tensile bond strengths to the corresponding cementum surfaces. 

The tens i 1 e bond strengths to etched dentin and cementum were not significantly 

different. 

The effects of surface treatment on the tensile bond strengths of the glass 

ionomer cement to enamel, dentin and cementum are presented in Table III. In 

general, the tensile bond strengths of the cement to unetched, etched and 

I 

conditioned surfaces were not significantly different within each group. In 

other words, the surface treatment had no significant effect on tensile bond 

strengths for either enamel, dentin or cementum surfaces considered separately. 

DISCUSSION 

In the present study the tensile bond strength of the glass ionomer cement 

to enamel was significantly greater than to dentin irrespective of the surface 

treatment. Similar findings were previously reported by other investi-

5-7-9 13 17 
gators. ' ' It has been suggested that the cements bond more strongly 
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to enamel because of the greater calcium content of enamel when compared to 

d . 6, 8 
ent1n. The glass ionomer cements, however, also adhere to dentin by means 

of an additional mechanism. Collagen of dentin contains some pendent chains 

which contain carboxyl and amino groups which would provide sites for adhesive 

ionic and dipole 
. . 20 
1 n t er act ions • Phosphoric acid etching produces preferen-

21 tial dissolution of superficial enamel to create porosities in the enamel. 

Despite this obvious loss of calcium from the etched enamel surface, we observed 

tensile bond strengths of the glass ionomer cement to unetched and etched enamel 

which were not significantly different. 

Citric acid is supplied as a conditioning agent with ASPA (Amalgamated 

Dent a 1 , London, England). Citric acid is used as a wetting agent to ensure the 

r emov a 1 of debris and to clean the tooth surface thus promoting the adhesion of 

ASPA to the tooth surface. 

ionomer cement 
22 system. 

Citric acid is compatible with the glass ASPA 

It was reported that citric acid conditioning of 

enamel and dentin substantially increased the tensile bond strength of ASPA. 5 

In another study it was found that conditioning enamel and dentin with citric 

acid had no significantly different effect on the tensile bond strength of ASPA 

when compared to untreated 
7 

surfaces. In the present study, conditioning 

enamel and dentin surfaces did not significantly increase the tensile bond 

strength of the glass ionomer cement when compared to the bond strength obtained 

on untreated surfaces. It should be pointed out, however, that the 

manufafcturer of Fuji glass ionomer cement does not recommend the use of a 

citric acid conditioner prior to the placement of the cement. Conditioning with 

citric acid should only be used when recommended by the manufacturer of a glass 

ionomer cement. 

Acid etching of enamel surfaces with phosphoric acid is used extensively in 

restorative dentistry to increase the bond strength of composite resins to 
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enamel. The acid produces microspaces in the enamel surface into which the 

curing resin flows. The resin extensions bond the resin mechanically to the 

etched enamel surface. 24 
It has been suggested that the formation of tags of 

a glass ionomer cement provided mechanical retention in addition to the molecu-

lar interactions bonding the glass ionomers cement to the tooth and could be 

expected to increase the force required to dislodge the material from the sur

face of enamel • 16 The results of a previous study5 and the findings in the 

present study that etching of the enamel surface with H
3

Po
4 

did not increase 

the tensile bond strength of a glass ionomer cement to enamel do not support 

this contention. We believe that mechanical retention is not the mechanism of 

adhesion of glass ionomer cement to enamel. The adhesive mechanism must be 

attributed to secondary intermolecular forces of a polar and ionic nature be-

tween the enamel and the glass ionomer cement. 

Some investigators have attempted to improve the adhesion of glass ionomer 

cements to dentin by pretreating the dentin surface with a mineralizing solu-

. 5 , 8 , 10 , 15 , 18 I 1 f h d. h b d h f h tion. n severa o t ese stu ies t e on strengt o t e cement 

to dentin was increased substantially by this pretreatment procedure. The advan-

tage of using a surface treatment with glass ionomer cement which involves an ad

ditional clinical procedure has been questioned.
15 

It has been suggested that a tensile bond strength of at least 30 Kg/cm2 

2 ( ± 2.9 MN/m ) was needed for satisfactory clinical performance of a glass 

. h d . b . 1 . 18 ionomer cement w en use in a rasion esions. It was also concluded that 

the tensile bond strength of ASPA when used in conjunction with a 50% citric 

acid conditioning and treatment followed by varnish represented an acceptable 

level for clinical use. 7 Bond strengths of 3.7 MN/m2 to enamel and 1.7 

MN/m 2 to dentin were reported. 7 These conclusions are supported by the 

excellent retention rate reported when ASPA was used to restore cervical 
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abrasions lesions without cavity preparation. Only one of the 102 restorations 

25 failed during the first year after placement. 

The retention rates of Class V glass ionomer cements restorations obtained 

in more recent clinical studies were less encouraging; 94.7% were retained after 

6 months; 26 80% were 27 retained after 2 years; and only 28.2% were intact 

during a 2 to 3 year interval. 
28 

Cervical abrasion lesions usually involve 

cementum, dentin and enamel. With the tensile bond strengths of a glass 

ionomer cement obtained in the present study, we support the statement that the 

clinical behavior of these cements when used to restore Class V restorations 

b f 11 d . d 16 cannot e u y pre icte • 

CONCLUSIONS 

Under the experimental conditions of this in vitro study, the following 

conclusions may be drawn: 

1. The tensile bond strength of Fuji Type II glass ionomer cement is 

significantly greater to enamel than to dentin, which in turn is significantly 

greater than the tensile bond strength to cementum. 

2. Etching with phosphoric acid or conditioning with citric acid of 

ground enamel, ground dentin or unground cementum surfaces has no significantly 

different effect on the tensile bond strength of this cement. 

3. The relatively low tensile bond strengths of the glass ionomer cement 

to enamel, ground dentin and cementum suggest that the clinical behavior of 

Class V glass ionomer cement restorations is unpredictable. 
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Table I. Mean bond strengths in MN/m2 of glass ionomer cements to enamel and dentin 

Investigators 

5 Hotz et al., 1977 6 
Levine et al., 1977 7 
Prodger and8Symonds, 1977 
Beech, 1978 9 Maldonado et al., 1978 10 Causton and Johnson11 1979 
Nation et f2·• 1980 
Oilo, 1981 

13 Peddey, 1981 

Shalabi et al., 1981 14 
15 Causton and Johnson161982 

Courey et al., 19~7 
Negm et al., 1982 

18 Vougiouklakis et al., 1982 

* Shear bond strength 
** Unground enamel 
*** Bovine teeth 

Material 

ASPA IV 
ASPA 
ASPA 
ASPA (Luting) 
ASP 
ASPA 
FUJI, Type 
ASPA 
CHEMBOND 
CHEMBOND 
FUJI, Type 
KETAC-CEM 
ASPA 
ASPA 
ASPA 
ASPA 
ASPA 

II 

I 

FU JI , Type II 

Ground Enamel 

Untreated Conditioned Etched 

2.56 

3. 7** 
3.9 

-
-

4.8 
4.5 
4.2 
-
-

4.5 
5.7 

4.05 

3.5** 
5.0 
2 .5*** 

.... 

-
3.8* 

6.0 

2.89 

Ground Dentin 

Untreated Conditioned Etched 

1.46 
2 .38* 
1.3 
2.2 

4.0* 
2·.2* 
1.1 
1.3 
2.3 
2.5 
2.3 
2.3 
4.0 

2.4 
3.5 
4.5 

2.92 

1. 7 
1.6 
1.7*** 

2.1 

2.5* 
5.5 
5.5 
4.3 

0.89 

1.8 

I-' 
I-' 

http://etd.uwc.ac.za/ 
 



Table II. The effects of tooth surface on the tensile bond strengths 
to unetched, etched and conditioned surfaces 

Acid 
Treatment 

Unetched 

Etched 

Conditioned 

Surface 

Enamel 
Dentin 
Cementum 

Enamel 
Dentin 
Cementum 

Enamel 
Dentin 
Cementum 

-2 Tensile Bond Strength-MN.m 

n Mean ± SD 

24 4.52 2.25 
34 3.33 1.57 

5 2.18 0.78 

23 4.18 1.52 
33 *12. 66 1.60 
14 2.41 1.53 

21 4.96 1.11 
36 2.51 1.50 
11 1. 74 1.54 

* Means which are linked by a vertical line are not significantly different. 

12 
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Table III. The effects of surface treatment on the tensile bond 
strengths to enamel, dentin and cementum 

Surf ace 

Enamel 

Dentin 

Cementum 

Acid 
Treatment 

Unetched 
Etched 
Conditioned 

Unetched 
Etched 
Conditioned 

Unetched 
Etched 
Conditioned 

-2 Tensile Bond Strength-MN.m 

n Mean ± SD 

24 .,4.52 2.25 
23 4.18 1.52 
21 4.96 1.11 

34 13 .33 1.57 
33 2.661 1.60 
36 2.51 1.50 

5 

12
.18 0. 78 

14 2.41 1.53 
11 1. 74 1.54 

* Means which are linked by vertical lines are not significantly different. 

13 
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Fig. 1. Preparation of test specimen in bonding alignment block: 
A. tooth cup 
B. specimen cup 
C. mounting rod 
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F i g . :~ . Tes t s pe c i me n mo unte d in measure me nt alignment block held in jaws of 
l n st r o n t estin g machine. 
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Fig. 3. Tooth cup containing crown section, mounting nut, and specimen cup. 
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Specimens for Tensile Bond Strength Testing 

233 

' Enamel Dentin Cementum 

69 

I +-- -----+ + 
No Acid 
Treatment 

24 

Etch 
a3Po4 

24 

Condition 
Citric Acid 

21 

107 

I 
f + -~ 

No Acid 
Treatment 

36 

Etch 
H3Po4 

34 

Condition 
Citric Acid 

37 

Fig. 4. Experimental design for tensile bond strength study. 

57 

I t --- f- -- -------. 
No Acid 
Treatment 

29 

Etch 
H3Po4 

12 

Condition 
Citric Acid 

16 
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THE QUANTITATIVE ANALYSIS OF SIXTEEN ELEMENTS 
IN NORMAL HUMAN.ENAMEL AND DENTINE BY 

NEUTRON ACTIVATION ANALYSIS AND 
HIGH-RESOLUTION GAMMA-SPECTROMETRY 

D. H. RETIEF and P. E. CLEATON-JONES 

Dental Research Unit of the University of the Witwatersrand and the South African 
Medical Research Council, Johannesburg, Republic of South Africa 

and 

J. TuRKSTRA and W. J. DE WET 

Atomic Energy Board, Private Bag 256, Pretoria, Republic of South Africa 

Summary-The sample to be analysed and a standard of known composition were 
irradiated simultaneously and the induced radioactivity compared. The investigation 
was done with high resolution Ge (Li) detectors coupled to fully transistorized 400 and 
4000 channel analysers. By varying the irradiation time and conditions, it was possible to 
employ a non-destructive analytical procedure. The concentration of 16 elements, 
namely, Mg, Na, Cl, Al, Ca, Cr, Ba, Sb, Ag, Zn, Co, Fe, Sr, Au, Br and Mn was 
determined in normal human enamel and dentine by instrumental activation analysis. 

INTRODUCTION 

IT IS well-known that the ingestion of an optimum amount of fluoride during the 
developmental period of the crowns of the teeth renders them more resistant to caries. 
It is possible that other trace elements may also assist in reducing the incidence of the 
disease perhaps by influencing the solubility of the calcified dental tissues, by producing 
changes in the morphology of the teeth or by altering the crystallinity of the enamel 
(LUDWIG, 1969). Before the function of various elements in teeth can be fully explained 
or the changes that occur in their distribution in pathological states can be interpreted, 
their normal distribution must be determined. 

Several analytical procedures such as chemical analysis (CRUICKSHANK, 1936), 
direct-current spectrum excitation (DREA, 1936), spectrographic methods (LOWATER 
and MURRAY, 1937; LITTLE and STEADMAN, 1966), X-ray emission spectrography 
(CALONIPS and VISAPAA, 1965) and mass spectrometry (HARDWICK and MARTIN, 
1967) have been used for the analysis of elements in human enamel and dentine. The 
high degree of sensitivity of neutron activation analysis for many elements makes 
this technique suitable for the quantitative analysis of mere traces of these elements. 
The principles involved in an activation analysis in general and neutron activation 
analysis in particular were discussed in a recent paper (RETIEF, VAN WYK and 
TuRKSTRA, 1969a). 

Previously, Nal {Tl) scintillation counters were used in neutron activation 
1257 
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analyses of teeth and lengthy radiochemical separations were necessary prior to the 
determination of one or more components in an irradiated sample (SOREMARK and 
SAMSAHL, 1961, 1962; SOREMARK and LUNDBERG, 1964, 1967; LUNDBERG, SOREMARK 
and THILANDER, 1965, a,b; NIXON, LIVINGSTONE and SMITH, 1967a,b; SAMSAHL, 1968). 
With the development of high-resolution Ge (Li) detectors and large, fully transis
torized multi-channel analysers, significant progress has been made in activation 
analysis; this is especially true in non-destructive multiple-element analysis (DE WET 
and TuRKSTRA, 1969), which has since been applied to a diversity of sample matrices 
(TuRKSTRA and DE WET, 1969; TuRKsTRA, BEHRENS and DE WET, 1969), including . 
biological materials (HALLER, RANCITELLI and COOPER, 1968; NADKARNI, FLIEDER 
and EHMANN, 1969). 

As most of the quantitative analyses of various elements in human enamel and 
dentine by activation analysis involved radiochemical separation by means of ion 
exchange columns, preliminary investigations were undertaken to ascertain the ele
ments which could be assessed qualitatively by instrumental activation analysis. These 
numbered eleven (RETIEF, VAN WYK and TuRKSTRA, 1969b). 

Even with this improved technique, it is not possible to resolve many of the peaks 
in a spectrum during a multiple elemental analysis. It is possible, however, to reduce 
or increase the activity of radionuclides with respect to one another in an activated 
sample by adjusting the duration of the irradiation and the decay period before the 
activity is measured. The use of time as an independent variable is unique in the 
neutron activation analysis technique as it gives the analyst two additional factors to 
manipulate to his advantage, i.e. the irradiation time and the decay period before 
measurement of the gamma activity. The ability to discriminate in this manner 
depends primarily on the difference in the half-lives of the radionuclides induced in 
the sample. 

The elements determined in this investigation were divided into four groups. In 
group I, II and III, the irradiation time and the decay period before the counting of 
the gamma activity was commenced were varied as shown in Table 1. In the fourth 
group, another variable was introduced. The quartz ampoules containing the samples 
and standard were surrounded by a cadmium shield within the aluminium can before 
irradiation. 

MATERIALS AND METHODS 

(a) Preparation of the enamel and dentine samples 

Freshly extracted, sound human teeth were used in this investigation. Debris and tartar were 
removed with polyethylene-protected scalers and the teeth thoroughly washed in deionized water for 
a few minutes. The teeth were dried in an oven at 105°C overnight and the enamel was mechanically 
separated from the dentine by chipping. The teeth were held firmly by the roots and the crown 
gently tapped with an agate pestle on the edge of an agate mortar. Only those pieces of enamel that 
broke away cleanly from the underlying dentine were used. Any enamel which was considered con
taminated with dentine was discarded. The dentine was obtained only from the root portion of the 
teeth and no attempt was made to separate the cementum. The enamel and dentine samples were 
ground to a fine powder in an agate mortar and dried to constant weight at 105°C. The enamel and 
dentine samples were accurately weighed in separate containers or ampoules and sealed. 

The weight of the samples and the type of container used in each group are given in Table 1. 
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TABLE 1. EXPERIMENTAL PROCEDURE USED 

Procedure Group I Group II Group III Group IV 

Weight enamel lOOmg 200mg lOOmg 200mg 
Weight dentine lOOmg 200mg lOOmg 200mg 
Container Polyethylene Quartz Quartz Quartz 
Rabbit Polyethylene Aluminium Polyethylene Aluminium 

lined with 
cadmium 

Reactor } Pneumatic Poolside Pneumatic Poolside Facility 
Irradiation time 4min 130 hr 15 min 12 hr 
Neutron flux } 1·2 x 1013 2 x 1013 1·2 x 1013 2 x 1013 
(n.cm- 2 .sec- 1) 

Cooling time 15 sec. 28 days 15 min 15 hr 
sample 
3 min 
standard 

Distance from detector 13 cm 15 cm 20cm 20cm 

(b) Preparation of the standards 

Standard samples were prepared by weighing a known volume of a mixed solution into containers 
or ampoules. The same type of container was used as for the enamel and dentine samples in each 
group. The standard solution contained known amounts of the elements to be determined in each 
group together with salts of a number of elements from the other groups. The standard samples 
contained approximately the same amounts of those elements present in 100 mg or 200 mg enamel 
and dentine depending on the weight of the samples. Analytical grade reagents were used in the 
preparation of the standards. The standard liquid mixtures were then carefully evaporated to dryness 
after which the containers were sealed. 

(c) Irradiation 

In group I, an enamel or dentine sample was irradiated simultaneously with a standard because 
of the short half-lives of some of the elements to be determined and in the other three groups enamel 
and dentine samples were irradiated together with a standard sample. The type of "rabbit" used is 
indicated in Table 1. A rabbit is a larger container in which the ampoules with the enamel, dentine 
and standard samples are placed prior to irradiation. The irradiations were carried out in SAFARI-1, 
an ORR type reactor of the South African Atomic Energy Board at Pelindaba. The irradiation time, 
reactor facility used and the neutron flux are given in Table 1. 

(d) Measurement of gamma activity 

The measurement of the gamma activity of the irradiated samples was commenced after various 
decay times depending on the duration of irradiations (Table 1). In group I, the irradiated samples 
were placed 13 cm below the Ge (Li) detector. The detector used was a 15 cm 3 Ge (Li) diode (Prince
ton Gamma Tech., Princeton, N.J., U.S.A.) mounted in a cryostat and cooled with liquid nitrogen. 
An uncooled TC 135 M Tennelec preamplifier, a TC 200 Tennelec amplifier and a TC 250 Tennelec 
bias amplifier were used to obtain low noise amplification of the diode signals. The spectrum analysis 
was done on an Intertechnique 400 channel analyser (Model SA 40B) bypassing the built-in linear 
amplifier of the analyser. The resolution of the counting system is 4· 2 keV (fwhm) for the 1·333 
keV photopeak of 6 °Co. 

In groups II, III and IV, gamma ray emission was measured with the radioactive samples placed 
at varying distances from the Ge (Li) detector (Table 1). The detector was a 50 cm3 coaxial Ge (Li) 
diode (Princeton Gamma Tech.) connected to an uncooled TC 135 M Tennelec preamplifier. The 
output pulses were amplified by a TC 200 TenneJec amplifier and analysed by an Intertechnique 4000 
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channel analyser (model SA 44). The resolution of this counting system is 3 · 0 keV (fwhm) for the 1·333 
keV photopeak of 6°Co. Data for peak analysis were obtained on punched tapes by a Tally P-120. 

YuLE's (1968) smoothed first derivative method was applied to obtain the peak counts under the 
photopeaks of interest. 

(e) Nuclear data 

The radionuclides of the 16 elements produced by thermal neutron activation and the relevant 
nuclear data are given in Table 2. 

TABLE 2. NUCLEAR DATA OF THE SIXTEEN ELEMENTS 

Group Stable Abundance Activation Daughter Half-life y-ray 
isotope (%) cross-section radio- radio- photopeak 

(Barns) nuclide nuclide measured 
(keV) 

26Mg 11·17 0·034 21Mg 9·46 months 842 
Group 23Na 100 0· 13 24Na 15·05 hr 1368 

I 37Cl 24·47 0·430 3BC1 37·3 months 1643 
21Al 100 0·235 2BA1 2· 3 months 1780 
4BCa 0·185 1· 1 49Ca 8·8 months 2080 

socr 4·31 15·9 51Cr 27·8 days 320 
Group 132Ba 0·097 0·15 133Ba 10·7 yr 355 

II 123Sb 42· 75 2·5 124Sb 60·3 days 602 
109Ag 48·65 3·5 11omAg 253 days 884 
64zn 48 · 89 0·47 6szn 245 days 1115 
s9co 100 17 6oco 5·2 yr 1173 
5Bpe 0·33 1·2 s9pe 45· 1 days 1292 

Group B6Sr 9·86 0·8 s1sr 2·8hr 388 
III 

191Au 100 98 · 8 19sAu 64·8 hr 411 
Group s1Br 49·46 0·26 s2Br 35·3 hr 776 

IV ssMn 100 13·3 s6Mn 2·57 hr 847 

RESULTS 

Some of the typical y-spectra of enamel, dentine or standard samples obtained 
under the experimental conditions as outlined in Table 1, are shown in Figs. 1-4. It 
can be seen that the photopeaks of the elements determined in the different groups 
(marked with asterisks) are well separated from the other photopeaks. These photo
peaks can therefore be used as a measure of the concentration of the particular 
elements in normal human enamel and dentine. 

The concentration of the 16 elements in normal human enamel is shown in Table 
3 and in normal human dentine in Table 4. The results are expressed as a percentage 
or in ppm based on the dry weight of the enamel and dentine obtained by heating to 
constant weight at 105°C. 
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TABLE 3. THE CONCENTRATION OF THE SIXTEEN ELEMENTS IN NORMAL HUMAN 
ENAMEL 

Group Element Number of Mean concentration 
samples ± S.D. 
analysed 

Mg 8 0·28% ± 0·01 
Group I Na 8 0·70% ± 0·01 

Cl 8 0·32% ± 0·01 
Al 8 86 · 13 ppm ± 4 · 54 · 
Ca 8 37·03% ± 0·56 

Cr 6 1·02 ppm± 0·51 
Ba 7 125· ll ppm ± 23· 68 

Group II Sb 9 0·96 ppm± 0·69 
Ag 9 0·56 ppm± 0·29 
Zn 8 263·42 ppm± 14·80 
Co 10 0·13 ppm± 0·13 
Fe 9 118·27 ppm ± 71 ·65 

Group III Sr 7 111·19 ppm± 9·86 

Au 7 0· 11 ppm ± 0·07 
Group IV Br 8 33·79 ppm± 5·71 

Mn 4 0·59 ppm± 0·04 

TABLE 4. THE CONCENTRATION OF THE SIXTEEN ELEMENTS IN NORMAL HUMAN 
DENTINE 

Group Element Number of Mean concentration 
samples ± S.D. 
analysed 

Mg 6 0·87% ± 0·03 
Na 6 0·55% ± 0·03 

Group I Cl 8 0·035% ± 0·003 
Al 7 68·6 ppm± 22·5 
Ca 7 26·24% ± 1 ·49 

Cr 8 1·99 ppm± 0·84 
Ba 7 129·05 ppm± 54·69 
Sb 10 0·69 ppm± 0·41 

Group II Ag 6 2 · 18 ppm ± 0 · 84 
Zn 9 172·81ppm±11·14 
Co 10 1·11 ppm± 0·27 
Fe 9 93·38 ppm± 35·05 

Group ill Sr 6 94·33 ppm± 11·47 

Au 8 0·07 ppm± 0·04 
GroupN Br 6 114·37 ppm± 2·80 

Mn 5 0·63 ppm± 0·05 
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DISCUSSION 

The enamel samples used in this investigation were mechanically separated from 
the dentine by chipping. The separation of enamel from dentine by this method is a 
slow process and leads to incomplete recovery of enamel. In addition, contamination 
of enamel by dentine is unavoidable, especially if large amounts of enamel have to be 
collected. The removal of enamel with a carborundum separating disc was considered, 
but the idea was abandoned because neutron activation analysis showed the presence 
of Mn, Cr and Cl in the disc. BATTISTONE, FELDMAN and REBA (1967) determined the 
effect of various tissue separating precedures on the Mn concentration in human 
enamel and dentine. The enamel and dentine were separated for analysis by two 
methods, chipping with polyethylene-protected instruments and grinding with 
tungsten carbide burs or small tapered diamond cutting stones. These authors re
ported that the values of Mn in enamel were always higher when grinding procedures 
were used. Grinding with tungsten carbide burs resulted in an increase of up to 
150 per c~nt and with diamond stones of up to 50 per cent in the manganese con
centration of enamel compared with results obtained by chipping. 

MANLY and HODGE (1939) developed a method designed to apply a centrifugal 
technique to the usual flotation procedure for the separation of enamel and dentine. 
This method enabled them to prepare 99 · 4 per cent pure enamel and 99 · 7 per cent 
pure dentine with approximately 10 per cent loss of material. CALONIUS and VISAPAA 
(1965) did a semi-quantitative analysis of human enamel and dentine by means of 
X-ray emission spectrography. Bromine concentrations of up to 10,000 ppm were 
recorded. These authors employed the differential flotation technique of MANLY and 
HODGE (1939) to separate the enamel from the dentine. This technique employs 
acetone-bromoform mixtures which explains the very high values obtained by CALON
ms and VISAPAA for the Br concentrations in enamel and dentine. Apart from the 
obvious c_;ontamination with bromine, the bromoform-acetone mixtures cannot be 
obtained sufficiently pure to avoid contamination of the enamel and dentine with other 
elements prior to irradiation. This method of separation has to be excluded when 
employing activation analysis. 

During this investigation, an attempt was made to do a quantitative analysis of 
fluorine by thermal neutron activation. However, for three reasons, this technique 
failed, firstly, owing to the strong interference of the 1643 keV photopeak of 38Cl 
over the 1630 ke V photopeak of 2 °F which lies on the Compton edge of 38Cl; secondly, 
because of the much higher content of chlorine in enamel and dentine and, thirdly, it 
was impossible to commence counting sooner than 15 sec after irradiation, whereas 
the half-life of 2 °F is only 11 · 2 sec. 

Phosphorus, the other major constituent of enamel and dentine, cannot be deter
mined with neutron activation and gamma-ray spectrometry. Although P is readily 
activated by reactor neutrons, the resulting radionuclide, 32P, is a pure ,8-emitter. The 
,8-activity can be measured with a Geiger-Muller or proportional counter, however, 
but no attempt to do so was made in this investigation. 

In the determination of sodium, interference due to the reaction 27 Al (n,a) 24Na can 
be ignored because of the low concentration of aluminium compared to that of sodium 
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in dentine and enamel, and as the fast neutron cross-section of aluminium is much 
lower than the thermal neutron cross-section of sodium (SCHMITT and HALPERN, 1961). 
The interference of the 24Mg (n,p) 24Na reaction can also be ignored because the therm- · 
al neutron cross-section of Na is much higher than the fast neutron cross-section of 
Mg (JERONYMO et al., 1963). In the determination of Mg, interference due to the 
reaction 27 Al (n,p) 27Mg can be neglected because of the low concentration of the 
Al compared to that of Mg in enamel and dentine, and as the fast neutron cross
section of Al for (n,p) reactions is low (CALVI, POTENZA and VINCIGUERRA, 1961). 
Besides, the fast neutron flux is less than 1 · 0 per cent of the thermal neutron flux. 
TURKSTRA (personal communication), determined the percentage abundance of some 
interfering elements in interfering nuclear reactions experimentally (Table 5). 

In the determination of the concentration of the other elements, the (n,a) and (n,p) 
reactions are of no consequence and can be ignored. 

TABLE 5. INTERFERING NUCLEAR REACTIONS FROM FAST NEUTRONS 

Element Interfering Interfering 
affected element nuclear reaction 

Na Mg 24Mg (n,p) 24Na 
Al 27 Al (n,a) 24Na 

Mg Al 27Al(n,p) 27Mg 

Percentage abundance 
of the interfering 

element 

0·034 
0·056 
0·97 

There is a paucity in the literature regarding the concentrations of Cr, Ba, Sb, Ag, 
Co, Au and Br in normal human enamel and dentine. The results obtained for Cr, 
Ag and Co in this investigation are much higher than those reported by SOREMARK 
and LUNDBERG (1964, 1967). The ampoules in which the samples and standards were 
irradiated contained antimony. As the weight of the ampoules and the antimony 
concentration in the quartz glass were known, the antimony concentration in the 
enamel and dentine were calculated. In the present investigation, slightly higher values 
were obtained for the Au concentration than those reported by SOREMARK and 
SAMSAHL (1961, 1962). LUNDBERG, SOREMARK and THILANDER (1965a,b) determined 
the Au concentration in enamel and dentine of unerupted human teeth and found that 
Au was present in minute quantities, less than 10-4 ppm. They concluded that the 
much higher concentration of Au found in erupted teeth was possibly due to con
tamination from gold restorations in neighbouring teeth. It is extremely difficult to 
obtain homogeneous mixes of Au by grinding in a mortar and this could explain the 
standard deviation of approximately 70 per cent obtained in the present investigation. 
The bromine concentration determined in this study was much higher than that 
obtained by SOREMARK and SAMSAHL (1961, 1962), and the concentration found for 
Br in dentine is approximately three times that of enamel. 

The Cd shield in the Al can was used in part of this investigation (group IV) 
because the Cd absorbs most of the thermal neutrons to which the samples are 
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exposed during irradiation (a Cd = 2500). As a result, elements which possess activa
tion cross-sections for thermal neutrons only will be slightly activated. Consequently 
the interference from these elements such as Ca, P, Na, Mg and Cl will be greatly 
reduced. On the other hand, elements which have high resonance integrals such as 
Au, Br and Mn will be activated to a greater extent. These elements are present in 
teeth in low concentrations and this technique makes the quantitative analysis of these 
elements possible. 
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Resume-L'echantillon analyse, ainsi qu'un temoin de composition connue sont 
irradies simultanement et la radioactivite induite est comparee. Ce travail est realise 
avec des detecteurs a haute resolution, Ge (Li), associes a des canaux entierement 
transistorises 400 et 4000. En variant le temps d'irradiation, ainsi aue Jes conditions, i1 
est possible d'utiliser un procede d'analyse non destructeur. La concentration en 16 
elements, a savoir Mg, Na, Cl, Al, Ca, Cr, Ba, Sb, Ag, Zn, Co, Fe, Sr, Au, Br et Mn, 
est deterrninee dans l'email et la dentine saines chez l'homme par analyse par 
inactivation. 

Zusammenfassung-Die zu analysierende Probe und ein Standard mit bekannter 
Zusammensetzung wurden gleichzeitig bestrahlt und die dadurch induzierte Radio
aktivitat miteinander verglichen. Die Untersuchung wurde mit hochauflosendem Ge 
(Li) Detektoren durchgefiihrt, die mit volltransistorisierten 400- und 4000-Kanal
analysatoren verbunden waren. Durch Variation der Bestrahlungszeit und -beding
ungen war ein nichtdestruktives analytisches Verfahren moglich. Die Konzentration 
von 16 Elementen, namentlich Mg, Na, Cl, Al, Ca, Cr, Ba, Sb, Ag, Zn, Co, Fe, Sr, Au, 
Br und Mn wurde in normalem menschlichen Schmelz und Dentin durch apparative 
Activietungsanalyse bestiment. 
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The concentrations of magnesium, sodium, 
chlorine, aluminum, and calcium in pooled 
human dental calculus dried to constant 
weighf at 105 C were determined by instru
mental neutron activation analysis. Their 
mean concentrations were 0.50 ± 0.04%, 
0.37 ± 0.03%' 0.09 + 0.01 % , 96.08+14.63 
ppm, and 28.04 ± 1.70%, respectively. 

Before- the function of various elements in 
dental calculus can be explained fully or the 
changes that occur in their distribution can 
be interpreted, their normal distribution 
must be determined. Therefore, improved 
methods for quantitative analysis of the ele
ments in biologic materials are being de
veloped continually. 

Of the major elements in dental calculus, 
calcium (Ca) and phosphorus (P) have 
been analyzed extensively.1 The sodium (Na) 
content in mixed plaque2 and mature supra
gingivals and subgingival calculus4 has been 
determined. Gr~n, Van Campen, and Lind
stromr> determined the magnesium (Mg) 
concentration in anterior and posterior 
supragingival and subgingival calculus and 
found that it varied with the site of forma
tion of calculus in the mouth. 

There is, however, little information in 
the literature about the concentration of 
trace elements in dental calculus. Glock and 
Murray6 investigated the composition of 
salivary calculus by spectrographic methods. 
They found small amounts of copper (Cu), 

/ silver (Ag), Na, and tin (Sn), and very 

· This investigation was supported by a research grant 
from the Atomic . Energy Board, Republic of South 
Africa. 

Received for publication June 8, 1971. 

small amounts of lead (Pb), zinc (Zn), 
aluminum (Al), barium (Ba), silicon (Si), 
strontium (Sr), and chromium (Cr). Tono
gai and Sakuda7 used X-ray spectrum analy
sis to investigate the mineral constituents 
in salivary calculils and observed the pres
ence of small amounts of Zn, nickel (Ni), 
Sr, Ba, and traces of cobalt (Co), manga
nese (Mn), and iron (Fe). Tonogai8 used 
the same technique and demonstrated the 
presence of additional elements Mg, Al, Cu, 
Si, and bismuth (Bi) in salivary calculus. 
Swift9 used spark source mass spectrometry 
for trace elemental analysis of dental tissues. 
He determined the concentrations of 25 
trace elements in human plaque. 

SOremark and Samsah110 analyzed the 
inorganic constituents in dental calculus by 
neutron activation analysis · and scintillation 
gamma spectrometry, and quantitatively 
determined 11 elements. Lundberg, Sore
mark, and Thilander11 used the same ana
lytic technique for the determination and 
comparison of the concentrations of Cl, 
bromine (Br), Cu, Mn, Na, and Sr in supra
gingival and subgingival calculus. Because 
of the poor resolution of these Nal(Tl) 
scintillation counters lengthy radiochemical 
separations were. necessary before y-ray 
spectrometric analysis. With the develop
ment of high resolution Ge(Li) detectors 
and large, fully transistorized multichannel 
analyzers, significant progress has been made 
in activation analysis. Its potential as a 
quantitative analytic tool is illustrated in 
nondestructive multiple element analysis, 12 

which has been applied to a diversity of 
sample materials,1s,H including biologic ma .. 
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terials.15,16 The authors have used this tech
nique for the quantitative analysis of 16 
elements in normal human enamel and 
dentin.11-19 

The purpose of this investigation was to 
determine the concentration of some of the 
elements that give rise to short-lived radio
isotopes in human dental calculus by neu
tron activation analysis and high resolution 
y-spectrometry. 

Materials and Methods 
PREPARATION OF THE CALCULUS SAMPLES. 

-Calculus was obtained from patients at 
the clinics of the School of Dentistry at the 
University of the Witwatersrand. The pa
tients were asked to rinse their mouths four 
times with tap water before removal of the 
calculus. Tartar was pooled and heated to 
constant weight at 105 C for at least 36 
hours and then ground to a fine homoge
nous powder in an agate mortar. 

PROCEDURE.-The powdered calculus ( 100 
mg) was weighed accurately in separate 
polyethylene containers and sealed. Analytic 
grade reagents were used for the prepara
tion of the standards. The standard samples 
were prepared by weighing a fixed volume 
of a mixed solution that contained known 
amounts of Mg, Na, Cl, Al, and Ca into 
polyethylene containers. The standard sam
ples contained about the same amount of 
these elements as is present in 100 mg of 
calculus. The standard liquid mixtures then 
were evaporated carefully to dryness, after 
which the polyethylene containers were 
sealed. 

A sample and a standard were irradiated 
simultaneously for four minutes in the pneu
matic facility of SAFARI-I, an ORR-type 
reactor of the Atomic Energy Board at 
Pelindaba. The thermal neutron flux in this 
facility is 1.2 X 1013 n/cm2/second. West
cott's epithermal index (r) for this irradia
tion position is 0.0087. 

Gamma spectrometry of the irradiated 
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samples and reference standards was done 
30 seconds after irradiation by placing the 
radioactive sources at a distance of 18 cm 
from the Ge(Li) detector. The detector 
used was a 50 cm3 coaxial Ge(Li) diode* 
connected to an uncooled amplifier. t The 
output pulses were amplifiedt and ana
lyzed.§ The resolution of this counting sys
tem is 3.0 keV (fwhm) for the 1,333 keV 
photopeak 60Co. Data for peak analysis was 
obtained on punched tapes. I I Yule's20 
smoothed first derivative method was used 
to obtain the true counts under the photo
peaks of interest. 

NUCLEAR DATA.-The nuclear data of the 
elements, Mg, Na, Cl, Al, and Ca are 
shown in Table 1. Na, Cl, Al, and Ca were 
measured with the use of the 842 keV, 1,368 
keV, 1,643 keV, and 1,780 keV photo
peaks of 27Mg, 24Na, 38Cl, and 2BAI, re
spectively, and the 2,080 keV double escape 
peak of 49Ca. The nuclear data of fluorine 
is included in Table 1. 

Results 
Figure 1 shows a typical y-spectrum . of a 

calculus sample under these experimental 
conditions, and Figure 2 shows a standard 
sample. The 1,368 keV, 1,643 keV, and 
1,780 keV photopeaks of 24Na, ssc1, and 
2sAI, respectively, and the 2,080 keV double 
escape peak of 49Ca are well separated from 
other photopeaks. Therefore, these photo
peaks can be used as a measure of the Na, 
Cl, Al, and Ca contents of irradiated cal
culus samples. The 842 keV photopeak of 
27Mg was used to measure the Mg content. 
Because of the relatively low concentration 
of Mn in calculus, 10 the contribution of the 
846 ke V photopeak of 56Mn has been ig-

• Princeton Gamma Tech, Princeton, NJ. 
t TC 135 M Tennelec preamplifier, Tennelec Instru

ment Co., Inc., Oak Ridge, Tenn. 
:t: TC 200 Tennelec amplifier, Tennelec Instrument 

Co., Inc., Oak Ridge, Tenn. 
§ lntertechnique 4000 channel analyzer Model SA 44, 
II Tally P-110, lntertechnique, 78 Plaisir, Fr. 

TABLE 1 
NUCLEAR DATA OF Mo, NA, F, CL, AL, AND CA 

Activation 'Y-Ray 
Cross Half-life Photopeak 

Stable Abundance Section Radio- Radio- Measured 
Isotope (%) (Barns) nuclide nuclide (keV) 
26Mg 11.17 0.034 27Mg 9.46 min 842 
23Na 100 0.13 24Na 15.05 hr 1,368 
19p 100 0.0098 20p 11.2 sec 1,630 
37Cl 24.47 0.430 38Cl 37.3 min 1,643 
27Al 100 0.235 28Af 2.3 min 1,780 
48Ca 0.185 1.1 49Ca 8.8 min 2,080 
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nored. This action is justified by the absence 
of the second prominent photopeak of 56Mn 
at 1,811 keV. 

The results obtained for the concentration 
of Mg, Na, Cl, Al, and Ca in dental calculus 
are given in Table 2. 

In neutron activation analysis the inter
ference from other nuclear reactions must 
be considered. In this investigation this 
was ignored for several reasons. In the 
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TABLE 2 
CoNCENTRNfION OF MG, NA, CL, AL, AND CA 

IN DENTAL CALCULUS 

Element 

Mg 
Na 
Cl 
Al 
Ca 

No.of 
Samples 

Analyzed 

9 
9 
8 
9 
7 

• SD, standard deviation. 

Mean 
Concen
tration 
±so• 

0.50 ± 0.04% 
0.37 ± 0.03% 
0.09 ± 0.01% 

96.08 ± 14.63 ppm 
28.04 ± 1.70% 

determination of Na, the interference 
caused by the reaction 27Al (n, a) 24Na 
can be ignored because of the low concen
tration of Al compared with that of Na in 
dental calculus and because the fast neutron 
cross section of Al is much lower than the 
thermal neutron cross section of Na.21 The 
interference of the 24Mg (n, p) 24Na reac
tion also can be ignored because the thermal 
neutron cross section of Na is much higher 
than the fast neutron cross section of Mg. 22 
In the determination of Mg, interference 
caused by the reaction 27Al (n, p) 27Mg 
can be neglected because of the low con
centration of Al compared with that of Mg 
in dental calculus. In addition, Calvi, 
Potenza, and Vinciguerra23 determined the 
fast neutron cross section of Al for reactions 
(n, p) and found it to be low. 

During this investigation an attempt was 
made to determine fluorine quantitatively 
by thermal neutron activation. It was not 
possible to do this because the chlorine con
centration of dental calculus is relatively 
high and there is strong interference of the 
1,643 keV photopeak of asc1 over the 1,630 
keV photopeak of 20p, which lies on the 
Compton edge of ssci. In addition, counting 
of the activity was begun 30 seconds after 
irradiation, by which time about seven
eighths of the activated fluorine, 2op, had 
decayed. The half-life of 2°F is 11.2 seconds 
(Table 1). 

P, the other major constituent of dental 
calculus, cannot be determined by means of 
neutron activation analysis and y-ray spec
trometry. P is activated readily by reactor 
neutrons, but the resulting radionuclide, s2p, 
is pure ~-emitter. The ~-activity can be mea
sured with a Geiger-Muller or proportional 
counter but no attempt was made to do so 
in this investigation. 

Four minutes irradiation time is adequate 
for the activation of Mg, Na, Cl, Al, and 

J Dent Res May-June 1972 

Ca in dental calculus. The amount of Na 
present in biologic material and the fact that . 
Na is activated readily could present prob
lems in the activation analysis of biologic 
material. If the material is irradiated for 
much longer than four minutes, the activity 
of the irradiated material is so high that 
counting cannot be begun shortly after ir
radiation. The activity can be reduced by 
delaying the counting of the induced ac
tivity after irradiation, but this will make 
the measurement of the activity of radio
nuclides with short half-lives such as Al 
(t; = 2.3 minutes) difficult. 

During this investigation no attempt was 
made to separate supragingival and sub
gingival calculus during collection of the 
calculus. Although the predominant com
ponent was supragmgival, subgingival cal
culus also was present in the pooled sam
ples. 

The Ca concentration found is within the 
range determined by other investigators. 
The Na content of 0.37 + 0.03% is ap
preciably lower than the 2.2 + 2.3% deter
mined in dental calculus8·4 and the 1.5 + 
0.6% Na found by Soremark and Samsahl1° 
for the dry weight of old supragingival 
dental calculus. The Mg concentration of 
0.50 ± 0.04% obtained in this study and 
expressed as a percentage of dry weight of 
calculus approximates that of 0.8% Mg 
determined by GrS/Sn and Van Campen24 
and expressed as a percentage of ashed cal
culus. A much lower Cl concentration was 
found in this investigation than reported 
previously.to No reference could be found 
in the literature for the concentration of Al 
in dental calculus. 

Conclusions 
Neutron activation analysis coupled with 

high resolution y-spectrometry is a rapid and 
accurate analytic method of determining the 
concentrations of some of the short-lived 
radionuclides in dental calculus. An irradia
tion time of ·four minutes at a neutron flux 
of 1.2 x 1018 n/cm2/second is adequate 
to activate the stable isotopes 26Mg, 28N a, 
mp, s1c1, and 48Ca sufficiently for measure
ment of the activity of the resultant radio
nuclides. Most of the results obtained are in 
agreement with published data. 

The authors thank the South African Atomic Energy 
Board for permission to publish this paper and Mrs. 
A. C. de Kock and M. C. J. van Rensburg for 
assistance. 
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The quantitative analysis of 
Sb, Ag, Zn, Co ·and Fe in human 

dental calculus by neutron activation 
analysis and high-resolution 

gamma spectrometry 

D. H. RETIEF, P. E. CLEATON-JONES, J. 'fuRKSTRA AND H. J. SMIT 

Dental Research Unit of the University of the Witwatersand, South African Medical 
Research Council, Johannesburg and Atomic Energy Board, Pretoria, 

Republic of South Africa 

The sample to be analysed, and a standard of known composition, were irradiated simultaneously 
in the poolside facility of a nuclear reactor for 130 hours in a thermal neutron flux of approxi
mately 2 X 1018 n.cm-2• sec·1, and the induced radioactivity compared after a cooling period of 
four weeks. The investigation was done with a high resolution Ge(Li) detector coupled to a fully 
transistorized 4000 channel analyser. The concentration of five elements, namely Sb, Ag, Zn, Co 
and Fe, was determined in human dental calculus by instrumental activation analysis and found 
to be 0,68 ppm, 0,18 ppm, 174 ppm, 0,08 ppm and 54 ppm respectively. 

Introduction 

In a previous investigation the concentra
tion of some of the elements in human den
tal calculus which give rise to shortlived 
radioisotopes, namely Mg, Na, Cl, Al and 
Ca, was determined by means of instru
mental activation analysis (Retief et al. 
1972). The purpose of the present study 
was to continue the investigation of the 
concentration of the inorganic constituents 
in human dental calculus. 

There is, however, little information in 
the literature about the concentration of 
trace elements in dental calculus. Glock 
and Murray (1938) studied the mineral 

composition of dental calculus by means of 
spectrographic analysis. In addition to the 
major elements, they found that Cu, Ag, 
Na and Sn were present as minor constitu
ents, and Pb, Zn, Al, Ba, Si and Sr as trace 
elements. In addition, traces of Cr were 
also detected. Tonogai and Sakuda (1951) 
observed, by means of X-ray spectrum 
analysis, that dental calculus generally 
contains a very small amount of Zn, Ni, 
Sr and Ba, and traces of Co, Mn and Fe. 
Tonogai (1957) employed the same tech
nique and reported that,' in addition to the 
elements mentioned above, small amounts 
of Mg, Al, Cu, Si and Bi were present in 
salivary calculus. 

This investigation was supported by a research grant from the Atomic Energy Board, Republic of 
South Africa. The authors are indebted to the South African Atomic Energy Board for permission 
to publish this paper. 
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Up to this stage only qualitative data 
were reported because of lack of sensitive 
and reliable analytical techniques. It was 
not before 1962 that quantitative results 
were obtained when Soremark and Sam
sahl determined a number of trace elements 
in dental calculus by the application of 
neutron activation analysis and scintillation 
y-spectrometry. Lundberg et al. (1966) used 
the same analytical method and compared 
the concentrations of Cl, Br, Cu, Mn, Na 
and Sr in supragingival and subgingival 
calculus. The only disadvantage of this 
technique, however, is the lengthy radio
chemical separations required prior to 
scintillation y-spectrometry owing to the 
poor resolution of the Nal(Tl) scintillation 
counters. 

With the advent of high resolution 
Ge(Li) detectors and large, fully transis
torized multichannel analysers, however, 
progress has been made in activation anal
ysis, particularly in nondestructive multiple 
element analysis. As can well be appre
ciated, however, the technique as applied 
nondestructively, is not able to analyse all 
elements present in a sample. This is par
ticularly so for the less activation sensitive 
trace elements, despite the known high 
sensitivity of the activation analysis tech
nique, the excellent resolution of the Ge(Li) 
detectors and the possibility of choosing 
optimum experimental conditions for the 
determination of the elements. Neverthe
less, a considerable number of macro, 
minor and trace elements in biological 
samples can be analysed in this way as was 
shown by Retief .et al. (1971) who deter
mined 16 elements in normal human enam
el and dentine. It was therefore decided to 
investigate the use of high-resolution y
spectrometry for the direct and simulta
neous determination of some of the ele
ments in human dental calculus that give 
rise to long-lived radioisotopes. 

Materlal1 and Methods 

1. Preparation of the calculus samples 
Calculus was obtained from patients at
tending the clinics of the School of Dent
istry at the University of the Witwatersrand. 
Immediately before removal of the calcu
lus, the patients were asked to rinse their 
mouths four times with tap water. No at
tempt was made to separate the supra
gingival calculus from the subgingival de
posit. The tartar was pooled, heated to a 
constant weight at 105 ° C for at least 36 
hours and then ground to a fine homoge
nous powder in an agate mortar. 

The powdered calculus (200 mg) was 
weighed accurately in separate quartz am
poules and sealed. 

2. Preparation of the standards 
Standard samples were prepared by weigh
ing a known volume of a mixed solution 
into quartz ampoules. The standard solu
tion contained 2,0 ppm Cr, 10,0 ppm Ba, 
1,0 ppm Sb, 0,5 ppm Ag, 250 ppm Zn, 1,0 
ppm Co and 200 ppm Fe. Analytical grade 
reagents were used in the preparation of 
the standards. The standard liquid mixtures 
in the quartz ampoules were carefully evap
orated to dryness, after which the con
tainers were sealed. 

3. Irradiation 
A sample and a standard were irradiated 
simultaneously in an aluminium rabbit for 
130 hours in a thermal neutron flux of 
approximately 2 X 1018 n.cm--2. sec-1. (A 
rabbit is an outer container in which the 
quartz ampoules containing the calculus 
sample and standard are placed prior to 
irradiation). The irradiation was carried 
out in the poolside facility of SAFARI-1, 
an ORR type reactor of the South African 
Atomic Energy Board at Pelindaba. West
cott's epithermal index, r, for this irradia
tion position is 0,0226. http://etd.uwc.ac.za/ 
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Table I 

Nuclear data of the seven elements present in the standard sample 

Activation 
Sta'.lle Abundance 

cross section 
Isotope O/o 

(Barns) 

aocr 4,31 15,9 
1s2ea 0,097 0,15 
12s5b 42,75 2,5 
1ouAg 48,65 3,5 
e•zn 48,89 0,47 
69Co 100 17 
as Fe 0,33 1,2 

4. Measurement of the gamma activity 
The measurement of the gamma activity 
of the irradiated samples was commenced 
after a cooling period of approximately 28 
days, by which time most of the radio
active phosphorous had decayed (32p, t•/t = 

14,3 days). 
Gamma-ray emission was measured with 

the radioactive samples placed at 15 cm dis
tance from the Ge(Li) detector. The detec-
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tor was a 50 cm3 coaxial Ge(Li) diode 
(Princeton Gamma Tech.) connected to an 
uncooled TC 135 M Tennelec preamplifier. 
The output pulses were amplified by a TC 
200 Tennelec amplifier and analysed by an 
Intertechnique 4000 channel analyser (mod
el SA 44). The resolution of this counting 
system is 3,0 keV (full width at half maxi
mum) for the 1333 keV photopeak of 60Co. 
Data for peak analysis were recorded on 
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Fig. 1. Typical y-spectrum of Irradiated human dental calculus. 
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punched tapes by an Intertechnique Tally 
P-120. 

Yule's (1968) smoothed first derivative 
method was applied to obtain the true pho
topeak counts under the photopeaks of 
interest. 
5. Nuclear data 

The radionuclides of the 7 elements pres
ent in the standard samples, which are pro
duced by thermal neutron activation, and 
the relative nuclear data are given in Table 
I. Sb, Ag, Zn, Co and Fe were measured 
with the use of the 603 keV, 884 keV, 
1115 keV, 1173 kev and 1292 keV pho
topeaks of the respectve radionucldes. 

Results 

Fig. 1 shows a typical y-spectrum of a cal
culus sample and Fig. 2 a typical y-spec
trum of a standard sample obtained under 
these experimental conditions. The 603 
keV, 884 keV, 1115 keV, 1173 keV and 
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Table II 

Concentration of Sb, Ag, Zn, Co and Fe in 
human dental calculus 

Element 
No. of samples Mean concentration 

analysed ± S.D. 

Sb 10 0,68 ± 0,15 ppm 
Ag 4 0,18 ± 0,06 ppm 
Zn 10 174 ±7 ppm 
Co 10 0,08 ± 0,01 ppm 
Fe 10 54 ± 7 ppm 

1292 keV photopeaks of t24Sb, HOmAg, 
65Zn, ooco and 59Fe, respectively, (marked 
with asterisks) are well separated from 
other photopeaks in the spectrum. These 
photopeaks can therefore be used as a 
measure of the Sb, Ag, Zn, Co and Fe con
centrations in human dental calculus. 

The results obtained for the concentra
tions of Sb, Ag, Zn, Co and Fe are given in 
Table II. 
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Fig. 2. Typical r-spectrum of Irradiated standard. 
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Discussion 

During the collection of the calculus, no 
attempt was made to separate the supra
gingival calculus from the subgingval de
posit. 

51Cr was detected in all the standard 
samples but in only one of the calculus 
samples. This is mainly due to the low con
centration of chromium in dental calculus 
and to the high background of 32p in the 
sample. A lower background can be ob
tained by extending the decay prior to the 
commencement of gamma spectrometry of 
the irradiated sample. 

133Ba, on the other hand, was only de
tected in six of the standard specimens, 
which contained 10 ppm Ba, but in none of 
the calculus specimens. In a previous study 
Retief et al. (1971) reported that the Ba 
concentration in normal human enamel 
was 125 ppm. It is therefore surprising to 
find that the Ba content of calculus is so 
low that it cannot even be detected by 
means of this sensitive analytical procedure. 

110mAg was recorded in only 4 of the 10 
specimens analysed, and the concentration 
of 0,18 ppm obtained must be below the 
sensitivity of this instrumental analytical 
technique for this particular element. 

The concentration of only one of the five 
elements determined quantitatively in this 
investigation has previously been recorded 
in dental calculus. Soremark and Samsahl 
(1962) found that the Zn concentration in 
human dental calculus was 255 ppm where
as in this study a concentration of 174 ppm 
has been determined. 
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THE QUANTITATIVE ANALYSIS OF SELENIUM IN 
SOUND HUMAN ENAMEL BY NEUTRON 

ACTIVATION ANALYSIS 
D. H. RETIEF, S. ScANES and P. E. CLEATON-JONES 

Dental Research Unit ot: the University ot the Witwatersrand and the Squth Af'rican Medical 
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and 
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Atomic Energy Board. Private Bag X256. Pretoria, Republic of South Africa 

Summary-Epidemiological studies have shown a positive association between selenium intake 
and dental caries. The purpose of this study was to determine quantitatively the selenium content 
of normal human enamel in a racial group with low caries prevalence. 

Each enamel sample was simultaneously irradiated with a reference standard containing 1 µg 
of selenium. The irradiations were done for three weeks in a nuclear reactor in a thermal· neutron 
flux of 2 x 1013 n cm - 2 sec- 1

. After a cooling period of 3 weeks these samples were dissolved 
and quantitatively transferred, with selenium carrier, to a distillation apparatus. A selective distil
lation was carried out and each distillate made up to 25 ml and transferred to a standard plastic 
container. The gamma-ray activity of 75Se was measured with a 50cm3 coaxial Ge(Li) detector 
coupled to a fully transistorized 4000-channel analyser. The data were recorded on magnetic tape 
and afterwards computer-processed. 

The distillation technique gave a 98 per cent yield of selenium, which makes the method experi
mentally acceptable. The selenium content of the composite enamel samples was 
0·08 ± 0·03 ppm. 

INTRODUCTION 
Normal human enamel contains a large number of 

trace elements. Until fairly recently, only fluoride 
attracted the interest ofresearch workers because of its 
beneficial effect in reducing the incidence of dental 
caries. The influence of other micronutrient elements 
on caries susceptibility remained largely unexplored. 
Long ago, Smith, Franke and Westfall (1936) and 
Smith and Westfall (1937) reported that a high preva
lence of dental caries was one of the most frequently 
observed clinical symptoms in patients living in high 
seleniferous areas. They concluded, however, that none 
of the observed symptoms could be regarded as speci
fic of selenium poisoning or were the direct result of 
continual ingestion of selenium. 

Hadjimarkos (1956) investigated the role played by 
selenium in the variation of caries prevalence between 
children from eastern and western Oregon. His results 
demonstrated for the first time the cariogenic effect of 
selenium on teeth of man. Further studies revealed that 
a direct relationship existed between rates of caries 
prevalep.ce and levels of urinary selenium (Hadji
markos and Bonhorst, 1958). These findings were sub
~quently corroborated by a similar study conducted 
in Wyoming (Tank and Storvick, 1960). Experiments 

carried out on animals confirmed the results obtained 
in these epidemiological studies. Btittner (1963) 
showed that sel(fnium increased the caries rate in rats 
when ingested during the stage of tooth development, 
and that the increase in dental caries was propor
tionate to the amount of selenium added to the diet. 

Selenium levels in normal biological tissue range 
from 0·005 to 0·5 ppm with the result that only ultra
micromethods can be used for selenium analysis. Col
orimetry (Cheng, 1956) and fluorimetry (Hoffman, 
Westerby and Hidiroglou, 1968) have been utilized for 
the quantitative analysis of selenium in biological 
materials. A more modern analytical technique, neu
tron activation followed by high resolution gamma-ray 
.spectrometry, has also been used extensively for the 
analysis of trace elements in biological tissues because 
of its inherent high sensitivity for many elements. 

Five stable isotopes of selenium exist in nature. 
Table 1 gives the relevant nuclear data for radionuc
lides which are produced from selenium by neutron ac
tivation. Only three of these radionuclides, namely 
75Se, 77mseand 81Se, can be obtained with high speci
fic activity. Dickson and Tomlinson (1967) employed 
the shortlived radionuclide 77mse for the instrumental 
radioactivation analysis of selenium in biological 
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Table 1. Nuclear data for radionuclides produced from selenium by irradiation in a thermal reactor 

Activation 
cross-

Target Abundance section Product 
isotope (%) (barn) isotope 

74Se 0·87 30 75Se 

76Se 9·02 22 11mse 
78Se 23·52 0·38 79mSe 

0·05 79Se 
80Se 49·82 0·08 81mSe 

0·53 81Se 

82Se 9·19 0·05 83mSe 

0·004 83Se 

material. Because of possible interferences associated 
with this fast technique, satisfactory results cannot 
generally be obtained at very low concentrations. The 
virtually pure beta emitter 81 Se has been used to a 
limited extent (Bowen and Cawse, 1963). The 
radionuclide most commonly used for the determina
tion of selenium in biological material is 75Se 
(Steinnes, 1967). A limitation of the use of this 
radionuclide is the length of irradiation time required 
to achieve a high activity, but the long half-life (tt = 
120 days) allows sufficient time for careful radiochemi

cal separation and activit~ measurements. Nixon and 
Myers (1970) used both 7 Se and 81 Se for the estima
tion of selenium in human dental enamel. These 
authors used distillation in conjunction with precipi
tation techniques and precipitation coupled with ion 
exchange, prior to the measurement of the induced 
activity. 

Activity of Se 
after activation 
for one half-life 

Gamma-ray </> = 1 x 1012 

energy n cm - 2 sec- 1. 
Half-life (keV) (mC/g) 

120d 97 25* 
121 
136 
199 
265 
280 
305 
401 

17·5s 162 97* 
3·9m 96 ·2·9 

6-5 x l04y nil 
57m 103 1·5 
18·6m 1% gamma 25* 

272 
280 
550 
560 
830 

69s 350 . o:46 
650 

1010 
2020 

25m. 225 0·04 
358 
520 
710 
833 

1060 
1310 
1880 
2290 

The purpose of the present investigation was to 
. determine the selenium concentration in composite en
amel samples obtained from the teeth of a racial group . 
with a low caries incidence. 

MATERIALS AND METHODS 

(a) Preparation of the enamel samples 

Freshly extracted, sound maxillary canine teeth 
from Bantu patients resident in the Witwatersrand 
area were used in this investigation. Debris and cal
culus were removed with polyethylene-protected 
scalers, the enamel cleaned with a brush and pumice 
and thoroughly washed with deionized water. The 
teeth were dried for 1 hr in an oven at J05"C and the 
enamel was mechanically separated from the dentine 
by chipping. The teeth were firmly held by the roots 
and the crowns gently tapped with an agate pestle on 
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the edge of an agate mortar. Only those pieces of en
amel that broke away cleanly from the underlying den
tine were used ; any enamel contaminated with den
tine was discarded. The enamel was pooled and 
ground to a fine powder in an agate mortar to obtain 
a homogeneous mixture. Approximately 100 mg enamel 
was accurately weighed into quartz ampoules and 
sealed. 

(b) Preparation of the standards 

A stock so!ution analytical grade selenium dioxide 
was prepared and diluted to contain 2 µg Se per ml of 
solution. Reference standards used were approxi
mately 0·5 ml of the solution in quartz ampoules. The 
weights of the standard solutions were recorded and, 
after careful evaporation to dryness, each ampoule was 
sealed. 

(c) Irradiation 

An enamel sample and a standard were simul
taneously irradiated for 3 weeks in an aluminium "rab
bit" in the poolside facility of SAFARl-1, an ORR type 
reactor of the South African Atomic Energy Board at 
Pelindaba. Westcott's epithermal index, r, for this irra
diation position is 0·0226 and the neutron flux ap
proximately 2 x 1013 n cm - 2 sec- 1. 

(d) Selective distillation of selenium 

The processing of the irradiated enamel and stan
dard samples was commenced after a cooling period of 
3 weeks. A superficial circular cut was made on the 
quartz ampoule with a diamond wheel connected to a 
mobile dental engine, and the ampoule was broken 
into two parts. The contents of the separated quartz 
ampoule were quantitatively washed into a 100 ml 
beaker with a few drops of cone. nitric acid and 1 ml 
of selenium carrier solution (2 mg Se/ml). The selenium 
carrier solution contained selenium dioxide and was 
added to ensure the quantitative transfer of the irra
diated selenium in the enamel and in the standard sam
ples during the radiochemical separation procedure. 
The beakers containing the irradiated samples and the 
standards, respectively, were each covered with a 
watchglass and slowly heated on a waterbath until the 
contents had dissolved. Afterwards the temperature of 
the bath was gradually increased and the solutions 
taken almost to dryness to remove excess nitric acid .. 

The selective distillation technique used was similar 
to that developed by Nixon and Myers (1970). The 

radioactive material in the beakers was quantitatively 
transferred to 50ml pear-shaped distillation flasks 
with five 1 ml portions of deionized water. SOdium 
chloride (1 mg/ml) was added as holdback carrier to 
prevent the low-mass interfering radionuclides from 
being carried over by the element to be determined. An 
electrostatically controlled electrothermal bunsen was 
used to ensure even distillation. The distillate, which 
included selenium tetrabromide, was collected in the 
receiver tube ~ncapsulated in ice. The distillation was 
continued until only a few ml of liquid remained in the 
flask. The distillate was made up to a volume of 25 ml 
to obtain a similar counting geometry and then trans
ferred to standard 30 ml polyethylene containers prior 
to measurement of the induced activity. 

(e) Determination of the chemical yield 

The amount of carrier solution required to ensure 
the quantitative transfer of selenium was determined 
on identical inactive samples. Selenium dioxide carrier 
solutions, containing 1 mg and 2 mg of selenium per 
ml, respectively, were added to the specimens and the 
distillation carried out as for the active specimens. The 
selenium content of the distillate was determined by 
means of atomic absorption spectrometry, after which 
the selenium yield could be determined. 

(f) Measurement of gamma activity 

The gamma activity of the distillate was measured 
directly without prior precipitation and purification of 
selenium as advocated by Nixon and Myers (1970). 
The polyethylene receptacles containing the radioac
tive material were placed in a fixed position 5 cm from 
the Ge(Li) detector. The detector was a 50 cm3 coaxial 
Ge(Li) diode (Princeton Gamma Tech.) connected to 
an uncooled TC 135 M Tennelec preamplifier. The 
output pulses were amplified by a TC 200 Tennelec 
a:fllplifier and analysed by an lntertechnique 4000-
channel analyser (Model SA 44). The resolution of this 
counting system is 3·0 keV (full width at half maxi
mum) for the 1333 keV photopeak of 6 °Co. Data for 
peak analysis were recorded on magnetic tapes which 
were processed by computer. Yule's (1968) smoothed 
firsf derivative method was applied to obtain the true 
peak counts under the photopeaks of interest. 

RESULTS 

The addition of the selenium carrier solution results 
in the effective transfer of selenium during the distilla-

Table 2. The effect of the selenium content of carrier solution on selenium yield 

Se content/ml 
Number of of carrier Standard deviation 

samples solution Mean yield yield 
(n) (mg) (%) (%) 

5 1 91·3 5·1 
5 2 97·6 1·3 
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106 75se 
75se Pulu peak 136 Kev 

I 75 5 • 
265 KeV 

75 5 • 

10~ 121 Kev 280 KeV 
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.... 104 
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Fig. 1. Gamma spectrum of irradiated selenium standard. 

tion technique. The use of 1 ml of carrier solution con
taining 2 mg of selenium results in a 97·6 per cent yield 

peaks in the spectrum and can therefore be used as a 
measure of the concentration of selenium in dental en
amel (Fig. 2). The highest count was obtained for the 
136 keV photopeak and this peak was therefore used 
•for the quantitative analysis of selenium. 

(Table 2). · 
A typical gamma spectrum obtained from a 

selenium standard solution is shown in Fig. 1. The 
photopeaks corresponding to the 121, 136, 265, 280 
and 401 keV gamma energies of 7 5Se are well defined. 
The same five photopeaks obtained from an irradiated 
enamel sample are well separated from other photo-

Pulse peak 

10~ 

75se 

755
.136 KeV 

The results obtained for the selenium concentration 
in 10 samples from the composite human dental en
amel are given in Table 3. The selenium concentration 
is 0·08 ± 0·03 ppm. 

'TP 75s. 75se 
Q) 

c 
c 
0 
~ 
c.> 

.... 
Q) 

a. 

"' 10
3 ... 

c 
:I 
0 
c.> 

Cl 102 

0 
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511 KeV 
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Fig. 2. G amma spectrum of irradiated enamel sample. 
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Table 3. Selenium concentration in composite normal human enamel 

Number of specimens 
(n) 

Mean concentration 
of selenium 

(ppm) 
Standard deviation 

(ppm) 

10 0·08 0·03 

DISCUSSION 
The enamel used in this investigation was mechani

cally separated from the dentine. This separation tech
nique is a slow process and leads to incomplete recov
ery of enamel (Retief et al., 1971). Separation of the en
amel by dental cutting instruments, or by means of the 
flotation procedure developed by Manly and Hodge 
(1939), was not considered because of possible conta
mination of enamel by these procedures. Canine teeth 
were used because larger amounts of enamel could 
more readily be separated from these teeth. 

There is a paucity in the literature regarding the 
selenium content of human enamel. Hadjimarkos and 
Bonhorst (1959) determined the selenium content in 
carious and noncarious teeth of patients living in a 
highly seleniferous area, Portland, Oregon, by means 

of a chemical method. The prevalence of dental caries 
in this area is high (Hadjimarkos, 1956). They recorded 
mean values of 0·84 ppm of selenium in the enamel of 
permanent teeth and 4·50ppm in the enamel of deci
duous teeth. The same authors analysed the selenium 
content of pooled enamel obtained from contemporary 
Athenian teeth and ancient Greek teeth and reported 
mean values of 0·03 ppm of selenium in teeth from the 
modern period as opposed to (} 13 ppm in the ancient : 1 

teeth. The prevalence of dental caries among school 
children in Athens is remarkably low (Hadjimarkos 
and Bonhorst, 1962). Neutron activation analysis was . 
employed by Nixon and Myers (1970) for the deter- · 
mination of selenium in the enamel of teeth of patients 
resident in Edinburgh and Manchester in the United 
Kingdom. The selenium concentration in six enamel 

Table 4. Nuclear data of other elements which are carried over during distillation 

Main 
Cross- gamma-ray 

Stable Abundance section energy 
isotope (%) (barn) Radionuclide Half-life (keV) 

37cf 24·47 0·43 38Cl 37·3m 1640 
2170 

7sAs 100 4·5 76As 26-5h 559 
657 

79Br 50·54 8·2 so Br 17·6m 618 
s1Br 49·47 0·26 s2Br 35·34h 554 

619 
695 
777 
828 

1044 
1312 
1475 

121sb 57·25 6-5 122sb 2·8d 564 
123Sb 42·75 2·5 124Sb 60d 603 

1692 
1271 100 6-2 1281 25·0m 445 
196Hg 0·146 107 191mHg 24h 134 

165 
3092 191Hg 65h 77 

191 
202Hg 29·8 5·0 203Hg 46-9d 279 
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samples ranged from 0·213 to 2·08 ppm, with a mean 
value of 0·872 ppm. The incidence of dental caries in 
these areas was not reported. 

It was decided to determine the selenium content of 
teeth from a population group with low caries inci
dence in this investigation. The low concentration of 
selenium expected would enable us at the same time to 
evaluate the sensitivity of this analytical technique. 
Noncarious canine teeth from urban Bantu were used. 
In a recent study, Retief, Cleaton-Jones and Walker 
(unpublished)determined the caries prevalence irt 17-yr
old urban Bantu, Indian, Coloured and White South 
Africans all resident on the Witwatersrand. They found 
that the percentage of Bantu children free from caries 
was much greater than in the other racial groups. 

Although only 10 composite samples were analysed, 
the values obtained are comparable to those found by 
Hadjimarkos and Bonhorst (1962) in their low caries 
group in Athens. 

In this investigation, the selenium concentration 
found in 10 enamel specimens obtained from a compo
site enamel sample was 0·08 ± 0·03 ppm. In three sam
ples, the selenium concentration exceeded 0· 10 ppm 
and, when the mean was determined for the remaining 
seven samples, a value of 0·06 ppm with a standard 
deviation of 0·01 was obtained. The enamel samples 
weighed approximately 100 mg which means that the 
selenium content of the samples is approximately 
0·008 µg. The high standard deviation obtained in this 
investigation could indicate that the method used for 
the determination of selenium is approaching its detec
tion limit at such a low concentration level. Therefore, 
by utilizing the more efficient Nal(Tl) detector instead 
of the Ge(Li) detector, more accurate results could be 
obtained. 

Other elements were also carried over during distil
lation. The relative nuclear data of these elements are 
given in Table 4. The half-lives of most of these 
radionuclides, however, are too short to interfere after 
a long cooling period. Furthermore the gamma ener
gies of the interfering long-lived radioisotopes are well 
separated from the gamma energies of 7 5Se. In addi
tion, according to Steinnes (1967), interfering nuclear 
reactions such as (n,p) and (n,oc) reactions, can be neg
lected in the determination of selenium. 

A carrier is added to ensure quantitative transfer of 
the element from the activated sample and standard 
particularly when the element to be determined is pres
ent in very low concentrations. Typically, milligram 
quantities of a stable compound of the element to be 
determined are added in equal amounts to both the 
irradiated samples and reference standards prior to the 
quantitative separation. Ideally, the carrier should be 
in the same chemical form as the element is present in 
the sample (Rakovic, 1970) but as the chemical form of 
selenium in enamel is not known, the carrier was 
added in the same form as in the reference standard. 
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Resume-Des etudes epidemiologiques ont montre une association positive entre !'ingestion de 
selenium et les caries dentaires. Le but de ce travail est de determiner quantitativement le contenu 
en selenium de l'email humain normal dans un groupe ethnique, a frequence faible de caries. Cha
que echantillon d'email est irradie simultanement avec un echantillon de reference, contenant 
1 µg de selenium. Les irradiations sont realisees, pendant trois semaines, dans un reacteur nuc
leaire, avec un flux neutronique thermique de 2 x 1013 n cm- 2 sec - 1

. Apres refroidissement de 
3 semaines, ces echantillons sont dissouts et transferes quantitativement, avec un transporteur 
de selenium, a un appareil de distillation. Une distillation selective est realisee. Le produit de 
distillation, amene a 25 ml,-est transfere a un recipient standard de plastique. L'activite en rayon
nement gamma du 7 5Se est mesure a l'aide d'un detecteur coaxial Ge (Li) de 50 cm3

, couple 
a un analyseur de canaux 4000, totalement transistorise. Les resultats sont enregistres sur bandes 
magnetiques et analyses par ordinateur. La technique de distillation donne un rendement satis
faisant de 98 pour cent. Le contenu en selenium de !'ensemble de l'email est de 0,8 ± 0,03 ppm. 

Zusammenfassung- Epidemiologische Untersuchungen bewiesen einen positiven Zusammen
hang zwischen Selenaufnahme und Zahnkaries. Zweck dieser Untersuchung war es, den Selenge
halt des normalen menschlichen Zahnschmelzes in einer rassischen Gruppe mit geringer Karies
haufigkeit quantitativ zu bestimmen. Jede Schmelzprobe wurde zusammen mit einem Referenz
standard, der I µg Selen enthielt, bestrahlt. Diese Bestrahlungen erfolgten j Wochen lang in 
einem Kernreaktor mit einem thermalen NeutronenfluB von 2 x 1013 n cm- 2 sec- 1

. Nach _einer 
Abktihlungszeit von weiteren 3 Wochen wurden die Proben aufgelost und Uber eine Selenbin
dung in einen Destillierapparat tiberftihrt. Es wurde selektiv destilliert ; jedes Destillat umfa13te 
25 ml und wurde in standardisierten Plastikgefi:i13en aufgefangen. Gemessen wurde die Gammas
trahlenaktivitat von 7 5Se mit einem 50 cm3 Koaxial-Ge(Li)-Detektor, gekoppelt an einen voll
transistorisierten 4000-Kanal Analysator. Die Daten wurden auf Magnetband gesammelt und 
spater im Computer ausgewertet. Die Destillationstechnik ergab einen 98 Prozent Ertag an 
Selen, was die Methode experimentell annehmbar macht. Der Selengehalt aller Schmelzproben 
betrug 0,08 ± 0,03 ppm. 
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Epidemiologic studies suggested a positive asso
ciation between selenium (Se) intake and 
dental caries (HADJIMARK.os, ] Pediatr 48: 195, 
1956). The results of subsequent studies indi
cated that consumption of small amounts of 
dietary Se during the period of tooth forma
tion increased the prevalence of dental caries 
and that the levels of Se in teeth were directly 
related to the incidence of dental caries (HAD
JIMARKOs and BoNHORST, Oral Surg 12: ll!J, 
1959; HADJIMARKos and BONHORST, Nature, 
(Lond) 19!J: 177, 1962). These findings were 

corroborated in animal studies (BfrrrNER, ) 
Dent Res 42: 45!J, 196!J). It has been demon
strated in rats that Se was mainly incorporated 
into the organic fraction of enamel and dentin 
and that it replaced sulfur in cystine and 
methionine (SHEARER and HADJIMARKOS, ) Nutr 
IO!J: 55!J, 197!J). The Se may interfere with 
apatite nucleation and crystal growth. 

Recef!tly, the caries incidence in 16- to 17-
year-old black and white South African high 
school pupils was determined in an urban area 
(RETIEF ET AL, Lancet 2: 1456, 197!J). Mean 
DMF teeth scores of 2.5 and 2.l were obtained 
for black male and female students whereas 
the DMFT scores for the white male and 
female pupils were 8.7 and 11.l, respectively. 
All the pupils examined lived in the same 
urban geographic area supplied with piped 
drinking water containing 0.2 ppm F. The 
object of this investigation was to determine 
by neutron activation analysis and high resolu· 
tion gamma spectrometry the Se content ot the 
enamel of sound, extracted, permanent teeth 
from black and white South Africans residing 
in the same area as the schoolchildren. 

The extracted teeth were cleaned and dried 
for a few days in a desiccator that contained 

· silica gel. The enamel was mechanically sep-
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arated from the dentin by holding the teeth 
firmly by their roots and gently tapping the 
crowns of the teeth on the edge of an agate 
mortar with an agate pestle. The enamel 
obtained from the two ethnic groups was 
pooled separately and ground to a fine powder 
m the agate mortar. Approximately 200 mg 
of this enamel was accurately weighed into 
quartz ampoules that were, then sealed. Ref
erence standards were prepared by transferring 
0.5 ml of an analytical grade Se 0 1 solution con
taining 2 µ,g Se/ml with a micropipette into 
quartz ampoules. After careful evaporation to 
dryness, the ampoules were sealed. 

Ten composite enamel samples from each 
group were simultaneously irradiated with a 
similar number of reference standards contain
ing 1 µ,g of Se for three weeks in a nuclear 
reactor in a thermal neutron ft ux of 2 X 1 on n 
cm-• sec-1. After a cooling period of four 
weeks, fe was quantitatively transferred to 
standard plastic containers by means of a selec
tive distillation technique (NIXON and MYERS, 
Caries Res 4: 179, 1970). The amount of Se 
carrier required to ensure quantitative transfer 
had been previously determined. The 'Y-ray 
activity of ?&Se was measured with a 50-cm8 

coaxial Ge (Li) detector coupled to a fully 
transistorized 4,000-channel analyzer. The data 
were recorded on magnetic tapes and computer
processed (RETIEF ET AL, Arch Oral Biol 19: 
517, 1974) . 

The addition of 2 mg Se carrier resulted in 
a 983 yield of Se by the distillation technique 
used. The Se content of composite enamel 
samples from the teeth of black South Afri~ns 
with a low caries incidence was 0.08 ± O.O!J ppm 
and from white South Africans with a lugh 
caries incidence was 0.012 ± 0.004 ppm. The 
difference in Se concentration was highly sig
nificant (P < 0.001) . 

The results of the present study suggest that 
the cariogenicity of Se is not a factor in the 
differences in the caries incidence between the 
two ethnic groups investigated. 
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SUMMARY 
The mineral composition of pooled bulk enamel from Black 
and White South Africans respectively, resident in the 
Johannesburg area, was determined by neutron activation 
analysis and high resolution gamma spectrometry. The dif
ferences between the concentrations of Ca, CI, Mg, Na, Br 
and Co in the enamel of the two population groups were ap
parently not significant. There was a trend for the concen
trations of A I, Ag, Au, Fe, Sb, and Zn to be higher in the 
enamel from the White subjects and for the concentrations 
of Mn, Se and Sr to be higher in the enamel from the Black 
subjects. 

INTRODUCTION 
Dental caries is one of the most common chronic 
diseases afflicting mankind and in many areas it as
sumes rampant proportions. Epidemiological studies 
have shown significant differences in caries prevalence 
according to geographic location (Hadjimarkos, 1956; 
De Jager, 1963; Ludwig and Bibby, 1969; Baume, 
1973). It has been suggested that variations in the 
prevalence of dental caries in various geographical 
areas might be attributable to the trace-element con
tent of the water supplies (Hadjimarkos, 1966; Ludwig, 
Adkins and Losee, 1970; Glass et al .• 1973) diet (Losee 
and Adkins, 1968; Curzon, Kubota and Bibby, 1971) 

Present Address: Dr. D.H. Retie! 
Institute of DentaJ Research , 
University of Alabama in Birmingham 
Univenity Station 
Bormingham, Alabama 35294 
U.S.A. 

OPSOMMING 
Die minera/e samestelling van tandglasuur van wit en swart 
Suid-Afrikaners onderskeide/ik wat in die omgewing van 
Johannesburg woon, is vasgestel deur neutron-aktiverings
onlleding en Jwe gamma spektrometri.ese on/binding. Die 
verski/ tussen Ca, CI, Mg, Br en Co in die glasuur van die 
twee bevolkingsgroepe, was blykbaar nie betekinsvol nie. 
Daar was 'n neiging tot hoer konsentrasie van A J, Ag, Au, 
Fe, Sb en Zn in die glasuur van die Blankes en die konsen
trasie van Mn, Se en Sr was weer hoer in die van die 
Swartes. 

and soil (Losee, · Cadell and Davies, 1961; Pearce, 
Ludwig and Darwin, 1974). 

The effects of race and socioeconomic status on dental 
caries prevalence have also been evaluated (Infante 
and Russell, 1976; Heifetz and Horowitz, 1976; More
ira and Viera, 1977). The results of these studies s.howe9 
that a high caries prevalence was not always .associated 
with a particular racial group. Marked differencelj, 
however, in the caries rate in black and white high.
school children in South Africa were recently reported 
(Retief, Cleaton-Jones and . Walker, 1975). 

Apart from fluoride, only fro~ one to 20 per cent of the 
daily micronutrient intake is derived from the drinking 
water (Schroeder, 1966). Because of the variable intake 
of micronutrients from the diet, the effect of trace ele
ments on dental caries could be more accurately evalu
ated by relating the mineral content of enamel to caries 
prevalence. Sensitive analytical techniques such as 
neutron activation analysis (Soremark and Samsahl, 
1961 ; Retief et al., 1971 ), atomic absorption spectro-
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scopy (Nixon and Helsby, 1976; Lokamaa and Rytomaa, 
1977) and spark source mass spectrometry (Curzon, 
Losee and Macalister, 1975) have been used to deter
mine the mineral content of human enamel. 

The object of this pilot investigation was to determine 
by neutron activation and high resolution gamma spec
trometry, the mineral composition of pooled bulk 
enamel from Black and White South Africans respec
tively. 

MATERIALS AND METHODS 
(a) Preparation of the enamel samples 
Freshly extracted, noncarious molar teeth from adult 
White and Black subjects resident in Johannesburg 
were used in this investigation. The sex, age, caries ex
perience and period of residence in the Johannesburg 
area of the tooth donors were not known. The teeth 
were extracted because of periodontal disease. The 
teeth were cleaned with a brush and pumice on a dental 
lathe and thoroughly washed in deionized water. Al
though this rrocedure may remove the superficial ion 
rich layer o enamel it was carried out on all the ex
tracted teeth to eliminate contamination introduced by 
the stainless steel forceps during the extraction proce
dure. The teeth were dried for a few days in a desicca
tor that contained silica gel. Afterwards the enamel was 
mechanically separated from the dentine by holding 
the teeth firmly by their roots and gently tapping the 
crowns of the teeth on the edge of an agate mortar with 
an agate pestle. All the enamel obtained from approxi
mately 20 teeth of each of the population groups were 
pooled separately and ground to a fine powder in the 
agate mortar to obtain a homogeneous mixture. Ap
proximately 200 mg of this enamel was accurately 
weighed into clean polyethylene containers and quartz 
ampoules and sealed. 

(b) Preparation of the standards 
Standard samples were prepared by weighing a known 
volume of a mixed solution of the elements to be deter
mined into polyethylene containers and quartz am
poules. Analytical grade reagents were used in the 
preparation of the standard solution. The mass of the 
elements in the weighed aliquots of the standard solu
tion approximated the mass of these elements present 
in 200 mg of enamel. After careful evaporation to dry
ness, the polyethylene containers and quartz ampoules 
were sealed. 

( c) Irradiation procedure 
For the determination of Al, Ca, Cl, Mg and Na in the 
enamel samples, I 0 samples from each population 
group and 20 reference standards, sealed in polyethy
lene containers, were irradiated separately for preci
sely 5 min in the pneumatic facility of the SAFARI-I 
reactor at Pelindaba. The thermal neutron flux is about 
3 x 1013 n.cm·2.sec·1• Westcott's epithermal index, r , for 
this irradiation position is 0,0087. Relative values of the 
integrated neutron flux were determined for some 
enamel samples and reference standards by the simul
taneous activation of accurately weighed gold stan
dard samples (-5 µ,g) . 

For the determination of Ag, Co, Fe, Sb, and Zn in the 
enamel samples, I 0 samples from each population 
group with reference standards, all sealed in quartz am
poules, were irradiated for I 08 hr in different positions 

in the poolside facility of SAFARI-1 at a flux of 4x1013 

n.cm·2.sec·1• Westcott 's epithermal index, r . for these 
positions 111·-: between 0,013 and 0,02. Relative values of 
the integrated neutron flux were determined for each 
sample and reference standard by the simultaneous act
ivation of accurately weighed iron monitors (-0,03 g of 
iron) wrapped around each quartz ampoule. 

For the determination of Mn and Sr, 10 enamel sam
ples from each population group and reference stan
dards, all sealed in quartz ampoules, were irradiated for 
15 hr in 0,5 mm thick cadmium containers. The irradia
tion was carried out in the poolside facility of the re
actor and the integrated neutron flux determined by 
means of iron monitors. 

After two weeks of decay, the same samples and stand
rards used for the determination of Mn and Sr, were 
reirradiated for 48 hr in cadmium containers for the de
termination of gold and bromine. The same irradiation 
positions in the reactor were used and the integrated 
neutron flux again determined. 

(d) Measurement of gamma activity 
Gamma spe..:trometry of the irradiated samples and 
standards for the determination of A I, Ca, CI, Mg and 
Na was done exactly 2 min after each irradiation by 
placing them at a fixed distance from the Ge(Li) detec
tor. The detector used in this investigation was a 50 cm3 

coaxial Ge(Li) diode (Princeton Gamma Tech .) con
nected to an uncooled TC 135 M Tennelec preampli
fier. The output pulses were amplified by a TC 200 Ten
nelec amplifier. Spectrum analysis was performed on 
an lntertechnique 4000-channel analyzer (Model SA 
44). The resolution of this counting system is 3,5 keV 
(full width at half maxium) for the 1333 keV photopeak 
of 60Co. Data for peak analysis were recorded on mag
netic tapes and processed by computer. Yule's (1968) 
smoothed first derivative method was applied to obtain 
the true peak counts under the photopeaks of interest, 
from which the elemental concentrations were calcu
lated by computer programmes (R. J. N. Brits, 1977, 
personal communication). 

Gamma spectrometry of the samples and reference 
standards irradiated for I 08 hr was carried out after 
about 30 days of decay using the same counting system 
and computer programmes. The counting of samples 
and reference standards irradiated in cadmium con
tainers for 15 hr and 48 hr was done after about 4 hr and 
48 hr of decay, respectively. The same counting system 
and computer programmes mentioned previously were 
used. 

(e) Nuclear data 
The radionuclides of the various elements produced by 
thermal and epithermal neutron activation and the rel
evant nuclear data are available (Lederer, Hollander 
and Perlman, 1967). 

RESULTS 
A typical 4-spectrum of an enamel sample which was ir
radiated for 15 hr in a cadmium shield and recorded 
after a decay period of 4 hr is shown in Fig. 1. The pho
topeaksof 87mSr and 56Mn at 388 keV and 847 keV respec 
tively, were used to measure the concentration of these 
elements in enamel. Photopeaks similar to those previ
ously described (Retief et al., 1971) were obtained with 
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Fig. I Gamma spectrum of an enamel sample irradiated for 15 hr, 4 hr after irradiation. 

the other irradiation procedures and used to determine 
the concentrations of the respective elements . 

The mean concentrations of the elements determined 
in the composite enamel samples from the teeth of 
Black and White South Africans and the standard devi
ations of the means are given in Table I . The results for 
the selenium concentrations, determined in a previous 
study (Retief et al., 1976), have been included in the 
table. 

The standard deviations of the mean concentration of 
the elements are a measure of the accuracy of the ana
lytical procedures. A comparison of the concentrations 
of the elements in the enamel from the two population 
groups, taking the measurement error in consideration, 
revealed that the differences between the concentra
tions of Ca, Cl , Mg, Na, Br and Co were apparently not 
significant. There was a trend for the concentrations of 
A I, Ag, Au, Fe, Sb and Zn to be higher in the enamel 
from the White subjects and for the concentrations of 
Mn, Se and Sr to be higher in the enamel from Black 
subjects . It was not possible to determine the signif
canc·e level of these differences in the mineral composi
tion because of the pooling of the enamel obtained 
from the extracted teeth from each population group. 

DISCUSSION 
In this investigation the enamel was mechanically sepa
rated from the dentine by chipping. Although this is a 
slow process and · leads to incomplete recovery of 
enamel, grinding procedures were not used because the 
concentrations of some trace elements in enamel were 
markedly increased by such separating techniques 
(Battistone, Feldman and Reba, 1967). Preliminary 
studies indicated that approximately 200 mg of enamel 

Table I Mineral composition of pooled bulk enamel from black and 
white South Africans 

Element Black South Africans 
x 

Al ppm 10 72,2 
Ag ppm 10 0,11 
Au ppm 10 0,015 
Br ppm 10 20,9 
Ca % 10 36,8 
Cl % 10 0,79 
Co ppm 10 0,09 
Fe ppm 10 34,2 
Mg % 10 0,24 
Mn ppm 10 1,87 
Na % 10 0,69 
Sb ppm 10 0,61 
Sc ppm 10 0,08 
Sr ppm 10 177,7 
Zn ppm 10 157,8 

n =Number of samples. 
x =Mean. 
S.D. = Standard Deviation 

:!: S.D. 

:!: 5,8 
:!: O,Q7 
:!: 0,004 
:!: 2,3 
:!: 1,8 
:!: 0,06 
:!: 0,04 
:!: 10.0 
:!: 0,03 
:!: 0,49 
:!: O,Q2 
:!: 0,05 
:!: O,QJ 
:!: 28,3 
:!: 18,0 

White South Africans 
x :!: S.D. 

10 93,2 :!: 17,4 
10 0,23 :!: 0,23 
10 O,Q25 :!: 0,002 
10 22,2 :!: 2,0 
10 36,9 :!: 1,8 
10 0,82 :!: 0,04 
10 0,Q7 :!: 0,04 
10 86,3 :!: 16,0 
10 0,27 :!: 0,03 
10 0,99 :!: 0,35 
10 0,70 :!: 0,01 
10 1,33 :!: 0,24 
10 0,012 :!: 0,004 
10 103,0 :!: 23,6 
10 177,3 :!: 20.4 

is required to determine the concentrations of the 
minor mineral components with this analytical tech
nique. 

The neutron flux in a nuclear reactor is not homog
eneous but varies from one irradiation position to an
other. The gold and iron monitors used in this study en
abled us to calculate the relative value of the neutron 
flux to which the standard and enamel samples were ex
posed during irradiation. 

The concentrations of Au, Br, Mn and Sr in enamel are 
low when compared with the concentrations of A I, Ca, 
Cl, K, Mg, Na and P. The elements Au, Br and Sr are 
very sensitive to epithermal neutron activation, 

Journal of the D.A.S.A. - October 1979 

579 
http://etd.uwc.ac.za/ 
 



H Retief, J Turkstra, PE Cleaton-Jones and F Biddlecombe 

.whereas the activities of the major elements are de
pressed by irradiation with epithermal neutrons. The 
sensitivity of Mn is enhanced as a result of the lower 
activity of epithermally irradiated samples. The use of a 
cadmium shield reduces the thermal neutron flux with 
respect to the epithermal neutron flux and makes poss
ible the quantitative analysis of Au, Br, Mn and Sr. 

Derise, Ritchey and Furr (1974) determined the con
centrations of the macrominerals Ca, P, Cl, Kand Mg 
in enamel and related it to the age, sex and caries ex
perience of the donors . They reported that the correla
tions between the concentrations of these minerals and 
caries incidence were low. Armstrong and Brekhus 
(1937) had previously reported that no significant dif
fe rences could be detected in the Ca, P and Mg con
centrations of the enamel of sound and carious teeth of 
the same person. This was confirmed by Ockerse (1943) 
who found no significant differences in the concentra
tions of Ca, Mg and P in carious and non-carious 
enamel from people in high- and low-caries areas in 
South Africa. Efforts to relate the mineral composition 
of enamel to caries prevalence should therefore be con
centrated on the trace element composition of enamel. 

Although a trend indicating differences in the concen
trat ions of several trace elements in the enamel from 
the two population groups was obtained in this pilot 
study, the association between these elements and 
dental caries experience could not be established be
cause of the sampling procedure used. 

It is possible to obtain approximately 500 mg of enamel 
from a single molar tooth with the chipping technique 
used in this investigation to separate enamel from den
tine . Approximately 400 mg of enamel is required for 
the three irradiation procedures used to determine the 
concentrations of Ag, Co, Fe, Sb, Zn, Mn, Sr, Au and 
Br. 

Analyses of teeth obtained from Black and White sub
jects of similar age groups and with known caries ex
perience and who had lived permanently in a well de
fi ned geographical area supplied with drinking water 
from a common source, may reveal an association be
tween the trace element composition of enamel and 
dental caries . The material for such a study is available 
in Johannesburg and neutron activation analysis and 
high resolution gamma spectrometry is an elegant ana
lytical tool for an investigation of this nature. 
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SUMMARY 

A variety of pit and fissure sealants are used clinically 
to protect the occlusal surfaces of teeth against dental 
caries. A new chemically activated bis-GMA type sea
lant, Delton Pit and Fissure Sealant, has recently be
come commercially available. The Delton Etching So
lution supplied with the sealant contains 35 per cent 
orthophosphoric acid. The tensile bond strength of 
this sealant to etched enamel surfaces was deter
mined by means of two techniques. Tensile bond 
strengths of 9,2 ± 2,1 MPa and 7,6 ± 1,2 MPa were ob
tained respectively. All the test specimens failed with
in the sealant and not at the interface. The effects of 
the Delton Etching Solution on distolingual grooves 
and lingual surfaces of maxillary molars and 
mesiobuccal grooves and buccal surfaces of mandibu
lar molars were studied by scanning electron micro
scopy. Adequate resin penetration into the etched ena
mel was observed immediately adjacent to these 
grooves. Sealed teeth were subjected to 8,500 cyclic 
temperature changes with a temperature differential 
of 43°C, and the marginal leakage subsequently eva
luated by means of a fluorescent dye technique. Mar
ginal leakage was not observed at the sealant-etched 
enamel interfaces. These results suggest that Delton 
Pit and Fissure Sealant has the potential to perform 
well in clinical application. 

INTRODUCTION 

Dental caries is rampant in white South African 
school children. Eighty-five per cent of 78,000 white 
school children examined suffered from dental caries 
(Ockerse, 1947). Retief, Cleaton-J'ones and Walker 
(1975) found that only 5,6 per cent of male and 2,0 per 
cent of female 16 - 17 year old white pupils were free 
from dental caries. More than 40 ,per cent of all ca
rious or filled surfaces in the permanent dentition of 
children occur on the occlusal surfaces (Day and Sed
wick, 1935; Knutson, Klein and Palmer, 1940). 

The regulation of the fluoride content of the public 
water supplies to 1,0 ppm of fluoride is the safest, most 
practical and effective means of preventing dental de
cay (Doherty, 1968). The reduction in caries preva
lence is less evident on the occlusal surfaces of teeth. 
Backer Dirks ( 1963) noted that caries of the first per
manent molars in 12 year old children was reduced by 
only 14 per cent in pits and fissures but by 59 per cent 
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OPSOMMING 

Verskeie put- en fissuurseelmiddels word tans klinies 
benut om okklusale tandoppervlaktes teen karies te 
beskerm. Delton put- en fissuurseelmiddel, 'n nuwe 
chemies-geaktiveerde bis-GMA-tipe seelmiddel, is on
langs in die handel beskikbaar gestel. Die bypassende 
etsoplossing van Delton bevat 35 persent ortofosfor
suur. Die tensiele bindsterkte van hierdie seelmiddel 
is volgens twee tegnieke bepaal en bindsterktes van 9,2 
± 2,1 MPa en 7,6 ± 1,2 MPa is onderskeidelik verkry. 
Die toetsmonsters het almal in die seelmiddel ge
breek en nooit by die aansluitingsvlakke nie. Die in
vloed van Delton etsmiddel is op die distolinguale 
groewe en die linguale vlakke van maksillere molare, 
asook op die mesiobukkale groewe en die bukkale 
vlakke van mandibulere molare met 'n aftaselektron
mikroskoop ondersoek. Voldoende harspenetrasie het 
geskied in geetste glasuw direk aanliggend tot die be
trokke groewe. Verseelde monsters is vir 8,500 keer aan 
temperatuurwisselings van 43°C onderwerp en daar
na is die randseel met behulp van 'n fluoreserende 
kleurstof getoets. Die aansluitingsvlakke tussen seel
middel en geetste glasuur het geen lekkasie getoon nie. 
Volgens resultate toon Delton put- en fissuurseelmid-

. del 'n potensiaal vir doeltreffende kliniese toepassing. 

on mesial surfaces, 82 per cent on distal surfaces and 
73 per cent on smooth buccal surfaces. Ludwig (1971) 
reported that after 16 years of water fluoridation, there 
was a 91 per cent reduction in dental caries on gingi
val tooth surfaces, a 76 per cent reduction on approxi
mal tooth surfaces but only a 46 per cent reduction on 
occlusal tooth surfaces in 13 year old children. 

In an attempt to reduce caries incidence on occlusal 
surfaces, Miller (1905) applied silver nitrate to the pits 
and fissures; Hyatt (1923) proposed a method known 
as "prophylactic odontotomy" where amalgam resto
rations were placed in all occlusal surfaces as soon as 
possible after the teeth had erupted and Bodecker 
(1964) suggested the eradication of enamel fissures by 
smoothing and rounding the occlusal fissures me
chanically without filling them. 

A more recent approach in the prevention of occlusal 
caries is the application of sealants to non-carious pits 
and fissures to seal them off from the destructive oral 
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environment. The first comprehensive report of the 
successful clinical use of an adhesive to seal the high
ly susceptible pits and fissures of teeth against dental 
caries was that of Cueto and Buonocore (1967). They 
used an alkyl cyanoacrylate as the resin system. Alkyl 
cyanoacrylates have been used in further clinical trials 
to evaluate their efficacy as caries-reducing agents 
(Ripa and Cole, 1970; Parkhouse and Winter; 1971) . 
Reports on the effectiveness of alkyl cyanoacrylates to 
seal pits and fissures effectively and produce a signifi
cant reduction in caries incidence were contradictory. 
This could possibly be due to the finding that 
cyanoacrylates decompose by hydrolysis on exposure 
to the oral environment (Buonocore, 1973) . 

A polyurethane sealant containing sodium mono
fluorophosphate was introduced by Lee and Swartz 
(1971). Clinical trials showed that polyurethane sea
lants lost retention from tooth surfaces completely 
within a short period (Rock, 1972; Merril et al, 1975). 
The polyurethane sealants are of the chemical type 
because of the incorpotation of fluoride within the re
sin and rely for Jong-term caries prevention upon the 
introduction of high levels of fluoride into the enamel 
iining the pits and fissures. 

A resin developed by Bowen (1962) consisting of the 
addition product of bis (4-hydroxyphenol) dime
thylmethane and glycidylmethacrylate (bis-GMA) 
has been modified for use as pit and fissure sealants. 
The bis-GMA resins currently used as sealants con
tain reactive diluents and are either chemically acti
vated or catalyzed by ultraviolet light. Extensive cli
nical trials have been carried out to evaluate the re
tention of these materials to occlusal surfaces of teeth 
and to determine their efficacy as caries-protective 
agents (Roydhouse, 1968; Buonocore, 1970, 1971; 
Rock, 1972, l.973, 1974a; McCune et al, 1973; Luoma 
et al, 1973; Horowitz, Heifetz and McCune, 1974; 
Hinding and Buonocore, 1974; Merril et al, 1975; Burt 
et al, 1975; Going et al, 1976a; Going et al, 1976b). 

The results of these clinical trials indicated that the 
retention and caries-protective effects of the ultra
violet light polymerized resins were generally superior 
to those of the chemically activated bis-GMA resins. 
The Council on Dental Materials and Devices (1974) 
considers the use of pit and fissure sealants to be one 
of the dental caries prevention measures which may be 
employed . The effectiveness of these inert materials 
may be only due to the fact that they provide physical 
barriers. The Council recognizes the short-term bene
fits shown by such materials but believes that factors 
relating to their long-term use and effectiveness have 
not been completely answered. 

An adhesive glass ionomer cement has recently been 
evaluated as a pit and fissure sealant (McLean and 
Wilson, 1974) . The authors reported that this cement 
was ideal for application to selected fissures of more 
than 100 µ m in width. A diluted bis-GMA type com
posite restorative material was used by Ulvestad 
(1976) as a sealant. Apart from the occlusal fissures, 
the fissures which extended to the lingual surfaces in 
permanent maxillary first molars and to the buccal 
surfaces including the buccal pit in permanent man
dibular molars were also sealed. This was the first re-
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port in which specific mention was made of the sea
ling of these fissures. 

Conditioning of the occlusal surfaces of teeth with va
rious etching agents is carried out prior to the appli
cation of the bis-GMA type of sealants to improve the 
bond strength of the resins to enamel surfaces. The et
ching pattern on cuspal slopes and pits and fissures on 
occlusal surfaces and the extent of resin penetration 
into pits and fissures have been studied by scanning 
electron microscopy (SEM) (Gwinnett and Buono
core, 1972; Hinding and Sveen, 1974; Silverstone, 
1974; Ermin, 1975; Ferreira, 1975; Marshall, Olson 
and Lee, 1975) . The present authors, however, could 
not find any references in the current literature on the 
effects of acid etching on the buccal and lingual surfa
ces of permanent mandibular and maxillary molar 
teeth and the grooves on these surfaces. 

A new pit and fissure sealant has recently become 
commercially available. Delton Pit and Fissure Sea
lant* is an unfilled, selfcuring resin containing bis
GMA blended with dimethacrylate monomers. Del
ton Etching Solution contains 35 per cent phosphoric 
acid (H~PO.) and the mixed resin is delivered from a 
specially designed Sealant Applicator. 

The purpose of this investigation was three-fold; first
ly, to evaluate the tensile bond strength of Delton Pit 
and Fissure Sealant to etched human teeth; secondly, 
to study by SEM the effects of the etching solution on 
the buccal surfaces of mandibular molars and the lin
gual surfaces of maxillary molars, the associated 
grooves and the sealant-etched enamel interfaces on 
these surfaces; and thirdly, to evaluate marginal leak
age of the sealant after rigorous temperature cycling of 
sealed teeth. 

MATERIALS AND METHODS 

a. Tensile bond strength 

Freshly extracted, sound human maxillary central in
cisors were cleaned and stored at -4°C until required. 
The labial surfaces were polished with 180 grit silicon 
carbide discs on a Kent Mk 2 polishing machine** with 
adequate water lubrication . The roots of the teeth 
were cut off and undercut wedge-shaped grooves pre
pared on the lingual aspects of the crowns with a dia
mond separating disc. This procedure provided for 
mechanical retention of the teeth in the embedding 
medium during the testing procedure. The crowns of 
10 teeth were placed in moulds with a diameter of 1,8 
cm and a similar number in moulds with a diameter of 
1,2 cm. The moulds were placed on a smooth, firm 
polyethylene sheet and the teeth positioned in the 
moulds so that the polished surfaces faced the plastic 
sheet. The moulds were filled with a clear self curing 
acrylic resin*** and .the embedded teeth removed after 
the resin had set. The specimens were always stored 
wet. Final wet polishing of the exposed enamel surfa
ces was done just prior to the preparation of the ex
perimental test specimens with 320, 400 and 600 grit 
silicon carbide discs respectively on the polishing ma-
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chine. The enamel surfaces were dried with a chip sy
ringe and etched with the Delton Etching Solution for 
60 sec. The acid was flushed with tap water and the 
teeth dried. 

The preparation of the experimental test specimens on 
the teeth embedded in the 1,8 cm diameter moulds 
and the subsequent evaluation of the tensile bond 
strengths were carried out according to a method de
veloped by Phillips, Swartz and Rhodes (1970). Cir
cular matrices with an inside diameter of 6 mm and 
a thickness of 1,5 mm were prepared with a polyether 
rubber impression compound* in a brass mould. 
These were cut on one side with a sharp scalpel to pro
vide split ring matrices. A split ring rubber matrix was 
placed on an etched embedded tooth surface and a 
close-fitting brass ring slipped over the matrix to 
maintain its form and inside diameter during the pre
paration of the experimental bonds. The Delton Pit 
and Fissure Sealant was mixed and the ring matrix 

· filled with a portion of the mixed resin . The remain
der of the resin was placed in an undercut recess in a 
12,5 mm diameter bronze ball bearing. The ball was 
carefully aligned on the matrix. The resin was al
lowed to set at room temperature·for 15 min, the me
tal bands and split matrices removed and the pre
pared specimens stored ~n water at 37°C for 24 hours. 
The specimens were mounted in a test jig which was 
developed by Hanke (1968) and moaified by Phillips 
et al (1970) . It was designed to allow proper align
ment of the test specimens in the tensile testing ma
chine during the application of the load and to elimi
nate as nearly as possible all other forces except ten
sile during the test procedure. . · 

The test specimens on the teeth embedded in the 1,2 
cm diameter moulds · were prepared and the tensile 
bond strengths determined according to a method de
veloped by Lee, Swartz and Culp (1969). The mixed 
sealant was placed ii:tto the undercut recess on a threa
ded stainless steel cylinder. The diameter of the re
cess was 0,54 cm. The cylinder with sealant was press
ed onto the etched enamel surface and the excess resin 
removed from the periphery of the cylinder. A notched 
washer was placed on the tooth surface. The washer 
was notched to permit water to contact the sealant
etched enamel interface during immersion of the test 
specimens in water at 37°C. Next a silicone grommet 
was slipped over the cylinder followed by the top steel 
washer. A retaining nut was then threaded onto the 
cylinder until it just made contact with the top 
washer. The assembled specimens were stored in 
water at 37°C for 24 hours . The test specimens were 
assembled in a device containing pneumatically ope
rated grips. The fingers of the grips were expanded to 
grasp the two steel washers on the test .specimen. The 
device contains an upper and lower swivel to reduce 
the influence of other forces other than tensile d'uring 
the application o( the load. · 

The tensile tests were carried out on an Instron Table 
Model 1026 tensile testing . machiqe**. The load was 
applied at a speed of 0,05 cm min · 1 and the force re
quired to .break an experimental bond automatically · 
recorded. The test specimens were examined to deter-
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mine the site of failure. The tensile bond strengths 
were calculated and expressed in megapascals (MPa). 

b. Scanning electron microscopy 

The crowns of 4 mandibular and 4 maxillary fil'!!t mo
lar teeth were polished with a bristle brush and a 
water slurry of pumice. The crowns were separated 
from the roots with a diamond disc, washed well and 
dried with compressed air. The buccal surfaces of the 
crowns of the mandibular and the lingual surfaces of 
the maxillary teeth were conditioned with the Delton 
Etching Solution for 60 sec, washed well in running 
·water and dried. 

Delton Pit and Fissure Sealant was applied with the 
Delton Applicator to the mesiobuccal grooves on the 
buccal surfaces of 2 of the mandibular teeth and the 
distolingual grooves on the lingual aspects of 2 of the 
maxillary teeth. The sealant was allowed to cure. 
Transverse mesiodistal sections were cut through the 
grooves on the buccal and lingual aspects of the 
crowns of the teeth with a diamond disc to expose the 
sealant within the grooves. The exposed resin and ad
jacent enam~l was isolated by applying dental sticky 
wax to all other surfaces. The sections were then plac
ed in 10 per cent hydrocploric acid for 10 min, rinsed 
well in running water, dried and the sticky wax re
moved. This effectively exposed the resin-enamel in
terface. 

The crowns of the teeth and the etched sections were 
mounted on aluminium stubs, coated with silver in an 
Edward Coating Unit Model E12E4* and viewed in a 
Cambridge Stereoscan S4 scanning electron micro
scope** operated at 20 kV. The beam-specimen angle 
was varied and the specimen stage rotated to obtain 
the best surface topography. 

c. Marginal leakage at the enamel-sealant inter
face 

Marginal leakage at the enamel-sealant interface was 
evaluated by means of a fluorescent dye technique. 
Six selected mandibular and 6 maxillary first molars 
were used in this part of the study. The crowns of the 
teeth were cleaned with a bristle brush and a water 
slurry of pumice and washed well in running tap 
water. The teeth were dried with a chip syringe and 
the occlusal surfaces of 4 teeth in each group etched 
with the Delton Etching Solution for 60 sec. In the 
mandibular teeth the etching was extended onto the 
buccal surfaces to include the mesiobuccal grooves 
and in the maxillary teeth onto the lingual surfaces to 
involve the distolingual or distal oblique· grooves. The 
occlusal surfaces of the remaining 2 mandibular teeth 
were etched buccal to the central groove. In the maxil
lary teeth the etching was confined to the lingual as
pect of the occlusal surface. In these 4 teeth the et
ching solution was applied with a finely-pointed camel 
hair brush. The etched surfaces were washed well in 
running .. tap water and dried with compressed air. 

The 2 components of the ·sealant were mixed accor
ding to the manufacturer's instructions and applied to 
the etched surfaces by means of the Delton Applica-
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tor. The sealant was allowed to set for 15 min before 
mounting the teeth in a thermal cycling machine*. 
The teeth were subjected to 8500 cyclic temperature 
changes. Each cycle consisted of alternate immersion 
in water at 7°C and 50°C respectively for 30 sec. 

The teeth were dried after temperature cycling and co
vered with 2 applications of nail varnish. A small area 
surrounding the margins of the sealant was not coa
ted. This procedure excluded the subsequent pene
tration of the dye at any site of entry other than the 
sealant-enamel interface. The prepared teeth were 
placed in a solution containing one tablet of red 
fluorescent dye** in 25 ml of water at 37°C for 7 days. 
The teeth were removed, washed well in running water 
and the nail varnish with its attached dye carefully 
scraped from the tooth surfaces. The crowns were se
parated from the roots with a diamond disc and em
qedded in a clear polyester resin. Longitudina1 buc
colingual and transverse mesiodistal serial sections, 
approximately 225 µm thick, were cut with an Isomet 
low speed saw***. The sections were examined micro
scopically by transmitted ultraviolet radiation. 

RESULTS 
a. Tensile bond strength 

The mean tensile bond strengths of Delton Pit and 
Fissure Sealant to polished, etched enamel surfaces 
recorded with the 2 test methods are given in Table 1. 
When a statistical analysis of the results was carried 
out by means of the Student's t-test, it was found that 
the difference in the tensile bond strengths obtained 
with the 2 methods was not significant (p=>0,05). 

All the test specimens failed within the sealant. 

Table 1. 

Mean tensile bond strengths of Delton Pit and Fissure Sealant to 
etched enamel surfaces 

Test method Number of Mean tensile Coefficient of 
specimens bond strength variation% 

±S.D. (MPa) 

Phillips et al 10 9,2 ± 2,1 22,4 
(1970) 

Lee et al 10 7,6 ± 1,2 15,6 
(1969) 

b. Scanning electron microscopy 

The mesiobuccal groove with its termination in the 
buccal pit on the buccal surface of a mandibular molar 
is shown in Fig. 1. A higher magnification of the cen
tral part of this groove clearly demonstrates the debris 
at the base of the groove, absence of an etching pat
tern on the walls in the deeper aspects of the groove 
and a marked etching effect on the superficial aspect 
of the walls of the groove (Fig. 2). The lack of etching 
is more apparent on the walls of this· distolingual 
groove on the lingual aspect of a maxillary first molar 
(Fig. 3) . A variable etching pattern of the enamel sur
faces immediately adjacent to the grooves on the buc
cal and lingual aspects of mandibular and maxillary 
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molars respectively, was observed. Etching patterns 
characteristic of prismless or aprismatic enamel (Fig. 
4) and preferential dissolution of prism peripheries 
(Fig. 5) predominated in these areas . Preferential et
ching of prism cores (Fig. 6) was only observed in 
small isolated areas of these surfaces. Exposure of the 
sealant aspect of the resin-enamel interface imme
diately adjacent to a distolingual groove shows tags of 
sealant extending into the etched enamel (Fig. 7). The 
resin that had cured on etched buccal or lingual molar 
surfaces adjacent to the grooves was similarly ex
posed by hydrochloric acid dissolution. The sealant 
aspect of the resin-enamel interface is a replica of the 
underlying etched enamel and reveals the extent of 
resin penetration (Fig. 8). 

Fig. 1. Mesiobuccal groove on buccal surface of mandibular first 
molar tooth (SEM X 40). 

Fi~. 2. Debris at the base of the groove and etching patterns on 
the walls of the groove (SEM X 180). 
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Fig. :/. Lack of etching of the walls of the distolingual groove of a 
maxillary first molar (SEM X 180) . 

Fig . . /. Phosphoric acid etching of prismless enamel (SEM X 
1800). 

c. Marginal leakage at the enamel-sealant inter
face 

Slight marginal leakage of sealed etched enamel sur
faces was observed in only one of all the serial sections 
examined. This was seen on the lingual aspect of the 
occlusal surface of a mandibular molar (Fig. 9). Com
plete sealant penetration occurred in the narrow 
mesial pit (Fig. 10) and the shallow central groove 
(Fig. 11) of an etched mandibular molar occlusal sur
face and the mesial groove on the occlusal surface of 
an etched maxillary first molar (Fig. 12). Debris in the 
deeper regions of pits, fissures and grooves prevented 
complete sealant penetration · (Fig. 13). Marginal 
leakage was only observed in the specimens with un
etched enamel-sealant interfaces. Dye penetration 
ranged from moderate (Fig. 14) to severe (Fig. 15) at 
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Fig . . j_ Preferential dissolution of prism peripheries by acid et
ching (SEM X 1800). 

Fil(. ti. Preferential etching of prism cores (SEM X 1800). 

the unetched buccal aspects of the occlusal surfaces 
but no marginal leakage occurred at the opposing sea
lant-etched lingual enamel interfaces on these occlu
sal surfaces. Marginal leakage could not be demon
strated on etched distolingual grooves (Fig. 16) on the 
lingual surfaces of maxillary molars or the etched 
mesiobuccal grooves on the buccal aspects of mandi
bular molar teeth . 

DISCUSSION 
The tensile bond strengths of Delton Pit and Fissure 
Sealant to etched enamel surfaces which were ob
tained in this study are not a true reflection of the 
bond strength as all the test specimens failed within 
the material. The values obtained are more represen
tative of the cohesive strength of the sealant rather 
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Fip. 7. Sealant tags extending into the etched enamel surface 
(SEM X 600). 

than the force required to bring about interfacial se
paration. It may therefore be assumed that the tensile 
bond strength of the sealant to etched enamel should 
be greater than the results obtained in this study. This 
assumption was confirmed by Kemper (1976) who 
found that the tensile bond strength of Delton Pit and 
Fissure Sealant to etched enamel was 16,45 ± 6,64 
MPa. The methods used to determine tensile bond 
strengths in this investigation (Phillips et al, 1970; 
Lee et al, 1969) were developed to determine the bond 
strengths of restorative materials to enamel and may 
have limitation in the evaluation of the bond strengths 
of pit and fissure sealants .. 

The tensile bond strengths of an ultraviolet light cata
lyzed and a chemically activated bis-GMA sealant 
have been evaluated by several investigators . Rock 
(1974b) reported that the tensile bond. strength of an 
ultraviolet light catalyzed resin to enamel surfaces 
etched with 50 per cent buffered HaP04 for 60 sec was 
3,07 N mm-2 (MPa) and 4,64 MPa to enamel surfaces 
etched with 30 per cent H3P04 for a similar time in
terval. The tensile bond strength of the chemically ac
tivated resin to enamel surfaces etched with 50% 
H3P04 for 30 sec was 4,15 MPa. Williams, Von Fraun
hofer and Winter (1974) found that the tensile bond 
strength of the ultraviolet light catalyzed sealant was 
25, 7 kg cm-2 (2,5 MPa) when the test specimens were 
immersed in water at 37°C for 7 days. The tensile 
bond strength increased to 34,6 kg cm-2 (3,4 MPa) af
ter storage in water for 6 months. Under similar expe
rimental conditions, the tensile bond strength of the 
chemically activated sealant decreased from 42,3 kg 
cm- 2 (4,1 MPa) to 16,f kg cm-·2-(1,6 MPa). The ten- · 
sile bond strength of the ultraviolet light catalyzed re
sin to enamel after 7 days in water at 37°C was found 
to be 36,6 kg cm-2 (3,6 MPa) (Low, Davies and Von 
Fraunhofer 1975). In a subsequent publication, Low 
and Von Fraunhofer (1975) determined the shelflife of 
the activated ultraviolet light catalyzed sealant. They 
determined the tensile bond strengths of the activated 
sealant stored at room temperature (20 ± 2°C) imme-
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Fiu. ti. Sealant interface that had cured on etched enamel (SEM 
x 375. 

diately after activation and at daily intervals up to 14 
days after activation . They found that the activated 
resin could be used for up to 6 days (tensile bond 
strengths ranged from 82,79 kg cm-2 (8,12 MPa) to 
68,28 kg cm-2 (6,70 MPa). Young, Hussey and Ste
phen (1975) determined the tensile bond strengths of 
the ultraviolet light catalyzed resin to enamel surfa
ces etched with various concentrations of H3P04. They 
found that optimal bond strengths were obtained on 
enamel surfaces etched with 30 per cent H3P04 (171 
kgf cm- 2 = 16,8 MPa) and 50 per cent H 3P04 (165 kgf 
cm 2 = 16,2 MP a). The results of all these investiga
tions indicate the great variation in tensile bond 
strengths recorded for the 2 bis-GMA sealants under 
different experimental conditions. 

Testing the experimental specimens in tension does 
not necessarily duplicate in vivo forces encountered in 
the oral environment where components of shear and 
compression would be much more favourable to 
mechanical retentive forces than tensile loading (Lee 
et al, 1972) . 

Since the introduction of the concept of conditioning 
enamel surfaces to obtain increased bonding of dental 
materials to enamel by Buonocore (1955), numerous 
papers have been published on the effects of different 
etching agents on enamel surfaces, pits and fissures on 
occlusal surfaces and resin-etched enamel interfaces. 
Scanning electron microscopy has been used exten
sively in these· studies. These publications have been 
reviewed by Ferreira (1975) and Retief (1975). 

Acid etching produces a marked increase in enamel 
surface area available for bonding, decreases the free 
surface energy of the enamel surface thus allowing in
creased penetration of the curing resin into the micro
pores created in these surfaces. On polymerization of 
the resin, mechanical bonding is responsible for the in
creased retention of dental resins to etched enamel 
surfaces .. Surface characteristics produced by acidic 
conditioning agents include preferential etching of 
prism cores, selective etching of prism peripheries and 
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Fig. 9. Slight marginal leakage at the lingual aspect of the 
sealed occlusal surface of a mandibular molar (X 13). 

Fig. JI . Sealant penetration in the shallow central groove of 
a mandibular molar tooth (X8). 

Fig. 13 Complete sealant penetration in the distal pit and 
distobuccal groove of a mandibular molar was prevented by 
debris in the deeper regions of the pit and groove (X 13). 

Fig. 15. Severe marginal leakage at the sealant-unetched enamel 
interface on the occlusal surface of a mandibular molar tooth 
(X8) . 
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Fig. JO. Complete sealant penetration in the mesial pit of a 
mandibular molar tooth (Xl3). 

Fig. 12. Complete sealant penetration in the mesial groove of 
a maxillary molar tooth (X8). 

Fig. 14. Moderate dye penetration at the sealant-unetched enamel 
interface on the occlusal surface of a mandibular molar tooth 
(X13). 

Fig. 16. A sealed distolingual groove on a maxillary molar 
tooth with no marginal leakage (X 13). 
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pitted surfaces with no clear delineation of prism 
structure. The selective etching of prism cores was 
most commonly observed while the least common 
phenomenon was the absence of prism delineation in 
areas where the enamel prisms did not extend to the 
tooth surface. 
No references could be found in the literature relating 
to the etching of buccal and lingual grooves on the 
buccal and lingual aspects of molar teeth. The ab
sence of a definite etching pattern on the walls of the 
deeper parts of the grooves as seen in this study (Figs. 
2 and 3) was similar to that previously described for 
pits and fissures on occlusal surfaces of molar teeth 
(Gwinnett and Buonocore, 1972; Hinding and Sveen, 
1974; Ferreira , 1975). The superficial parts of the walls 
of the grooves showed a marked etching effect (Figs. 1 
and 2). The most common etching patterns observed 
on buccal surfaces of mandibular molars and lingual 
surfaces of maxillary molars were absence of prism de
lineation (Fig. 4) and preferential etching of prism 
peripheries (Fig. 5). In contrast to reports that selec
tive etching of prism cores was most commonly ob
served on other tooth surfaces, this etching pattern 
was only found in small isolated areas on the surfaces 
examined in this study (Fig. 6). Adequate resin pene
tration into the etched enamel surfaces occurred im
mediately adjacent to the buccal and lingual grooves 
(Figs. 7 and 8). The findings of Cons, Leske and Pol
lard (1976) are therefore surprising. They evaluated 
the sealant retention for different tooth sites on first 
permanent molars 3 years after the application of an 
ultraviolet light catalyzed resin and reported that 41,4 
per cent of the occlusal surfaces of mandibular molars 
were completely covered, the distolingual grooves of 
upper molars were completely covered in 21,9 per cent 
of cases, while the buccal pits in lower molars were 
completely sealed in only 2,5 per cent of the cases. 

Peterson, Phillips and Swartz ( 1966) recorded the 
temperature fluctuations on the labial surfaces of cen
tral incisors when hot coffee (60°C) and ice water 
(0°C) were drunk alternately . Under normal drinking 
conditions, the temperature on these tooth surfaces 
ranged from 15°C to 45°C. They found that an im
mersion time of 15 sec was adequate to ensure that the 
temperature change was transmitted through the re
sin. The extremes of temperature used in the present 
study (7° - 50°C) were more severe than would be en
countered in the oral environment. It was subjective
ly estimated that 200 temperature changes could oc
cur in the oral environment per day (Bishara, Khowas
sah and Oesterle, 1975). Calculated on this basis, the 
8,500 temperature cycles used in the present investi
gation could be equated to approximately 42 days of 
exposure in the oral environment. 

After temperature cycling, the sealed teeth were 
stored in a solution of the fluorescent dye at 37°C for 
at least 7 days . Slight dye penetration at the sealant
etched enamel interface was only observed in one of 
the serial sections (Fig. 9). The sealant penetrated to 
the full depth of the fissures (Fig . 10) or grooves (Figs. 
11 and 12). Marginal leakage occurred at all the sea
lant-unetched enamel interfaces (Figs. 14 and 15). 
Woody, Moffa and McCune (1972) assessed the leak
age of 4 pit and fissure sealants; an ultraviolet light 
catalyzed bis-GMA resin , a polyurethane sealant, a 
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cyanoacrylate resin and a zinc polycarboxylate ce
ment. They reported that all the materials failed to 
penetrate the full depths of the fissures and that, with 
the exception of the bis-GMA resin , all sealants failed 
to seal the occlusal fissures against microleakage after 
temperature cycling. 

The findings in the present investigations can be sum
marized as follows: the tensile bond strength of Del
ton Pit and Fissure Sealant to etched enamel surfaces 
is high ; the low viscosity sealant showed marked pene
tration into the etched enamel surfaces immediately 
adjacent to grooves on buccal and lingual surfaces and 
into the full depth of narrow fissures on occlusal sur
faces; the absence of microleakage at the sealant
etched enamel interfaces after severe temperature cy
cling procedures. Delton Pit and Fissure Sealant has 
the potential to perform well in clinical application . 
Limited clinical studies conducted by Brooks et al 
( 1976) with this material support this supposition. 
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Abstract 
The penetration coefficients (PC) and tensile bond 

stren!fths of two pit and fissure sealants and a low viscosity 
bonding resin were evaluated. The penetration coefficients 
of the resin systems were determined at 22°C . . Five 
determinations were done with each resin. Bonded test 
specimens were loaded to failure in the tensile mode in an 
Instron testing machine. Ten specimens were prepared with 
each resin system. The tensile bond strength of a resin was 
not dependent on the PC of the resin. 

Introduction 

The occlusal surfaces of newly erupted permanent 
teeth are particularly susceptible to decay.I More 
than 40% of all carious or filled surfaces in the perma
nent dentition occur on occlusal surfaces.2,3 The fluo
ridation of the public water supplies has resulted in a 
50% reduction in dental caries,4 but the reduction in 
caries prevalence is less evident on the occlusal sur
faces of permanent teeth.5.6 

The concept of protecting the caries-susceptible oc
clusal surfaces of teeth by means of pit and fissure 
sealants is accepted as an integral part of a compre
hensive caries preventive program. A single applica
tion of a sealant significantly reduced ca:tjes incidence 
five years after application.7,8 
- The effectiveness of pit and fissure sealants de
pends on the ability to penetrate into narrow fissures 
in tooth surfaces before hardening occurs.9 The reten
tion of a sealant, on the other hand, depends on its 
ability to penetrate into the microspaces produced in 
enamel surfaces by the etching agent.10 The resultant 
resin projections bond the cured resin mechanically to 
the etched enamel surfaces.u 

Several unfilled or filled sealants which are either 
chemically activated or polymerized by exposure to 
ultraviolet light are commercially available. An un-
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filled selfcuring Bis-GMA resin blended with 
dimethacrylate monomersa has recently become com
mercially available. The results of an in vitro study 
suggested that this sealant had the potential to per
form well in clinical application.12 This has been con
firmed in recent clinical investigations.13,14 

The retention of sealants is often also determined 
in clinical studies in which the effectiveness of seal
ants in reducing dental caries is evaluated. It is ex
tremely difficult to evaluate the extent of sealant loss 
when clear resin systems are used. A tinted sealantb 
has recently been introduced to overcome this prob
lem. This sealant is also a chemically activated Bis
GMA resin diluted with aliphatic diacrylates. Tita
nium dioxide has been added to one part (Resin A) of 
a two component low viscosity bonding resin system.c 
The retention of this sealant was excellent 24 months 
after application.15 

The purpose of this study was to determine the 
penetration coefficients and tensile bond strengths of 
the two pit and fissure sealants and the low viscosity 
bonding resin from which the one sealant is derived. 

Methods and Materials 

Penetration Coefficient The rate of penetration of 
a liquid under its own capillary force into an open, hori
zontal capillary tube can be derived from Poiseuille's 
equation:9 

dx 
dt 

y cos (J 
• 

r 

2x 
----- (1) 

8 DEL TON Pit and Fissure Sealant System, Johnson and Johnson, 
Dental Products Co., East Windsor, NJ 08520 

bcONCISE White Sealant System, Dental Products 3M Company, 
St. Paul, MN 55101 

"CONCISE Enamel Bond System, Dental Products 3M Company, 
St. Paul, MN 55101 
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where x = length of the liquid column at time t 
r = the radius of the capillary 
Y = the surface tension of the Liquid 
T/ = the viscosity of the liquid 
e = the contact angle of the liquid on the 
capillary wall 

Integration of equation (1) gives: 

x2 Y cos e e rt ----- (2) 

?:tJ 
Y cos e x2 

PC 
----- (3) 

2r, r.t 

The penetration coefficient (PC) of a resin can be 
calculated from the values of Y, f and 8.16 The deter
mination of these parameters is not easy and requires 
sophisticated instrumentation. 

As the PC is equal to the square of the distance 
penetrated into a horizontal capillary tube of unit ra
dius in unit time under capillary pressure (equation 3], 
the PC of a sealant can be obtained from the slope of 
the straight line of an "x2" vs. "t" plot.9 

PC slope 
r 

-----(4) 

The penetration coefficients were determined 
according to a method developed by Fan, et al.9 Five 
random sections were cut from a length of thick
walled capillary tube and the inside diameters of the 
sections measured with a traveling microscope.d The 
capillary tube was cut into 6-inch sections and cleaned 
in concentrated nitric acid overnight, washed well and 
dried. An aluminume reservoir was attached to the 
end of a capillary tube. The tube was taped to graph 
paper and placed in a horizontal position on a level 
table top. A resin system was mixed according to the 
manufacturer's instructions and introduced in the alu
minum reservoir. The distance "x" penetrated at time 
"t" was continually measured on the graph paper. The 
values of "x2" at different time intervals were plotted 
against "t". The points were distributed about a 
straight line (Figurt: 1). A regression analysis was per
formed to determine the slope of this line. Five calcu
lations were made for each sealant. The room temper
ature was 22°C. 

Tensile Bond Strength Sixty noncarious maxillary 
central incisor teeth were used in this part of the 
study. The crowns of the teeth were cut off and 

dGaertner Scientific Corp., Chicago 
8Pure Aluminum Heavy Duty Foil, S.S., Kresge Co., Troy, MI 

48084 

wedge-shaped grooves prepared on the lingual aspects 
of the crowns with a diamond disk. This procedure 
provided for the mechanical retention of the teeth in 
the embedding medium during the tensile testing 
procedure. 

The tensile bond strengths were determined by 
means of a test method developed by Kemper and 
Kilian.17 The crowns of the teeth were embedded in 
epoxy resin in the tooth specimen cups with the pol
ished facial surfaces projecting above the lip of the 
cup. The surfaces of 30 of the embedded teeth were 
machined in a lathe to produce circular pegs, 3.0 mm 
in diameter, projecting from the tooth surfaces. Final 
wet polishing of an embedded tooth surface and a 
tooth peg was done just prior to the preparation of a 
test specimen on 320, 400, and 600 silicon carbide disks 
respectively. During the polishing procedure the tooth 
cup was placed in a polishing block to ensure a planar 
enamel surface perpendicular to the direction in which 
the forces would be applied during testing. 

The enamel surfaces were etched for 60 seconds 
with the etching solutions supplied with the two seal
ants and bonding resin respectively. The etched sur
faces were washed in water and dried with oil-free 
compressed air. Two tooth cups were assembled in the 
bonding alignment block, a resin system mixed accord
ing to the manufacturer's instructions and applied to 
the enamel surface of the peg in the lower tooth cup. 
The upper tooth cup containing the embedded tooth 
was lowered until the two enamel surfaces made con
tact. The resin was allowed to cure at room tempera
ture for 15 min. under a load of one pound. The bond-
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Figure 1. Plots of "t" vs "x2•• for the three resin systems at 22°C 
(r = 0 .0279 cm). 
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unit was removed from the mounting block and im
mersed in distilled water at 37°C for 24 hours. Ten 
specimens were prepared with each of the sealants and 
bonding resin respectively . 

. The test specimens were mounted in the measure
ment alignment block which was suspended in the 
jaws of an Instronftesting machine. A tensile load was 
applied at a speed of 0.02 inch/min. and the force re
quired to break an experimental bond recorded. The 
tensile bond strength was calculated and expressed in 
MN1m2. 

Results 
The means (±SE) of the penetration coefficients of 

the two sealants and the bonding resin are given in 
Table 1. Students t-test was used to analyze the data. 
The PC of the Concise White Sealant System was sig
nificantly lower (P <0.001) than those of the other 
two resin systems while the PC of Delton Pit and Fis
sure Sealant was significantly greater (P<0.01) than 
the PC of Concise Enamel Bond. 

The means (±SE) of the tensile bond strengths of 
the three resins are given in Table 2. There were 
no significant differences among the tensile bond 
strengths of the resin systems (0.200<P<0.400). 

Discussion 
Examination of fractured test specimens by scan. 

ning electron microscopy revealed that the majority of 
the test specimens failed partly within the resin and 
at the interface (Figure 2). A higher magnification 
showed that air bubbles were distributed along the 
fracture line within the resin (Figure 3). Stress concen
trations could arise at these sites and be propagated 
along these voids during the application of the tensile 
stress. Test specimens will fail as a result of the well
known zipper effect.18 

J):nstron Corporation, Canton, MA 02021 

Table 1. Penetration coefficients (PC) of the resin systems 
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Resin 
System 

Delton Pit and 
FiBBure Sealant 

Concise Enamel 
Bond 

Concise White 
Sealant 
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Number of 
Specimens 

5 

5 

5 

Figure 2 . Photomicrograph of a fractured specimen showing failure 
partly with:n the resin and at the interface (SEM x25). 

Figure 3. Distribution af air bubbles in resin along line of fracture 

(SEM x500). 

PC 
cm/sec 

7.22 

6.40 

2.43 

±SE 
cm/sec 

0.10 

0.22 

0.10 

Coefficient of 
Variation% 

3.2 

7.8 

8.9 
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The test method used in this investigation reduces 
the introduction of forces other than tensile during 
the testing procedure. It is, however, impossible to 
eliminate these forces altogether. Air bubbles may be 
incorporated into the resin during the mixing of the 
two components of the resin systems. Stress concen,-' 
trations may arise at these sites during polymerization 
of the resins and may be propagated along the de
fects during the application of the tensile load result
ing in premature fracture of a test specimen. A slight 
malalignment of the test specimens in the bonding or 
measurement alignment blocks may introduce a shear 
component at the resin/enamel interface during the 
testing procedure. This may explain the relatively 
high coefficients of variation obtained in this study. 

In. this study the penetration coefficients were de
termined in horizontal glass capillary tubes which 
were open at one end. This situation does not pertain 
in the clinical situation where air may be entrapped in 
the narrow fissures on the occlusal surfaces. This will 
undoubtedly occur in the minute microspaces pro
duced in the enamel surface by the etching procedure. 
It was shown that trapped air in the fissures pre
vented further penetration of a sealant after equilib
rium was reached.10 This resulted in incomplete pene
tration even for sealants with high coefficients of 
penetration. Asmussen,16 however, stated that the en
tritpped air may dissolve in the resin as a result of the 
increased pressure created in a fissure by the resin 
inflow. 

Faust and his coworkersl9 evaluated the tag length 
or extent of penetration into etched enamel surf aces of 
orthodontic direct bonding cements. They reported 
that the tag length of a resin with a low penetration 
coefficient appeared to be less than the tag length of a 
resin with a high penetration coefficient. A major fac
tor which will determine the extent of resin penetra
tion into etched enamel surfaces is the etching pattern 

Table 2. Tensile bond strengths of the resin systems 

of the underlying enamel. The etching pattern varies 
tremendously not only from one tooth to another but 
also in adjacent areas of the same tooth.20,21 It is im
possible to determine the etching pattern in the 
underlying enamel prior to the evaluation of the tag 
length of a resin. 

The penetration coefficient of a resin is inversely 
related to the viscosity of the resin system [equation 
3]. Asmussen22 calculated the depth to which a given 
monomer will penetrate into the pores of an etched 
enamel surface. He concluded that for given penetra
tion times, complete penetration was obtained for 
monomers with viscosities below a certain value and 
that the depth of penetration decreased only slightly 
with viscosities above this critical value. 

Pit and fissure sealants are not indefinitely re
tained in the oral environment. It is not likely that 
decay will be initiated under an intact sealant, but 
caries susceptible sites from which sealant has been 
lost may become carious. It is therefore of extreme im
portance that sealant loss should be readily recogniz
able during clinical examination. The addition of tint
ing or coloring agents will greatly facilitate detection 
of these sites. In the present study the addition of the 
tinting agent to a low viscosity bonding resin resulted 
in a significant reduction of the PC of the bonding 
resin but had no significant adverse effect on the bond 
strength of the resin to etched enamel surfaces. There 
is no reason to believe that the clinical performance of 
sealants will be adversely affected by the addition of 
tinting agents. 

Conclusion 

The tensile bond strengths of the three resin sys
tems to etched enamel did not differ significantly 
despite significant differences among the penetration 
coefficients of the sealants. 

Resin 
System 

Number of 
Specimens 

Bond Strength 
MN"m-2 

±SE 
MN"m-2 

Coefficient of 
Variation % 

Delton Pit and 
Fi,ssure Sealant 

Concise Enamel 
Bond 

Concise White 
Sealant 

10 

10 

10 

10.18 0.44 

11.48 0.77 

11.16 0.78 

13.4 

21.l 

22.2 
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The penetration coefficient of a resin as determined 
in the present and other studies is of little clinical sig
nificance in predicting the extent of resin penetration 
into etched enamel. 

Dr. Retief is professor, department of biomaterials and Mr. Mal
lory is an undergraduate dental student, University of Alabama 
School of Dentistry, University Station, Birmingham, Alabama 
35294. Requests for reprints should be sent to Dr. Retief at that 
address. 
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Abstract 

The penetration coefficients (PCs) and tensile bond strengths of eight 

pit and fissure sealant materials were determined. The PC was tested at 

22°C with five samples of each resin evaluated. Bond strengths were 

established in a tensile mode using an Instron testing machine with ten 

specimens for each sealant. Despite considerable variation in the PC 

values, all of the sealants showed similar tensile bond strengths. 

Further, the filled sealants, which are very viscous, demonstrated similar 

bond strengths to the unfilled resins. 
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Introduction 

Epidemiological studies carried out in the 1930's and 1940's showed 

that nearly 100 per cent of individuals living in western populations 

suffered from dental caries.
1

•
2 

More recent studies have indicated that 

industrialized nations are showing a decrease in their caries incidence.
3 

Despite slight drops in the overall caries rates, tooth decay remains a 

major health problem in the United States and other industrialized 

. 3 countries. 

Longitudinal studies of pit and fissure caries have demonstrated the 

early onset and rapid rate at which occlusal decay occurs. Lewis and 

Hargreaves, in 1975, 4 found that 70 per cent of the first permanent 
' 

molars of subjects residing in a non-fluoridated area had pit and fissure 

decay within one year after emergence into the oral cavity. This study 

demonstrated the need for early treatment of all pit and fissure areas. 

King, 5 Shaw and Murray later found that 92 per cent of the first molars 

and 68 per cent of the second molars were decayed, missing or filled by the 

age of 15. Pits and fissures provide an excellent habitat for 

opportunistic cariogenic microorganisms while they do not usually provide 

adequate resistance to prevent caries initiation, thus, their caries 

susceptibility. 

The caries susceptibility of occlusal surfaces and the relative 

ineffectiveness of fluorides and mechanical plaque control to prevent their 

decay have led to new preventive methods. The technological development of 

dental resin systems has permitted mechanical obturation of pits and 

fissures for caries prevention. Clinical trials have demonstrated 

effective long term caries reductions with a number of different sealant 
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products. ' 

3 

The effectiveness of sealants depends on their ability to penetrate 

fissures before hardening thus producing a mechanical barrier for caries 

initiation. To produce bonding and retention, the sealant material must 

flow over the etched enamel surface and penetrate the micropores in the 

etched surface. Because of this intimate relationship it was felt by some 

investigators that the penetrativity of a sealant would effect its ability 

8 9 
to bond to enamel. ' Resin penetration, however, was found to be 

dependent on the underlying etch pattern, enamel wettability, and the 

• 1 I f • • • d f 1 • • 8 •9 
materia s sur ace tension, viscosity, an rate o po ymerization. 

The purpose of this in vitro investigation was to evaluate eight 

commercially available sealant materials. The parameters examined were the 

penetration coefficients (PCs) and tensile bond strengths. Scanning 

electron microscopy (SEM) was used to examine the fractured tensile bond 

strength specimens. 

Methods and Materials 

The eight sealants are commercially available Bis-GMA resins. Four of 

a b c d 
the sealants ' ' ' are chemically activated two component systems. Two 

e f 
of the sealants ' are polymerized by ultraviolet light and one of 

a. Delton Pit and Fissure Sealant System, Johnson and Johnson, Dental 
Products Co., East Windsor, NJ 08520. 

b. Delton Tinted Pit and Fissure Sealant System. 
c. Concise White Sealant System, Dental Products, 3M Company, St. Paul, 

MN 55101. 
d. Concise Enamel Bond System. 
e. Nuva Seal, L. D. Caulk Dental Products., Milford, DL 19963. 
f. Nuva Cote, L. D. Caulk. 
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thesef contains 64 per cent lithium aluminum silicate filler particles. 

Two new visible light activated systemsg,h were also examined. One of 

these materialsg is filled containing 64 per cent silicate particles. 10 

Penetration Coefficient 

The rate of penetration of a liquid under its own capillary force into 

an open, horizontal capillary tube can be derived from Poiseuille's 

equation. 9 The PC of a resin can be calculated from the surface 

tens ion of the resin (y ), the viscosity of the resin (n), and the contact 

angle of the resin on a capillary wall (8). The determination of the 

parameters y , n and 8 is difficult and requires sophisticated 

instrumentation. As the PC is equal to the square of the distance 

penetrated into a horizontal capillary tube of unit radius in unit time 

under capillary pressure, the PC of a sealant can be obtained from the 

slope of the straight line of the length of the liquid column squared 

(X2 ) vs. time (t). 9 

PC Slope 
r 

r = the radius of the capillary tube. 

Penetration coefficients were obtained for each sealant using a method 

9 
developed by Fan et al. The two filled sealants could not be tested due 

to their extreme viscosity. Sections of thick walled glass capillary tubes 

were cut into four inch lengths. The diameters were determined with a 

traveling microscopei and the tubes cleaned in concentrated nitric acid 

g. Prisma Shield, L. D. Caulk 
h. Visio Seal, Premier, Romano Drive, Norristown, PA 19401. 
i. Gaertner Scientific Corp., Chicago, IL. 
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overnight, washed and dried. An aluminum reservoir] was attached to the 

end of the tube and the entire apparatus was taped to graph paper on a 

horizontal surface. 

The sealants were placed in the reservoir with the two component 

systems having been mixed according to the manufacturers' instructions. 

The distance (x) penetrated in millimeters was measured and recorded 

directly on the graph paper at five second intervals (t). All the PC tests 

were conducted at room temperature (approximately 22°C). A straight line 

was produced by plotting time (t) in seconds on the horizontal axis and the 

values of distance squared (x 2 ) in centimeters on the vertical axis 

(Figure 1) • The slope was calculated by regression analysis and the PC of 

each sealant was determined using a derivation of Poiseuille's 

. 9 
equation. A computer generated random table was used to assure a 

random testing sequence with five PC values being determined for each 

material. 

Tensile Bond Strength 

The test method used for determining tensile bond strength was 

deve 1 oped by Kemper and Ki 1ian
11 

and modified by Retief and Mallory. 
12 

Extracted noncarious human permanent molars, which had been stored in 70 

per cent ethanol, were used. The crowns of the teeth were separated from 

the roots and shaped so that the mesial or distal surface could be oriented 

upwards in a specimen cup. Retention grooves were prepared on the occlusal 

and pulpal surface of each tooth. Epoxy resin was used to embed each crown 

j. Pure Aluminum Heavy Duty Foil, S.S. Kresge Co., Troy, MI 48084. 
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in a tooth specimen cup with the mesial or distal surface projecting above 

the lip of the cup. Half of the specimens were lathed on a machine to 

produce circular pegs two or three mm in diameter projecting from the tooth 

surface. The three mm pegs were used with the chemically and visible light 

activated systems. Due to the limited polymerization depth with 

ultraviolet light systems (±2mm), the smaller two mm pegs were used for 

these materials. Just prior to testing, each specimen was wet polished 

using 320, 400, and 600 silicon carbide discs, respectively. A polishing 

block was used to ensure a planar enamel surface which would be 

perpendicular to the direction of the applied tensile forces during 

testing. 

The enamel surfaces were conditioned for 60 seconds with the etching 

agent supplied by the manufacturers, rinsed thoroughly with water, and 

dried with oil free air. Two tooth cups were mounted in a bonding 

a 1 i g nm en t b 1 o ck to insure that the prepared ename 1 surfaces were aligned 

parallel to each other. The resin systems were used according to the 

manufacturers' instructions and applied to the conditioned enamel surface 

of the lower peg. The upper tooth cup was lowered so the conditioned 

ename 1 surface contacted the peg and any excess material was gently wiped 

away with a cotton pledget. A one pound load was placed on the specimen 

and polymerization allowed to progress for 15 minutes. Visible light 

materials were polymerized by directing the light from three different 

positions for one minute each. The ultraviolet light systems were given 

two minute exposures from thre~ different directions. Excessive light 

exposures were used to insure complete polymerization. The bonded unit was 

removed from the mounting block and immersed in water at 37°C for 24 hours 

to allow for further polymerization. 
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A specimen alignment block was used to mount the bonded specimen cups 

* in the jaws of an Instron testing machine. A cross head speed of 0.02 

inch/min. was used and the specimens were stressed to failure in the 

tensile mode. The force required to break the bond was recorded in pounds 

and the tensile bond strength calculated and expressed in MN/m
2

• Ten 

values were obtained for each material with the sequence for testing being 

derived from a computer generated random table. 

Results 

The means (±SD) of the penetration coefficients of the eight materials 

are presented in Table I. A one way analysis of variance was used to 

analyze the data accepting a p< 0.05 level of significance. The Delton 

materials had significantly higher PC values compared to the other products 

while Nuva Seal and Visio Seal had the lowest PC values (Figure 1). The 

Concise materials were in the middle range and were significantly different 

from each other. 

The means (±SD) of the tensile bond strengths are given in Table II. 

There were no significant differences among the tensile bond strengths of 

any of the eight materials at p< 0.05 using a one way analysis of variance. 

Examination of the fractured tensile bond specimens with SEM revealed 

that failure occurred at the enamel/resin interface, in the resin and in 

the enamel. None of the specimens examined had exclusively interfacial 

fracture between the resin and enamel (Figure 2). Enamel fractures were 

seen in a large number of specimens with wide variation in the extent of 

* Instron Corporation, Canton, MA 02021. 
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Resin System 

Delton 

Delton Tinted 

Concise Enamel 
Bond 

Concise White 
Sealant 

Nuva Seal 

Visio Seal 

TABLE I 

Penetration Coefficients of Six Sealant Materials 

Number of Specimens 

5 * 

5 * 

5 

5 

5 ** 
5 ** 

Mean 
PC 

cm/sec 

12.7 

12.2 

5.2 

3.4 

2.2 

1.6 

± 

± 

± 

± 

± 

± 

± SD 
cm/sec 

1.1 

0.5 

0.5 

0.2 

0.3 

0.2 

Coefficient of 
Variation % 

8.4 

3.7 

9.9 

6.9 

15.5 

10.5 

Means grouped consecutively by a similar number of asterisks (* or **) are not 
significantly different at p < 0.05. 

00 
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TABLE II 

Tensile Bond Strengths of Eight Sealant Materials 

Mean 
Bond Str2ngth ±SD Coefficient of 

Resin System Number of Specimens MN/m MN/m2 Variation % 

Delton 10 26.6 ± 8.9 33.4 

Del ton Tinted 10 27.5 ± 3.8 13.7 

Concise Enamel 
Bond 10 27.5 ± 6.8 24.8 

Concise White 
Sealant 10 27.6 ± 5.0 18.1 

Nuva Cote 10 26 .1 ± 6.0 23.1 

Nuva Seal 10 22.4 ± 8.5 37.8 

Prisma Shield 10 30.4 ± 7.3 23.9 

Visio Seal 10 29 .8 ± 8.5 28.7 

There were no significant differences in bond strengths among materials at p < 0.05. 

l.O 
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fracture. In many specimens there were only small fractures within the 

enamel involving a few prisms (Figure 3). In other specimens large 

fractures occurred in the enamel extending to the dentin-enamel junction or 

even into the dentin. Fracture of the sealant material was often 

associated with small air bubbles trapped in the sealant. The fracture 

front sometimes appeared to occur along a line of bubbles. Failure within 

the material or cohesive fracture produced linear wavelike patterns in the 

sealant which radiated from the area of material failure (Figure 4). 

Cohesive failure in the filled sealants produced rougher fractured 

surfaces. 

Discussion 

The penetration coefficients (PCs) of pit and fissure sealants 

obtained in this study were generally consistent with those reported 

. 1 9, 10 previous y. The Delton materials were found to have a slightly 

increased PC ( ± 12 cm/s) compared to values in the literature (7 to 9 

I ) 12,13 
cm s • The different sealants tested showed considerable variation 

in PC values ranging from the free flowing Delton (12.7 cm/s) to the rather 

viscous 'visio Seal (1.6 cm/s). However, all of the unfilled sealants 

tested had PCs above the 1.3 cm/s value which O'Brien et ai. 13 indicated 

could fill 93 per cent of a test fissure. Prisma Shield and Nuva Cote have 

filler particles making them quite viscous compared to any of the unfilled 

sealants. 

Comparison of the tinted sealants to their non-tinted counterparts 

revea 1 ed the affects on the PC by different tinting agents. Delton Tinted 

Sealant has an anatto vegetable dye tinting agent resulting in the 
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yellow-orange color of the material. Examination of the two Delton 

materials showed their PC values were not significantly different from each 

other indicating that the addition of the annato dye did not alter the PC 

of the material significantly. Concise White Sealant is tinted with 

titanium dioxide which produced a significant PC reduction when compared to 

Concise Enamel Bond. This PC reduction associated with the addition of 

12 
titanium dioxide corroborates the work of Retief and Mallory. 

The significant differences seen from one sealant product to the next 

result largely from variations in the diluent monomers which have been 

added to the Bis-GMA 
. 10 

resins. Diluents such as methyl methacrylate, 

triethylene glycol methacrylate, and bisphenol A dimethacrylate are used 

. b. . 10 alone or in com i.nati.on. These monomers are added to a mixture of the 

relatively viscous Bis-GMA resins to enhance their handling and application 

10 
for sealants. In addition to diluent composition and concentration, 

the addition of titanium dioxide as a tinting agent may affect the 

viscosity and PC of sealants. Other sealant components which might 

influence a sealants PC are filler particles, storage stabilizers, and 

1 
. . 10 

p asti.ci.zers. 

Determination of the tensile bond strengths revealed higher values (22 

to 30 MN/m 2 ) for the eight materials compared to earlier studies. Low et 

a1. 14 concluded that a tensile bond strength range of 2.4 to 3.4 MN/m2 

could be considered adequate for pit and fissure sealant retention. The 

high tensile bond strengths may reflect the ideal conditions under which 

the sealants were evaluated. The enamel was polished on 600 grit silicone 

carbide discs while acid etching and sealant placement were accomplished 

without risk of moisture or oil contamination. Wide variations between 
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this and previous studies demonstrate the dependence of bond strengths on 

the specific test system. Differences in the testing method, enamel 

structure, material handling, and storage time of the bonded units prior to 

eva 1 ua ti on may all affect bond strength. In the current study enamel was 

obtained from the approximal surfaces of permanent molars. Previous 

studies often utilized maxillary central incisors because of the flat 

labial surfaces.
12 

Diametral tensile strengths of sealants reported by Dennison and 

Powers
15 

were similar in magnitude to the tensile bond strengths 

determined in this study. The diametral tensile test essentially evaluates 

the force necessary to create cohesive fracture of the material in a 

tensile mode. It reflects the material's inherent strength. Comparison of 

diametral strengths and tensile bond strengths, from the literature, showed 

that the diametral strength was several times greater than the bond 

strength to etched 
12 15 

enamel. ' This implies that the material's 

strength is significantly greater than the enamel/resin bond strength. 

Bond strength values determined in the current study, however, were similar 

in magnitude (22 to to those reported for diametral tensile 

strengths (20 to 33 MN/m
2

) . 15 
Thus, our results indicate that the 

resin/ enamel bond was approaching or reaching the strength of the resin 

itself. This finding was corroborated by SEM analysis where none of the 

fractured tensile bond specimens failed exclusively at the resin/enamel 

interface. Areas of failure within the material were seen in every 

specimen examined. 

Prisma Shield, a filled sealant, produced the highest tensile bond 

strength despite being one of the more viscous materials. Nuva Cote, which 
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is also a filled resin, had a bond strength comparable to the other 

sealants. This supports the finding that filler particles will not prevent 

intimate contact between monomer resin and the etched enamel resulting in 

bonding. 16 Retief and Woods 17 demonstrated the ability of filled 

composites to produce adequate bond strengths without an intermediate low 

viscosity bonding resin. The presence of filler particles thus does not 

appear to hinder nor enhance the formation of a strong resin/enamel bond in 

filled sealants. 

SEM evaluation of the fractured tensile bond specimens confirms 

previous reports that failure may occur in the resin, enamel, at the resin/ 

enamel . f . b. . h f 18,19 inter ace or in any com ination t ereo • Al 1 of the 

specimens examined displayed at least interfacial and cohesive resin 

fa i 1 ur e with many having ename 1 fractures. The fractured tensile bond 

strength specimens from this laboratory study demonstrated similar modes of 

20 
failure as have been implicated in sealant loss clinically . The 

cohesive wave like fractures appeared quite similar to the patterns which 

occur 1 . . 11 20 c inica y. The extensive enamel fracturing that occurred in 

some specimens may be a result of the high tensile bond strengths and may 

also be related to the degree of enamel manipulation and desiccation. 

Large enamel fractures have not been described with the loss of sealants 

clinically. Cohesive sealant failure in vitro thus appears to reflect 

the modes of sealant failure in vivo. 

This study indicates that clinically the PC (flow properties) of a pit 

and fissure sealant may be of minimal concern. Thus, when selecting a 

sealant for clinical application the practitioners, should rather use 

criteria such as ease of application, tinted vs clear, and filled vs 
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unfilled. Variation in the flow properties of different commercial 

sealants appears to be an insignificant factor for achieving an adequate 

enamel/resin bond. 

Conclusion 

Although the penetration coefficients of eight sealant materials 

varied significantly there were no significant differences in the resins' 

tensile bond strengths to etched enamel. Similar tensile bond strengths 

were obtained regardless of the materials' PC value or presence of filler 

particles. Al 1 of the commercial sealants evaluated had flow properties 

adequate for producing a strong enamel/resin bond. 

This work was supported by USPHS Research Grant 5 T32 DE07026-06 from the 

National Institute of Dental Research, National Institute of Health, 

Bethesda, MD 20205. 
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Fig. 1. The sea1ant penetration coefficients are graphically represented 
by an X vs t plot. 
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Fig. 2 . SEM shows the complex sealant fracture patterns involving interfacial 
(I) and co hesive (C) failure (500 X). 
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Fig. 3. Failure in the tensile bond specimens often involved small area$ 
of enamel (E) (SEM 800 X). 
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Fig. 4. Cohesive failure produced wave like radiations extending from the 
fracture sites (SEM 750 X). 

http://etd.uwc.ac.za/ 
 



B. CLINICAL STUDIES 

SUMMARY 

The dental caries experience and the sugar intake in South African 

schoolchildren of 16 to 17 years in four ethnic groups were determined 

(#22). Between population groups an increased sugar intake was associated 

with increased caries prevalence. This, however, was not observed within 

population groups. 

The modified ename 1 biopsy pr oc e dur e which was developed in our 

laboratory Ufo2) was utilized in several clinical studies. It has been 

suggested that the topical application of fluorides by means of an 

iontophoretic technique would result in an increased fluoride uptake. This 

could not be confirmed 1n a clinical study (ffo23). A sealant was marketed 

and it was claimed that the sealant, when used in conjunction with topical 

fluoride application, would result in increased enamel fluoride uptake. 

This claim could not be substantiated in a clinical study (ffo24) and the 

sealant was subsequently withdrawn from the market. The relationship among 

caries pr eva 1 ence, enamel fluoride concentration and degree of fluorosis 

was determined in several clinical studies. In the first of three studies 

the relationship among these parameters was determined in Black school

c hi 1 d re n residing in an area with high levels of fluoride in the drinking 

water Ufo25). A significant correlation was established between enamel 

fluoride concentration and degree of fluorosis but not among the other 

parameters. The study was extended and an attempt was made to establish 

the relationship among the parameters enamel fluoride concentration, degree 

of fluorosis and caries prevalence in Black schoolchildren residing in 

areas with low and with high fluoride concentrations in the drinking 
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water Ui26). No significant correlations among these parameters were 

established. The caries prevalence between the two population groups were 

not significantly different. The fluoride in the drinking water had no 

caries inhibitory effect in this population group with an extremely low 

caries prevalence. The clinical studies were continued in an area with 3.2 

ppm F in the drinking water. The modified acid etch biopsy procedure Ui2) 

was used to obtain enamel samples for fluoride analysis. The relationship 

among the parameters enamel fluoride concentration, degree of fluorosis and 

caries prevalence was determined. In the study conducted in a Coloured 

residential area, a positive association among the three parameters were 

established (# 27). Not only did the degree of fluorosis increase with 

enamel fluoride concentration, but caries prevalence also increased 

significantly. These findings suggest that there is an optimal water 

fluoride concentration beyond which caries prevalence will increase. In 

the last clinical study the relationship among the three parameters were 

determined in White schoolchildren residing in the same geographical area 

as in the previous study Ui28). A positive correlation between enamel 

fluoride concentration and degree of fluorosis was established. Many of 

the White schoolchildren were not exposed continually to drinking water 

containing 3.2 ppm F. 
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Reprinted from BRITISH DENTAL JOURNAL, 
Vol. 138, No. 12, pp. 463-469, June 17, 1975 

DENTAL CARIES AND SUGAR INTAKE_ IN 
SOUTH AFRICAN PUPILS OF 16 TO 17 YEARS 

IN FOUR ETHNIC GROUPS 
Brit. dent. J., l9iS, 138, 463. D. H. RETIEF1, M.SC., B.D.S. 
Carbohydrates; Dental Caries; Dental Health Surveys; Ethnic Groups. P. E. CLEATON-JONES1, M.B., B.CH., B.D.S. 

A. R. P. WALKER2, o.sc.. 

DMFf (decayed-missing-filled teeth) score, using probe and mirror, and sugar intake, by question- . 
naire, were assessed in urban pupils of 16 to 17 years in 4 Sauth. -African ethnic groups-negro, · , 
coloured, Indian, and white. Studies were also made on negro pupils in a rural area. The teeth 
of urban negroes were excellent .in spite .of a relatively high total sugar intake. Moreover, among 
females, in the lower third with- respect to sugar intake, sugar consumptions were roughly of 
the same order in the different ethnic groups; yet mean DMFf scores varied widely, from 0·9 
in rural negroes to 11 ·6 in white pupils. In comparison with past 'observations, the expected marked 
rise in caries prevalence of urban negroes has not occurred. While findings do not, of course, 
imply that level of sugar intake is unimportant, they indicate that total sugar intake is not the 
sole nor necessarily the principal cariogenic component in modem diets. 

IT is a common observation that there has 
been, or is, a deterioration in teeth (I) in our
selves compared with our ancestors 3 or 4 
generations ago; (2) in urban compared with 
rural dwellers, especially among developing 
populations, and (3) in developing populations, 
in emigrants to western countries compared 
with non-emigrants. Obviously, changes in 
diet are almost exclusively responsible. Of 
the changes, the increase in consumption of 
refined carbohydrate foods has been accorded 
almost total blame. Many go further and regard 

!Dental Research Unit of the South African Medical Research 
Council and the University of the Witwatersrand, Johannesbura. 
2South African Medical Research Council Human Biochemistry 
Research Unit, South African Institute for Medical Research, 
Johannesbura, South Africa. 

the increase in sugar intake as carrying principal 
responsibility (Newbrun, 1967; Yudkin, 1972; 
Cleave, 1974; Eastwood et al., 1974). It is 
widely held, or implied, that a reduction in 
the intake of total sugar or of sugar containing 
foods, especially when eaten between meals, 
is likely to decrease considerably the prevalence 
of dental caries (WHO, 1972). Nevertheless, 
the results of some studies (King, 1940; Cathcart 
and Murray, 1940; King et al., 1955; Zita 
et al., 1959; Wandelt, 1968) have questioned 
whether the mechanism is one of simple cause 
and effect, so that, as Jackson (1974) has 
emphasised, the precise responsibility of sugar 
in causing or in promoting dental caries in 
humans, remains controversial. 
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Specifically, the salient epidemiological 
question that requires answering is-are pop~la
tion segments accustomed to the consumption 
of large amounts of sugar or sugar-containing 
foods, more prone to dental caries than those 
used to lower consumptions? 

To throw light on the problem DMFT 
scores and sugar intake were estimated in 
senior pupils, aged 16 to 17 years, in four 
South African populations-negro, coloured, 
Indian and white. The two specific questions 
posed were: 
(I) In Johannesburg, previous studies on senior 
school children in the four ethnic groups have 
shown that in urban areas mean sugar intakes 
are relatively high (Walker et al., 1971a); 
do similar intakes of sugar in the different 
ethnic groups evoke similar prevalences of 
dental caries ? 
(2) In South Africa; studies undertaken about 
4 decades ago by Staz (1938) ·indicated that 
the teeth of urban negroes, from westernisation 
of diet, were already inferior to those of rural 
negroes. Has the dental caries situation become 
worse since that time? 

Subjects and Methods 
Subjects 
The pupils studied included all, in the particular 
schools, who were 16 or 17 years of age. There 
was no selection of subjects. The numbers 
in each sex-ethnic group ranged from 38 to 
87. 
Negroes: Rural. The high school was situated 
at Mabieskraal, 120 miles west of Johannesburg, 
in a sparsely populated region. 
Negroes: Urban. Pupils in two high schools 
were studied (I) Madibane and (2) Morris 
Isaacson. Both are situated in Soweto, a negro 
township of three-quarter million inhabit~nts, 
adjacent to Johannesburg. 95 per cent of pupils at 
these 2 schools were born in Soweto; 98 per cent 
received their schooling in Soweto. 
Coloureds (Euro-African-Malay). Pupils attended 
Coronationville High School, Johannesburg. 
Indians. Pupils attended Nirvana High School, 
Lenasia, Johannesburg. 
Whites. Pupils of mixed social classes attended 
Sir John Adamson High School, Johannesburg. 

All urban populations studied consumed 
piped drinking water from the same source 
which contained a yearly average of 0·2 ppm 
fluoride. In the rural region, the water was 
from subterranean sources with a mean fluoride 
concentration of O· I ppm. 

Methods 
Sugar Intake Assessment. The sugar intake 

questionnaire employed, which was put forward 
by Yudkin and Roddy (1964) and · amended 
by Bett et al. (1967), is given in appendix A. 

The questionnaire has been · found to give 
repeatable results (Walker et al., 1971b). For 
example, in one population of 50 pupils studied 
initially, and again after 3 months, mean 
sugar intakes were 85 ±2 g (S.E.M.) anw 
82 ±3 g (S.E.M.). Attention is drawn to a 
Medical Research Council (1970) investigation 
bearing on the relationship between sugar 
intake and coronary heart disease, in which 
the above questionnaire was used. It was stated 
that 'information about sugar consumption 
is much more exact than that which can be 
obtained for protein, fat, and other dietary 
components.' It may be added that Hegsted 
(1973), in · a contribution on 'Nutritional 
Surveillance in the U.S.A.,' stated 'dietary 
histories cannot be taken accurately enough 
to reflect the usual intake of individuals, however 
they are done. . . . It is my conviction that 
dietary · histories give reasonable estimates 
of the intake of groups of people, and this is 
true whether one uses relatively inaccurate 
24-hour recall data or more sophisticated and 
presumably more accurate measures.' . 

The diet consumed by the · 'different ethnic 
groups has· ·been described elsewhere · (Walker, 
1966). Broadly, the rural negroes were consuming 
their traditional diet, based on whole or lightly 
milled cereal products;· In the urban groups 
there was progressive elaboration of diet, ·from 
urban negroes, coloureds, Indians, to whites. 
The trend was toward increasing consumptions 
of animal protein and fat, and refined carbo
hydrate · foods, principally white bread and 
sugar. 
Dental Caries Assessment. All subjects were 
observed in good natural light using a mouth 
mirror and sharp dental probe. The teeth were 
systematically examined and the obvious caries 
recorded. Any pit or fissure in which the probe 
stuck was recorded as carious (Staz, 1938). 
Teeth lost . owing . to trauma or extracted as 
part of orthodontic treatment were not incl.uded 
in the DMFT scores. Pupils we~e examined 
by 2 dentally qualified observers. To obviate 
bias in scoring, each . recorder studied alternate 
pupils, as they presented themselves. 
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Data on mean DMFT scores and sugar 
intakes, and the respective standard errors 
of the means, in pupils, males · and females, 
in four South African ethnic groups are given 
in Table I. 

Data on mean DMFT scores and sugar 
intakes, and the respective standard . errors 
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of the means, in upper and lower thirds of 
sugar intake in male and female pupils · in 
the four ethnic groups are given in· Tables 
II and III. 
T ABLE 1.- MEAN DATA ON THE D l!NTAL CARIES SITUATIONS AND 
TOTAL DAILY SUGAR INTAKE AND STANDARD ERRORS OF MEANS, 

OF SCHOOL PUPILS IN FOUR SOUTH AFRICAN ETHNIC GROUPS . 
Rural Urban 
negro negro Coloured Indian White 

(1) (2) 
Males No 64 68 67 41 41 54 

D M FT 1 ·2 1·6 2 ·6. 6·4 6·1 8·9 
S.E.M . 0·3 0·3 0·3 0·6 0 ·6 0·7 
per cent 
caries-free 56·3 50·0 28 ·8 7·3 7·3 5·6 
sugar intake g 79 78 105 118 123 153 
S.E.M. 3·4 3·8 4 ·8 8·4 11'1 9·7 

Females N o 87 67 62 47 38 50 
D MFT 1 ·2 . 2·1 2-1 5·3 9 ·4 11'1 
S.E.M . 0·2 0·3 0 ·3 0·7 0·8 0·7 
per cent 
caries-free 1 64 ·4 23-9 29·0 14·9 2·6 2·0 
sugar intake g 79 75 99 117 76 116 
S.E .M . 3·1 3·6 4·9 . 8·8 6·6 12·9 

TABLE 11.- M EAN DATA ON THE D ENTAL CARIES SITUATION IN THE 
U PPER AND LoWER THIRDS, WITH R ESPECT TO DAILY SuGAR INTAKE 
WITH STANDARD ERRORS OF MEANS, IN MALE PUPILS IN "FouR SOUTH 

AFRICAN ETHNIC GROUPS 
.Rural Urban 
negro negro Coloured Indian White 

Upper third 
(I) (2) 

No 21 23 22 14 14 18 
DMFT M 1 ·4 2·8 5·9 6·1 9 ·4 
S.E.M . 0·9 0·4 0·5 0·7 1 ·3 1·1 
per cent 

52·4 52·2 caries-free 27'3 0 7'1 0 
sugar intake g 115 115 160 178 206 233 
S.E.M . 4·1 3-8 5·5 8·4 13-9 12·4 

Lower third 
N o 21 23 21 14 14 18 
DMFT 0·7 1 ·9 2 ·4 5·9 6·2 8·4 
S.E.M. 0 ·2 0 ·6 0·7 1'3 1'1 1-3 
per cent 
caries-free 61 ·9 47·8 33'3 14·3 7'1 5·6 
sugar intake g 45 45 . 57 63 57 83 
S.E.M. 3·0 2·4 3·8 4·7 4 ·4 5-8 

·.1. 

T ABLE. 111.- MEAN DATA ON THE D ENTAL CARIES S1;ruATIONS IN 
THE UPPER AND LoWER THIRDS, WITH RESPECT TO DAILY SUGAR 
INTAKE, WITH STANDARD ERRORS OF M EANS, IN FEMALE PUPILS IN 

FOUR SOUTH AFRICAN ETHNIC GROUPS 
Rural Urban 
negro negro Coloured Indian White 

(I) 
Upper third 

(2) 

No 29 22 31 16 13 17 
DMFT 1'3 2·4 2 ·5 5-8 10·5 11·2 
S.E.M. 0·6 0·6 0·7 1'3 1 ·2 1·1 
per cent 
caries-free 65 ·5 18·2 22 ·6 0 0 0 
sugar intake g 88 108 141 181 117 213 
S.E.M. 2·7 4 ·9 8·0 14·3 11 ·4 22 ·7 

Lower third 
No 29 22 30 16 13 17 
DMFT 0·9 1-6 1'8 4 ·4 10·1 11 ·6 
S.E .M . 0·3 0 ·4 0·5 1'3 1 ·4 1-5 
per cent ' 
caries-free 69·0 31 ·8 33'3 33'3 0 5·9 
sugar intake g 40 47 63 62 42 43 
S.E .M . 2-1 1-6 3-5 4·3 4 ·6 4 ·8 

Results 
Rural negroes had the best teeth; mean DMFT 
scores for males and females were 1 ·2 and 
1 ·2; 56·3 per cent and 64·4 per cent were free 
from caries (Table> I). These data are significantly 
superior (P<0·05) to those of the urban negroes, 
whose corresponding data were 2·1 and 2 · l, 
and 39·4 per cent and 26·5 per cent, for . males 
and females, respectively, data on both ·"schools 
being combined. Urban white pupils in 
Johannesburg had the worst teeth; mean DMFT 
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scores for males and females were 8 ·9 and 11 · 1 ; 
5·6 per cent and 2·0 per cent, respectively, 
were free from caries. 

In the different ethnic groups in urban 
areas, mean daily sugar intakes ranged from 
78 g and 7 5 g for negro males and females 
in school 1, to 153 g and 116 g for white males 
and-females, respectively (Table I). Yet, ethnic 
groups whose sugar intakes did not differ 
significantly (P>0·05) had caries prevalences 
which were significantly different (P<O·Ol). 
For example, in urban negro males in school 
2 compared with coloured males, corresponding 
sugar intakes were 105 g and 118 g respectively; 
DMFT scores were 2·6 and 6·4. Further, in 
urban negro females in school 1 and Indian 
females, corresponding sugar intakes were 
75 g and 76 g; respective DMFT scores were 
2·1and9·4. 

In each ethnic group examined, subdivided 
into males and females (Tables II and III), 
the mean D MFT score of the higher consuming 
upper third compared with the lower third, 
in respect of sugar intake, was not significantly 
greater (P>0·05). Table III reveals that females 
in the lower third of intake in the different 
ethnic groups consumed similar amounts of 
sugar. The mean amounts consumed by rural 
negroes and urban Indians and whites, did 
not differ significantly (P>0·05). Yet the DMFT 
scores in these groups were widely different, 
varying from 0·9 in the case of the rural negroes 
to 10· 1 arid 11 ·6 for the urban Indians and 
whites, respectively. 

Discussion 
Dental Caries and Sugar Intake 
Negroes. There is considerable evidence that 
primitive and developing populations, especially 
in rural areas, have excellent teeth, with low 
D MFT scores and very high percentages who 
are caries-free. Examples in Africa are Bushmen 
(Clement et al., 1954; de Jager, 1965); Nigerians 
dwelling in villages (Tabra, 1962), and Zambians 
in rural areas (Desai, 1973). With westernisation 
of diet, it is usual for the prevalence of caries 
to increase, sometimes rapidly. This has been 
noticed in diverse regions, for example, in 
U.S.A. among groups of Eskimos (Curzon 
and Curzon, 1970; Mayhall et al., 1970); in 
India (Mathew et al., 1970); Nigeria (Sheiham, 
1967); Ghana (Richardson, 1961), and South 
Africa (Staz, 1938). Deterioration has also 
been noted among white school children, 
accompanying elaboration of diet, as in the 
Island of Lewis between 1938 and the present 
time (King, 1940; Cathcart and Murray, 1940; 
Burman, 1964; Hargreaves, 1972). http://etd.uwc.ac.za/ 

 



Among negroes in South Africa to what 
extent has the caries situation become ·worse? 
Early observers such as Brown {1924), Lennox 
(1933), Shaw and Friel {1932), drew attention 
to the excellent teeth of negroes in rural areas 
when consuming their indigenous diet, and 
to a higher prevalence of caries in urban negroes 
when consuming a partially westernised diet. 
In 1935, Oranje et al. described their observations 
on South African negroes aged mainly 18 
to 25 years, i.e. a few years older than the 
pupils in the present study. In groups of mine
workers, they found the average number of 
carious teeth per mouth to be 1 · 14 among 
those who used sugar occasionally or not at 
all (less than 20 g per diem) and 1 ·48 among 
those who consumed larger but unspecified 
amounts of sugar; they noted that 72 per cent 
and 52 per cent, respectively, were caries-free. 
In primitive Xhosa mineworkers, corresponding 
data were 2·3 and 2·2, and 65 per cent and 
45 per cent, respectively. The differentials 
were small between carious teeth per mouth 
in regular and less regular sugar users. In 1938, 
Staz carried out a comprehensive investigation 
on dental caries in South African young subjects, 
aged 15 to 30 years, both negroes and whites. 
He found that the average number of carious 
teeth per mouth was 0·71 in primitive negroes, 
4·39 in urban negroes, and 14·97 in whites. 
This study, undertaken almost 40 years ago, 
revealed caries rates in urban negroes not 
necessarily higher than those noted by the 
authors, owing to the far wider age range of 
the subjects investigated. Understandably it 
was therefore unexpected that our urban negro 
high school pupils would still have excellent 
teeth, bearing in mind that their lives differ 
from those of most of their non-high school 
contemporaries, and certainly differ greatly 
from those of pupils in the past. A salient question 
is-among urban negroes, how rapid has been 
the rise in sugar intake? Specifically, have 
the particular groups of populations studied 
been exposed to relatively high intakes of 
sugar for several years? The answer is that 
a progressive rise in intake has been occurring 
for decades. As an example of change, in males 
in school 2, mean sµgar intakes in 1967 and 
1973 were 93 and 105 g, respectively. Further
more, among total pupils in the school, the 
same pattern of rise in intake up to 19 years 
of age was found, and a fall thereafter as was 
reported by Yudkin {1972) in his observations 
made on young people in London. Thus, 
the expected further deterioration of teeth 
in this population, who live in the most highly 
urbanised region in Africa, has not yet occurred, 
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despite consumption of a diet relatively high 
in total sugar intake and in the consumption 
of increasingly refined cereal products. · 

Is there evidence that there may be ethnic 
differences in proneness to caries, or to the 
response to a given dietary pattern, or to 
changes in diet? A good deal of evidence 
indicates that there are differences. In numerous 
studies made in the United States, prevalences 
of caries have been found to be lower in negro 
compared with white children; indeed, in 
some studies the former sometimes had only 
half of the caries prevalences found in the latter. 
In a major study undertaken on 'Decayed, 
Missing, and Filled Teeth in Adults, United 
States-1960-1962,' the youngest group studied 
was 18 to 24 years (Kelly et al., 1967). The 
total DMF teeth in dentulous segments of 
this population were as follows: white males, 
14· 1; white females, 14·8; negro males, 8· 1; 
negro females, 9·2. Caries scores were greater 
in higher income groups and in those with 
greater education. Scores were about one 
DMF unit higher in those dwelling in urban 
compared with rural areas (Kelly et al., 1967). 
A differential of this order between white and 
negro girls of 13 to 14 years was also reported 
to prevail in London (Downer, 1970); the same 
observation was made in a survey undertaken 
in Liverpool (Varley and Goose, 1971). It 
is interesting to note that in a recent investigation 
carried out in Miami, U.S.A., the group of 
negro boys studied were stated to eat more 
sweets and consume a diet 'of greater caries 
conducive potential' than white boys; yet 
the teeth of the negroes had less caries than 
those of the white children (Littleton et al., 
1970). In one study, however, based on observa
tions made in Michigan (Bagramian and 
Russell, 1971), dental caries prevalence was 
reported to be much the same in negroes and 
whites. 

It may be speculated that the apparent lower 
proneness of negroes, compared with whites, 
to dental caries, may be part of a general more 
satisfactory calcification picture, other facets 
of which are their lower proneness as to osteo
porosis (Smith and Rizek, 1966; Dent et al., 
1968) and to femoral fractures (Solomon, 
1968; Walker et al., l911a, b). 

The findings in the present investigation 
on negroes have already been summarised. 
The salient observation was that intakes of 105 g 
and 99 g sugar per diem by urban negro males 
and females in school 2 were associated with 
mean D MFT scores of 2 ·6 and 2 ·I, i.e. very 
low D MFf scores prevail in spite of high 
intakes of sugar. 
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Indians. In India, few data arc available on 
DMFT scores of groups of young people in 
contrasting dietary or regional situations. 
Mathew et al. (1970) studied children up to 
.12 years and noted caries to be worse in non
vegetarians than in vegetarians, in urban 
than in rural areas, and to increase in prevalence 
with a rise in stam4rd of Jiving. In London, 
studies on a small group of Indian students 
aged 23 to 24 years revealed a DMFT score 
of 4·7, a figure much lower than the mean 
value given for whites, namely, 15·0 (Curson 
and Manson, 0 1965). Among South African 
Indian pupils in Johannesburg, mean daily 
intakes of sugar for males and f cmales, respec
tively, . 123 g and 76 g, were Jess than those 
of white males and females, 153 g and 116 g; 
the corresponding DMFT scores were 6·1 
and 9·4, for Indian males and females, and 
8·9 and 11 ·1, for white males and females, 
respectively. 
Colourf!ds (Euro-African-Malay). As far as we 
are aware, no previous studies have been 
made on caries prevalence in this population 
in the Transvaal. Mean sugar intakes of coloured 
and white males were 118 and 153 g; mean 
DMFT scores were 6·5 and 8·7 respectively; 
yet, although the sugar intakes of the coloured 
and white females were the same, 117 g and 
116 g, DMFT scores were widely different, 
5·3 compared with 11 ·1 (P<O·Ol). 
Whites. The rise in the prevalence of dental 
caries in Britain has been outlined historically 
(Hardwick, 1960; Jackson, 1974). As late as 
a few decades ago there were isolated popula
tions of school children who had excellent 
teeth. In 1940, King reported the results of 
his examinations on rural children of 13 to 
15 years in the Island of Lewis: he obtained 
a mean DMF score of 2·2, and found 31 ·5 
per cent to be free from caries. These data are 
closely similar to our figures for negro high 
school pupils in Johannesburg. Yet near by 
to Lewis, in Stornaway in the Hebrides, King 
found urban children of 13 to 15 years to have 
a DMF score of 5· l: only 11 ·8 per cent were 
free from caries. As comparisons, he gave 
data on children in London and Sheffield who 
had mean DMF scores of 6·7 and 6·8, respec
tively; 3 ·4 per cent and 3 · 3 per cent were free 
from caries. The DMF figures for pupils in 
these cities in 1940 are lower than those of 
slightly older white male and fem ale pupils 
in Johannesburg who had mean DMFT scores 
of 8 ·9 and 11 · 1 respectively; 5 ·6 and 2 ·O per 
cent were free from caries. Comparative DMF 
data reported for other white populations 
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(males and females combined) ranged from 
10·0 to 13·3 (Jackson, 1974). 

A point · of considerable interest in the 
investigations of King (1940) and of Cathcart 
and Murray (1940) who collaborated in inquiring 
into the composition of the diets consumed, 
is that the sugar intake in the f am.ilies of the 
rural school children in the Island of Lewis 
was about 120 g per man-unit. Orthodoxly, 
children of 13 to 15 years are regarded as 0·8 
of a man-unit. This renders their proportional 
intake of sugar to be about 96 g per diem. 
But, since Yudkin (1972) has shown (and our 
own studies have adequately confirmed his 
findings) that children of the above age consume 
much more sugar than adults, it would seem 
legitimate to accept that the sugar intake of 
the pupils was at least 120 g per diem. Recent 
mean total sugar intakes for school children 
of 15 to 19 years in London have been given 
by Yudkin (1972) as 156 g for boys and 96 g 
for girls; the mean value being about 126 g. 
These intakes are much the same as those 
found by us for white pupils in Johannesburg, 
namely, 153 g for boys and 116 g for girls, 
with a mean of 134 g. It is therefore clear, 
that sugar intakes of the same order, as with 
the children in Lewis compared · with those 
of white children in Johannesburg, may be 
associated with grossly different DMFT scores 
and percentages of children who are caries-free. 

It is important to point out that recent 
changes in diet, additional to rise in sugar 
intake, have occurred in the Island of Lewis, 
and have resulted in a pattern off ood consump
tion which is stated to be no different from 
that in the rest of Britain (Burman, 1964); 
observations have revealed that the teeth 
of the children have considerably deteriorated 
(Hargreaves, 1972). 

Dental Caries Situations in Low and High Sugar 
Consuming Segments of Ethnic Groups 
Table II reveals that the dental caries situations 
in segments of boys on the much lower sugar 
intake were slightly, although not consistently, 
superior to those on the much higher sugar 
intake. The greatest superiority prevailed in 
the white males, among whom respective 
DMFT data of the lower and higher sugar 
consumers were 8·4 and 9·4, and among whom 
prevalences of caries-free teeth were 5·6 pet 
cent and 0 per cent. 

In the case of the segments of females, the 
superiority of the low tompared with the big~ 
sugar consumers was much Jess pronounced 
The greatest contrast was provided by the 
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coloilre<h·.:females among whom the low and 
high sugar consuming segments had D MFT 
a~d caries-free data ef 4·4-:.and 5·8, and 33·3 
pet; ~t;tt and O,per cent, respectively. Attention 
is again drawn to the fact that in the low sugar
consuming segments of the females in the 
ditfe~nt ethnic groups, the mean i_ntak~s of 
sugar are roughly of the same order; yet, as 
already emphasised, they are consistent with 
widely different DMFT scores and caries-free 
percentages, ranging fi:o.m 0·9 to 11 ·6, and 
46·0 per cent to 0 per cent, respectively. 

Conclusion 
The dental caries· situation with the white 
high school pupils · studied was apptoximately 
as expected, and resembled that of present-day 
white children elsewhere. Again, the ·· data 
on the rural negroes was as expected. We were, 
however, · surprised · that the caries position 
of the utban negro high school pupils remained 
excellent,· despite· a large measure of westernis
ation of diet, ·· including a relatively high total 
sugar intake. Admittedly the ·numbers of pupils 
studied · in the different ethnic groups were 
small. We do' not think, however, bearing in 
mind the representative character of our groups, 
that inspection of far larger numbers would 
significantly modify the general findings and 
the discussion of their implications. · 

As already indicated, a relatively high sugar 
intake by negro groups in an urban area is 
consistent with their having a very low caries 
score. An analogous situation prevailed in 
the Island of Lewis in 1938. Another aspect 
of . the subject to be taken into reckoning is 
that a reduction in dental caries occurred in 
children in several European countries during 
Wodd War II, and 'the decre~se, except in 
the case of Germany, was associated, inter 
alia, with a. fall in sugar con~umption (YI andelt, 
1968). However, the fall'": in caries rat~ , in 
Germany occurred despite the fact that the 
consumption of sugar · and sugar-containing 
foods rose( significantly during the war period. 
Additionally, account must also be taken of 
the ·results of numerous studies which have 
shown only small differentials in DMFT to 
prevail between groups of children on Jiigher 
and lower intakes of sugar and sugar-containing 
foods (King et al., 1955; Zita et al., 1959; 
Fanning et al.; 1969; Mansbridge, 1960; 
Dunning and Hodge, 1971; Palmer, 1971). 
Of course, none of the information that has 
been given implies thab level of intake of these 
foodstuffs is unimportant. But it is apparent 
that in the· ·various contexts considered, the 

intake of sugar and sugar-containing foodstuffs 
was not the critical influencing factor. ·· · · 

In further investigations, endeavours'S :.. will 
be made to elucidate to what extent prevalences 
of caries in the different South African ethnic 
groups are influenced by rise in privilege, by 
frequency of consumption of sticky carbo
hydrate foods, and also of foods high in crude 
fibre. Additionally, information will be sought 
on the bearing of frequency and manner of 
cleaning teeth. · 
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APJ>ENDIX A 
Dietary questionnaire 
Name ................................................ Age ........ . 
If your weight has increased in the last few years, are 
you making a serious effort to check or decrease it? 
Yes/No . 
If 'Yes' are you restricting sweet or sugary foods, or 
sugar? ..... . 
If you are on a special diet now why are you on this 
diet? 
How long have you been on this diet? . . . . . . . . . 
Have you ever been on any other special diet'? Yes/No 
If 'Yes' Why were you on this diet? ..... . 
Approximately when did you start this diet? ..... . 
How long did it last? ..... . 
If your eating habits have permanently changed as a 
result of being on the diet, in what way? ..... . 
Go tlu;ough an average day in your mind, and write 
down how many cups of tea and coffee you consume: 

· Other hot 
beverages 
(cocoa, . 
chocolate, 

Tea Coffee , etc) 
Before breakfast . . . . . . cups . . . . . . cups . . . . . . cups 
At breakfast . . . . . . cups . . . . . . cups ...... ' cups 
Mid-morning break . . . . . . cups . . . . . . cups . . . . . . cups 
Mid-day meal ... , . . cups . . . . . . cups . . . . . . cups 
Teatime . . . . . . cups . . . . . . cups . . . . . . cups 
Evening meal . . . . . . cups . , . . . . cups . . . . . . cups 
Bedtime . . . . . . cups . . . . . . cups . . . . . . cups 
Other ...... cups ...... cups ...... cups 
How much sugar do you t~ke in tea? ...... teaspoons 
Are the spoons level or he~ped? ..... . 
How much sugar do you take in coffee? ...... teaspoons 
Are the spoons level or heaped? ..... . 
Have you always taken the same amount of sugar in 
these beverages? Yes/No 
If 'No', how much did you take before? ..... . 
When did you change? ; ..... 
Do you regularly use artificial sweeteners, e.g. saccharin, 
Saxine, etc. Yes/No ,, 
How long have you used them? . 
How much of the following do you eat or drink per 
~k? ~-
Sweets, toffees, and fancy chocolates ...... lb ..... : ... oz i:t 
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No of 2-oz chocolate bars ..... . 
Fizzy drinks, non-alcoholic ...... glasses 
(inc. tonic water, ginger-beer, etc) ...... small bottles 
Fruit squash ...... glasses 
Fruit juice (tinned or bottled) ...... glasses 
How many a week do you have of the following: 
Porridge ...... portions 
Plain breakfast cereals ...... portions 
Sugar-coated breakfast cereals ...... portions 
Jam or marmalade ...... teaspoons · 
Sweet biscuits ...... number 
Pudding or sweet at mid-day (including tinned fruit) ..... . 
portions 
Pudding or sweet for tea or evening meal (including 
tinned fruit) ...... portions 
Individual cakes and/or slices of cake ...... number 
How many spoons of sugar do you take on breakfast 
cereals? ..... . 
Are they teaspoons or dessertspoons? ..... . 
Are they level or heaped? ..... . 
How many spoons of sugar do you take on porridge? • 
Are they teaspoons or dessertspoons? ..... . 
Are they level or heaped? ..... . 

REFERENCES 
Bagramian, R. A., and Russell, A. L. (1971) J. dent. Res., SO, 1533. 
Bett, D. G. G., Moorland, J., and Yudkin, J. (1967) Brit. med. J., 3, 

153. 
Brown, H. M. (1924) S. Afr. med. Rec., 22, 416. 
Burman, R. (1964) Brit. dent. J., 116, 98. 
Cathcart, E. P., and Murray, A. M. J. (1940) Spec. Rep. Ser. med. 

Res. Coun. (Lond.), No 242. H.M.S.O., London. 
Cleave, T. L. (1974) The Saccharine Disease. Wright, Bristol. 
Clement, A. J., Plotkin, J., and Fosdick, L. S. (1954) J. dent. Res., 

33, 654. 
Curson, I., and Manson, J. D. (1965) Brit. dent. J., 119, 197. 
Curzon, M. E. J., and Curzon, J. A. (1970) J. Canad. dent. Ass., 36, 

342. 
de Jager, C. L. (1965) J. dent. Ass. S. Afr., 20, 365. 
Dent, C. E., Engelbrecht, H. E., and Godfrey, R. C. (1968) Brit. med.J., 

4, 76. 
Desai, H. M. (1973) Med. J. Zamb., 7, 7. 
Downer, M. C. (1970) Brit. dent. J., 128, 379. · 
Dunning, J.M., and Hodge, A. T. (1971) J. dent. Res., SO, 854. 

Eastwood, M. A., Fisher, N., Greenwood, C. T., and Hutchinson, J. B. 
(1974) Lancet, i, 1029. 

Fanning, E. A., Gotjamanas, T., and Vowles, N. J. (1969) Med. J. 
Aust., 1, 1131. 

Hardwick, J. L. (1960) Brit. dent. J., 108, 9. 
Hargreaves, J. A. (1972) Caries Res., 6, 355. 
Hegsted, D. M. (1973) In Nutritional Problems in a Changing World, 

p. 69. Edits. D. Hollingsworth and M. Russell. Applied Science 
Publishers, London. 

Jackson, D. (1974) Brit. dent. J., 137, 91. 
Kelly, J.E., Van Kirk, L. E., and Garst, C. C. (1967) National Center 

for Health Statistics. Ser. 11, No 23. U.S. Dept. Health, Education 
and Welfare, Washington. 

King, J. D. (1940) Spec. Rep. Ser. med. Res. Coun. (Lond.), No 241. 
H.M.S.O., London. 
-- , Mellanby, M., Stones, H. H., and Green, H. N. (1955) 
Spec. Rep. Ser. med. Res. Coun. (Lond.), No 288. H.M.S.O., 
London. 

Lennox, J. (1933) J. Amer. dent. Ass., 20, 2203. 
Littleton, W., Kakehasbi, S., and Fitzgerald, R. J. (1970) J. dent. Res., 

49, 742. 
Mansbridge, J. N. (1960) Brit. dent. J., 109, 343. 
Mathew, 0., Eipe, G., Joseph, J., and Koshi, J. (1970) Indian Pediat. , 

7, 131 (Nutr. Abstr. Rev., 1971, 41, 620). 
Mayhall, J. T., Dahlberg, A. A., and Owen, D. G. (1970) J. dent. Res., 

49, 886. 
Medical Research Council: Working Party (1970) Lancet, ii, 1265. 
Newbrun, E. (1967) Odont. Revy, 18, 373 . 
Oranje, P., Noriskin, J, N., and Osborn, T. W. B. (1935) S. Afr. J. 

med. Sci., 1, 57. 
Palmer, J. D. (1971) Brit. dent. J., 130, 288. 
Richardson, A. (1961) Brit. dent. J., 111, 107. 
Shaw, J. C. M., and Friel, G. (1932) Brit. dent. J., 52, 309. 
Sheiham, A. (1967) Brit. dent. J., 123, 144. 
Smith, R. W., and Risek, J. (1966) Clin. Orthop., 45, 31. 
Solomon, L. (1968) J. Bone Jt. Surg., SOB, 2. 
Staz, J. (1938) S. Afr. J. med. Sci., suppl. 3, 1. 
Tabra, F. L. (1962) Science, 138, 38. 
Varley, T. F., and Goose, D. H. (1971) Brit. dent. J., 130, 27. 
Walker, A. R. P. (1966) S. Afr. med. J., 40, 814. 
-- (1974) Unpublished work. 
-- , Holdsworth, C. M., and Walker, E. J. (1971a) S. Afr. med. J., 
40, 516. 
-- , Walker, B. F., and Richardson, B. D. (1971b) Postgrad. 
med. J., 47, 320. 

Wandelt, S. (1968) Erniihrungs-Umschau, 15, 302. (Nutr. Abstr. 
Rev., 1969, 39, 573.) 

WHO Scientific Group (1972) The Etiology and Prevention of 
Dental Caries. Wld Hlth Org: techn. Rep. Ser., No 494. World 
Health Organisation, Geneva. 

Yudkin, J. (1972) Pure White and Deadly. Davis-Poynter, London. 
-- , and Roddy, J. (1964) Lancet, ii, 6. 

Zita, A. C., McDonald, R. E., and Andrews, A. L. (1959) J. dent. 
Res., 38, 860. 

Reprinted fromBRl11SH DENTAL JOURNAL, Vol. 138, No. 12, pp. 463-469, June 17, 1975 
By The Southern Publishing Co. Ltd., 50 North Street, Briahton BNl 1 RX -560935 

http://etd.uwc.ac.za/ 
 



J. Dent. Ass. S. Afr. Vol. 28, No. 11, pp. 624 - 629 

An In Vivo Evaluation of an lontophoretic Technique 
for lncreasing·the Surface Fluoride Content in Enamel 

Barbakow, F H, van der Merwe, E H M, Scanes, 
S G, Retlef, D H and Fattl, L P* 

Dental Research Unit of the University of the 
Witwatersrand and the South African Medical 
Research Council. 

*Department of Applied Mathematics, University 
of the Witwatersrand, Johannesburg, Republic of 
South Africa. 

23 

http://etd.uwc.ac.za/ 
 



J. Dent. Ass. S. Afr. Vol. 28, No. 11, pp. 624 - 629 

An In Vivo Evaluation of an lontophoretic Technique 
for lncreasing·the Surface FluQride Content in Enamel 

Barbakow, F H, van der Merwe, E H M, Scanes, 
S G, Retlef, D H and Fattl, L P* 

Dental Research Unit of the University of the 
Witwatersrand and the South African Medical 
Research Council. 

*Department of Applied Mathematics, University 
of the Witwatersrand, Johannesburg, Republic of 
South Africa. 

SUMMARY 

Surface enamel fluoride concentrations were determined 
in 18 subjects before and after topical fluoride applica
tions . These 18 subjects were divided into 2 groups , one of 
which received the fluoride applications iontophoreti
cally whereas the control group had the identical fluoride 
applications without the ·use of the current. The results 
indicate that the greatest increase in fluoride concentra
tions resulted after 3 applications done at weekly intervafr 
when the iontophoretic technique was employed. Two ion
tophoretic fluoride applications with an interval of a week 

•between them resulted in a less marked increase whereas 
no increase was ot.~erved when fluoride was applied once 
only . The increase in the fluoride concentration of the 
surface enamel was not as significant when the fluoride 
was applied without the use of current. 

INTRODUCTION 

Topical fluoride therapy· is widely used as an aid in the 
prevention of dental caries (Torell, P and Ericsson, Y 
1965; Brudevold; F et al . 1967; and Horowitz, HS 
1969). It is recommended particularly in areas where the 
fluoride content of the public water supply is below the 
optimal level of lppm. The Witwatersrand area, s~pplied 
with drinking water by the Rand Water Board, is one such 
example, with a yearly average of approximately 0,2 ppm 
of fluoride (Rand Water Board, 1969). A property com
mon to all these topical agents is their ability to increase 
the fluoride content of the surface layers of enamel. Ion
tophoresis is one method available for topical fluoride 
application. The principle of this technique is that an 
electric current is passed througli a fluoride-containing gel 
which is in intimate contact with the teeth . The electric 
current assists the dissociation of the fluoride salts in the 
gel into the component anions and cations . In addition, 
during the flow of the current, the teeth are made elec
tropositive and thus the negative fluoride ions are 
attracted to the electropositive enamel. 

The influence of an electrical potential on fluoride ion 
migration in human normal tooth enamel was studied on 

624 

OPSOMMING 

Diefluoried-konsentrasie van glasuuroppervlakke is voor 
en na plaaslike aanwending vanfluoried in 18 persone 
bepaal. Die 18 persone is in 2 groepe verdeel. In een is die 
fluoried aanwendings iontoforeties gedoen terwyl in die 
kontrolegroep identiese aanwendings sonder die gebruik 
van elektriese stroom toegedien is . Die resultate dui aan 
dat die grootste vermeerdering in fluoriedkonsentrasie 
plaasgevind het na 3 weeklikse aanwendings van die 
iontoforetiese tegniek. Twee weeklikse iontoforetiese 
aanwendings het 'n kleiner vermeerdering teweegge
bring . terwyl geen vermeerdering gevind is na die 
fluoried slegs eenmaal aangewend is nie. Die vermeerder
ing in die fluoriedkonsentrasie van die glasuuropper
vlakke was nie so betekenisvol in die gevalle waar die 
fluoried sonder die gebruik van elektriese stroom aange
wend is nie. 

isolated teeth in vitro (Pouezat, 1970) . Fluoride accumu
lation and penetration were determined by means of an · 
electron probe X-ray microanalyzer. This author reported 
that no notable difference was observed between teeth 
treated with fluoride by topical application and those 
treated by iontophoresis. 

The purpose of this investigation was to assess the ability 
of enamel to acquire and retain fluoride when applied 
iontophoretically in vivo. As a control, the same form of 
fluoride was applied without the use of current. 

MATERIALS AND METHODS 

The source of fluoride was a gel containing sodium 
fluoride ( l , l 0 per cent) and sodium monofluorophosphate 
(11,40 per cent), with a total fluoride ion concentration of 
2,0 per cent (Fluocaril , Lab Goupil, Paris, France). The 
variable source of current was a ''Galvanoster'' (Lab 
Goupil, Paris, France) which supplied a direct current of 
up to S mA. The duration of the fluoride application 
varied indirectly with the strength of the current. The 
current strength was adjusted between 3 mA and 5 mA 
depending on the tolerance of each individual and the 
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corresponding times varied between 2 min and 3,3 min. 
The product of current strength and time was always 
constant at 10 mA min. Within this range, discomfort was 
never found to be great enough for treatment to be discon
tinued. The fluoride was applied for 2 min to each subject 
of the control group. 

In this investigation 18 subjects, resident in the Witwaters
rand area, 18 - 35 years of age, were chosen at random 
and divided into 2 series of 9 patients each. The control 
series received fluoride applications without the use of 
curren~ (Series A) , whereas the fluoride was applied ion
tophoretically to the other series (Series B) . The 9 subjects 
in each series were further subdivided into 3 equal groups 
(Fig. 1). 

Prior to any fluoride applications , enamel biopsies were 
taken from all the available teeth, up to and including the 
first molars in the upper and lower jaws, of each subject. 
The in vivo enamel biopsy method developed by Hotz, 
Miihlemann and Schait (1970) was used. This was fol
lowed immediately by the first fluoride application. 

The patients in Group 1 of the experimental and control 
series (Fig. 1), each received a single fluoride applica
tion. Those in groups II and III received 2 and 3 fluoride 
applications respectively with an interval of one week 
between each application. In each individual a further 
enamel biopsy was performed 2 weeks after the final 
application of fluoride . 

The enamel samples obtained during the biopsy proce
dures were placed in plastic tubes containing 2 ml of a 
dilutant incorporating 0,08 ppm fluoride as sodium 
fluoride and 50 per cent Tisab at pH 5, 1. These containers 
were stored sealed for not less than 3 days to allow the 
solution to reach equilibrium, before determining the 
fluoride concentrations of the solutions by means of a 
combined fluoride ion selective electrode (Orion 
Research, Model 96-09) coupled to a digital pH meter 
(Orion Research, Model 701) . The solutions were then 
diluted 25 times and their calcium concentrations deter
mined by atomic absorption spectrophotometry (Carl 
Zeiss Spectrophotometer, Model PMQII with flame 
attachment F.A. m. 
Using the assumption that the calcium content of human 
enamel is 37 ,03 per cent (Retief et al , 1971), the weight of 
enamel removed from each tooth during the biopsy proce
dure was determined by means of the following formula: 

Weight of enamel removed (µ,g) = (Ca++ ] x 100 

37 

The fluoride concentration of the enamel solution was 
then calculated as follows: 

[F-] ppm = Total fluoride content of the bfopsy 

sample x 106 

Weight of enamel removed 

The depth to which the enamel had been etched during the 
biopsy procedure was determined for each tooth assuming 
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the density of human enamel to be 2,95 gm/cc (Manly and 
Hodge, 1939). In addition, it was assumed that the areas 
of enamel which were exposed to the acid demineralisa
tion during the biopsy procedures, were constant and that 
the etching of the tooth surfaces was uniform. 

The following formula was used in calculating these 
depths . 

Weight of enamel removed 
Depth of biopsy (µ,m) = 

Density of enamel x area etched 

RESULTS 

Frequency distribution histograms (Figs. 2 and 3), were 
constructed to demonstrate the biopsy depths obtained 
from Series A and Series B respectively . The depths were 
subdivided into 3 separate ranges . The first range 
included all depths below 4,0 µ,m, the second those bet
ween 4,0 and 9 ,0 µ,m and the third extended from 9,0 to 
13 µ,m. 

Examination of the results from the subjects who had the 
fluoride applied without current (Fig. 2), showed that 
prior to the fluoride applications the depths of etching of 3 
teeth fell within the 0 - 4 µ,m range. After the fluoride 
applications, this number increased to 8 teeth. The results 
of 122 teeth fell within the second range prior to applica
tion of fluoride, whereas this number remained fairly 
constant at 129 teeth after the fluoride applications. 
Finally, 66 teeth were initially biopsied to depths within 
the limits of the third range , which again remained con
stant at 64 teeth after the fluoride applications. 

The results obtained from the subjects who received 
iontophoretic fluoride applications (Fig . 3), showed that 
before the fluoride treatment, 12 teeth fell within the first 
range and that this number remained practically constant 
at 14 after the treatment. Initially 109 teeth fell within the 
second range, whereas this number increased markedly to 
160 after the fluoride applications . Finally , the results of 
61 teeth fell withiit the limits of the third range initially but 
dropped markedly to only 18 teeth after the iontophoretic 
applications of fluoride . 

Figures 4 and 5 are frequency distribution histograms of 
fluoride concentrations in surface enamel before and after 
the fluoride applications . For the sake of convenience the 
histograms were divided into 2 segments representing 
fluoride concentrations above and below 1200 ppm. The 
fluoride concentration in figures 4 and 5 were not related 
to the depths of etch. 

The results obtained from the subjects who received the 
fluoride applications without the use of current (Fig. 4) 
showed that before fluoride application, 86 per cent of 
the teeth had fluoride concentrations below 1200 ppm (48 
per cent less than 600 ppm and 38 per cent between 600 
ppm and 1200 ppm) . After the fluoride applications how
ever, this figure decreased slightly to 79 per cent. Con
versely, the number of teeth with fluoride concentrations 
greater than 1200 ppm increased from 14 per cent before, 
to 21 per cent after the fluoride treatment. 

Results from the subjects in Series B (Fig. 5) showed that 
prior to the fluoride applications, 66 per cent of the teeth 
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GROUPING OF SUBJECTS 

GROUP I GROUP II GROUP III 

B B B B B B B B B 

A A A A A A A A A 

I I I I I I I I I 

I I I A A A A A A 

B B B I I I I I I 

I I I A A A 

B B B I I I 

I I I 

B B B 

B ••• BIOPSY 

I.•• PERIOD OF ONE WEEK 

A.•• FLUORIDE APPLICATION 

Fis. I Subdivision of the subjects In the control and uperimenllll .. ries and 
the experimental design. 

BIOPSY DEPTH WITHOUT CURRENT 

llEfOllE AFTER 
•O •o 

129 .. 
Fl&· 2 Frequenq dlatributlon hlstosrams of dtptlu of etch before and after 
the appllcatlon of nuorlde without the uoe of current. 
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'° BEFOllE 
AFTER 

.. 160 •• 
Fis. 3 Frequency dlltributlon blllop'ams of depths of etch before and after 
the loatopboretlc appllcatlon of ftuorlde. 
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IONTOPHORETIC APPLICATION OF FLUORIDE 
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Fig. 4 Frequency distribution histograms of nuoride concentrations of sur· 
face enamel before and after the application of Ouorlde, without the use of 
current. 
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Fig. 5 Frequency distribution hlstOgJ'ams of Ouorlde concentrations of sur
fa.., enamel before and after the lontophoretic appUcation of nuoride. 

had fluoride concentrations below 1200 ppm (20 per cent 
less than 600 ppm and 46 per cent between 600 ppm and 
1200 ppm) whereas in the remaining 34 per cent, the 
fluoride concentrations were greater than 1200 ppm. 
After the fluoride had been iontophoretically applied , 48 
per cent of the teeth had fluoride concentrations less than 
1200 ppm whereas in 52 per cent these were greater than 
1200 ppm. 

DISCUSSION 

Weatherell and Hargreaves (1966) showed that the con
centration of fluoride in the surface enamel of teeth was 
higher than that in the deeper layers of the enamel. Furth
ermore, the relationship between the fluoride concentra
tion and the depth from the enamel surface for any particu
lar tooth is not linear but follows a negative exponential 
curve. These findings were confirmed by Barbakow, De 
Kock and Retief (1971), for persons resident in the Wit
watersrand area (Fig. 6). For this reason results of fluoride 
determinations, expressed as concentrations of fluoride, 
should be related to the depths of the samples from the 
enamel surface. 
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Fig. 6 Fluoride distribution curves of five pairs of central lndson, con
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The in 1'il'o biopsy method described by Hotz et al ( 1970) 
is an acid etching procedure . A limitation of this techni
que is that although it is possible to determine the depth of 
the etching, it is not possible to control this depth accu
rately. On the other hand, besides being a convenient 
method of clinically obtaining enamel samples, the acid 
etching technique provides a good measure of the acid 
resistance of the enamel. 

The reaction between fluoride and hydroxyapatite con
sists either of the formation of calcium fluoride or of the 
substitution of hydroxyl ions in hydroxyapatite to form 

Journal of the D .A.S.A. - November 1973 

fluoroapatite (McCann, 1968) . It is the fluoride in this 
latter compound which is more firmly bound in the 
enamel and which has been shown to increase the resis
tance of the enamel to acid demineralisation (Young and 
Elliott, 1966) . Fait et al ( 1970) demonstrated this altered 
enamel resistance to add attack in an in vitro study and 
cited a 25 - 37 per cent increase. We therefore used the 
parameter of depth of etch in analysing our results with 
respect to the resistance of enamel after fluoride treat
ment, to acid demineralisation . 

The values obtained for the depths of the biopsies before 
and after the fluoride applications in the control group 
(Series A}, showed minimal changes . From this it may be 
deduced that the change which occurred in the resistance 
of the surface enamel to acid demineralisation was insig
nificant. A significant change was, however, observed in 
the second and third depth ranges for the results obtained 
from the subjects in Series B, or that group which had the 
fluoride iontophoretically applied (Fig . 2) . 

Initially only 109 teeth were biopsied between 4,0 and 9 ,0 
µ.m whereas after the iontophoretic fluoride application, 
this number increased to 160 teeth. This indicates that the 
enamel of a greater number of teeth was made more 
resistant to the acid demineralisation during the biopsy 
procedure. Conversely the number of teeth which fell 
within the 9 ,0 - 13 µ.m range decreased from 61 to 18 
teeth after the fluoride treatment indicating a decrease in 
the number of teeth with low resistance to acid 
demineralisation . 

Mellberg, Laakso and Nicholson ( 1966) showed that the 
greatest Joss of fluoride, in the form of unreacted fluoride 
and CaF 2 , from the surface enamel occurs within 24 
hours after a topical application . For this reason it was 
decided to do the second enamel biopsies two weeks after 
the final fluoride application, in an attempt to assess the 
retention of the fluoride after the fluoride applications . 

Although the subjects were selected at random, the initial 
fluoride concentration in 86 per cent of the teeth m the 
group which received fluoride application without current 
was below 1200 ppm. The corresponding figure in the 
experimental group was 66 per cent. After completion of 
the fluoride treatment these figures decreased to 79 per 
cent and 48 per cent respectively, the reduction of 7 per 
cent in the first case being smaller than that of 18 per cent 
in the second . 

Conversely the number of teeth with fluoride concentra
tions greater than 1200 ppm increased from 14 to 21 per 
cent in the control group and from 34 to 52 per cent in the 
group which received iontophoretic fluoride, indicating 
that fluoride retention was greater in the latter group. 

The results were statistically analysed (see Statistical 
appendix) in order to establish whether any fluoride 
increases in the surface enamel observed as a result of 
topical application of fluoride, either with or without the 
use of current, were in fact statistically significant. 

In the case of the subjects who received fluoride applica
tions without the use of current (Series A) significant 
increases occured in 2 individuals. In the first the increase 
was significant at the 1 per cent level after one application 
and in the second it was significant at the 2 ,5 per cent level 
after 3 applications . There was no significant change in 
the fluoride concentrations of the remaining 7 subjects . 
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When the fluoride was iontophoretically applied (Series B) 
one of the 3 subjects who had had 2 fluoride applications 
showed an increase in enamel fluoride concentration sig
nificant at the 5 per cent level. Of the 3 subjects who each 
had 3 applications, one showed an increase significant at 
the 5 per cent level and 2 at the 0, 1 per cent level. In the 
remaining 5 subjects of this series there was no statisti
cally significant increase in the fluoride concentrations of 
their surface enamel. 

It should be born in mind that besides the ·2 known 
parameters i.e . the fluoride concentrations and the depths 
of the biopsies, other factors not considered in this inves
tigation may have an important effect on the final results. 
These include chemical laws such as the laws of mass 
action and Fick's laws of diffusion (Steams, 1970), as well 
as inconsistencies in the biopsy technique (van der 
Merwe, Retief and Barbakow). Finally, the individual 
genetic make-up, pre- and post-natal dental development, 
as well as the local oral environment may influence the 
final results. 

STATISTICAL APPENDIX 

Models of the form 

y 
or logy 
where y 

ab·X 
a - {3x 
fluoride concentration at a depth of x 
below the surface of the tooth 

were fitted by the least squares method to the data from 
each patient. Separate models were fitted to the before 
treatment and after treatment data, and a one-sided t-test 
was performed for each patient to test for a significant 
increase in a:, which could be attributed to the treatment 
(Fig . 7) . 

The results are given in table l, in which the patients are 
divided up into 6 groups of 3 patients each, corresponding 
to the different types of treatment. 

A one-way analysis of variance was then applied to the 
t-values, to test whether there were any significant differ
ences between the responses in the 6 groups. The result 
was found to be significant at the 7 per cent level, but not 
at the 5 percent level (F = 2,91on5° and 12° of freedom) . 

A multiple comparison test to see whether the responses in 
group 6 (3 applications, with current) were strol)ger than 
those in the other 5 groups gave a result significant at the 5 
per cent level (t = 2, 17 on 12° of freedom - one sided 
test) . This suggests that the maximal treatment of 3 appli
cations with current could have increased the fluoride 
retention in the patients' teeth, to a greater extent than in 
the other 5 types of treatment. 

CONCLUSIONS 

A comparison of the fluoride concentrations of surface 
enamel of individuals who had the same fluoride gel 
applied topically , either with or without the use of an 
electric current, indicated that: 

(1) fluoride concentration increases were greater after the 
iontophoretic applications, 

(2) the resistance of enamel to acid demineralisation was 
increased as a result of the iontophoretic applications, 
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(3) three iontophoretic applications were most effective 
as supported by statistical analysis of the results . 

Table I Significance levels for the increases in fluoride 
levels after treatment for each of the 18 patients (One
sided t-tests) 

Group No. 

No . of 
applications 

Patient I 

Patient 2 

Patient 3 

Group No. 

No. of 
applications 

Patient I 

Patient 2 

Patient 3 

REFERENCES 

Without Current 

2 

2 

Not 
1% significant 
Not Not 

significant significant 
Not Not 

significiant significiant 

With Current 

4 5 

2 

Not Not 
significant significant 

Not Not 
significant significant 

Not 
significant 5% 

3 

3 

Not 
significant 

Not 
significant 

2,5% 

6 

3 

5% 

0, 1% 

0 , 1% 
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EFFECT OF A SEALANT, USED IN CONJUNCTION 
WITH TOPICAL FLUORIDE APPLICATION, ON 

FLUORIDE CONCENTRATIONS IN HUMAN 
TOOTH ENAMEL 

M. FRIEDMAN, E. H. M. VAN DER MERWE, J. I. BISCHOFF, L. P. FATn* and D. H. RETIEF 

Dental Research Unit of the South African Medical Research Council and the University of the Witwatersrand. 
Johannesburg, Republic of South Africa 

Summary- A system using acidulated phosphate- fluoride solution (APF) was studied for the 
topical application of fluoride on acid-conditioned teeth and then coating with a cyanoacrylate 
varnish. Enamel biopsies for fluoride determination were taken from the six anterior teeth 
in both arches of 23 subjects, aged 19- 23 years. The teeth were acid-conditioned and APF 
applied. The upper left and lower right segments were varnished while the contralateral seg
ments were left as controls. The teeth were re-biopsied in groups at 1, 2, 4, 12, 24 and 52 
week intervals. At all intervals, fluoride levels after treatment were significantly higher 
(p < 0.001) regardless of whether they had been coated or not than those before treatment. 
There was no significant difference between coated and control teeth. When all the data 
were pooled, however, a significantly greater (p < 0.05) fluoride retention was found in the 
coated teeth. 

INTRODUCTION 

The cariostatic action of topically applied fluorides 
is universally accepted (Murray and Bennett, 1974) 
and it has been shown that this action is enhanced 
by increased fluoride uptake by enamel (Brudevold 
et al., 1967). Some . methods used and recommended 
to increase the uptake of topically applied fluorides 
are : cleaning the teeth prior to treatment, prolonging 
the application time (Richardson, 1967) and reducing 
the pH of the fluoride solution (Brudevold et al., 
1963). It has also been shown that pretreatment of 
the teeth with mild acid significantly increases the en
amel fluoride uptake (Aasenden, Brudevold and 
McCann, 1968; De Paola, Aasen den and Brudevold, 
1971 ; Mellberg and Loertscher, 1973). Up to two
thirds of the topically applied fluoride is lost, how
ever, from the surface enamel within 24 hr after appli
cation (Mellberg, Laakso and Nicholson, 1966). 

Varnishes have therefore been proposed as tempor
ary sealants (Buonocore, 1973) to prevent the initial 
Joss and allow the readily formed calcium fluoride 
to react to give the more stable fluorapatite over a 
period of time (Brudevold et al. , 1967). Essentially two 
types of varnishes have been used to increase fluoride 
levels in enamel. These are polyurethane and other 
varnishes containing fluoride (Lee et al., 1972a; Koch 
and Petersson, 1972), and cyanoacrylate varnishes 
used as a sealant following topical fluoride treatment 
(Pugnier, 1972 ; Dogon, van Leeuwen and Kirklin, 
1973). 

The purpose of this study was to test the efficacy 
of sealing topically applied fluoride on pre-etched 
teeth with a varnish. The fluoride solution was an 
acidulated phosphate fluoride and the varnish a 

2-(2,2,2,-trifluoroethoxy)-ethyl 2-cyanoacrylate (3M 
Company, St. Paul, Minnesota 55101). 

MATERIALS AND METHODS 

Twenty-three dental students, aged 19- 23 years, 
were divided into six groups, four of which had three 
students in each, one had five and one group had 
six. The six upper and six lower anterior teeth of each 
subject were used. Enamel biopsies were taken from 
each tooth prior to treatment. 

The enamel biopsy method used was that devel
oped by Hotz, Mtihlemann and Schait (1970) and 
modified by van der Merwe et al. (1974). The teeth 
were polished with pumice and water and dried. 
Annular plastic adhesive discs, having an inner dia
meter of 3 mm and an outer diameter of 5 mm, were 
placed on the buccal surfaces to isolate a known area 
of enamel (Pl. Fig. I) from which a biopsy was 
taken. A filter-paper disc of the same area, saturated 
with 10 µI of 2 M perchloric acid as demineralizing 
agent, was pulsated on the isolated area for 8 sec. 
This disc, together with a second which was used to 
mop up residual acid, was transferred to 2 ml of 
TISAB (total ionic strength adjustment buffer) (Orion 
Research Inc., Cambridge, Mass. 02139) to which 0.08 
ppm fluoride ion was added. 

Two parameters were measured : fluoride ion con
centration using a combination specific fluoride ion 
electrode (Orion Research, Model 96-09) coupled to 
a digital pH meter (Orion Research, Model 701), and 
the · calcium concentration by means of atomic 
absorption spectrophotometry (Carl Zeiss, Ober
kochen, West Germany, Model PMQII with flame 

• Department of Applied Mathematics, University of the attachment FA2). From these values, the depth of 
Witwatersrand, Johannesburg, Republic of South Africa. etch in micrometers and fluoride concentration in 
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Table l. Mean fluoride concentrations and mean log. fluoride concentrations ± S.D. for each 
group before and after treatment. Values corrected to a depth of lO µm. 

Time interval Varnished Control 
between Before After Before After 
biopsies [F- ] ppm [F- ] ppm [F- ] ppm [F- ] ppm 
(weeks) log" [F- ] ± S.D. loge [F- ] ± S.D. log. [F - ] ± S.D. log" [F-] ± S.D. 

321.8 2320.2 338.5 2006.7 
5.28 ± 1.04 7.52 ± 0.73 5.31 ± 1.15 7.3 1 ± 0.81 

2 687.3 2889.7 706.6 2318.9 
6.29 ± 0.78 7.70 ± 0.75 6.33 ± 0.71 7.50 ± 0.75 

4 195.1 716.7 191.5 756.0 
4.95 ± 0.82 6.42 ± 0.57 4.89 ± 0.96 6.45 ± 0.62 

12 733.9 2447.9 783.1 2200.2 
6.50 ± 0.47 7.60 ± 0.65 6.56 ± 0.47 7.45 ± 0.68 

24 351.8 2487.1 356.1 1776.5 
5.87 ± 0.56 7.59 ± 0.68 5.80 ± 0.40 7.30 ± 0.56 

52 334.3 1241.4 302.4 979.4 
5.74 ± 0.42 6.89 ± 0.75 5.64 ± 0.41 6.77 ± 0.52 

parts per million were calculated according to the 
method described by Barbakow et al. (1973). 

In subsequent treatment of the teeth, a caries-pre
ventive kit (3M Company) was used according to the 
manufacturer's instructions. A filter-paper insert 
positioned in an air-cushion fluoridator tray (Ion 
Company, Costa Mesa, Calif. 92626) was saturated 
with 0.05 M phosphoric acid and placed on the teeth 
for 30 sec. The teeth were washed and dried. The 
acidulated phosphate- fluoride solution supplied with 
the kit was then applied to the teeth for two minutes, 
using the same procedure. The teeth were dried using 
compressed air. The cyanoacrylate sealant was then 
painted on the buccal and lingual surfaces of the 
upper left and lower right anterior teeth, while the 
upper right and lower left quadrants were not coated 
and served as controls. The patients were instructed 
not to rinse their mouths or eat for 30 min following 
the fluoride application and to refrain from using floss 
silk and from vigorous tooth brushing for two days. 

The groups were re-biopsied at determined inter
vals of 1, 2, 4, 12, 24 and 52 weeks respectively. Where 
possible, the second biopsy was taken as close as 
possible to the first but from an area on the tooth 
which had not previously been used. The fluoride 
concentration of the enamel and the depth of etch 
were again determined. 

The effect of the acid pre-conditioning on the en
amel was studied using a scanning electron micro
scope (Cambridge Scientific Instruments Ltd., Cam
bridge, England, Model Stereoscan S4). 

RESULTS 

In view of the fact that enamel fluoride concen
tration varies exponentially with depth from the tooth 
surface (Weatherell and Hargreaves, 1966; Barbakow, 
De Kock and Retief, 1971), and the fact that the bi
opsy depth varied from 4 µm to 14 µm, the fluoride 
concentrations were all corrected to values at a depth 
of 10 µm by means of the following statistical 
method : using the model Y = rxe -Px for the relation
ship between fluoride concentration in the tooth ( Y) 
and the depth below the surface (x) at which the 

measurement was made, an Analysis of Covariance 
was performed using loge· Y as dependent variable 
and x as concomitant variable, splitting the data into 
four groups for the four quadrants in the mouth. Sep
arate analyses were performed on the data for each 
patient obtained before and after fluoride treatment 
and then the slopes of the regression lines from the 
separate analyses were compared by means of an 
F-test. In no case was a significant difference found 
between the slopes, so a common slope was obtained 
by pooling and this was used to transform the data 
to a constant depth of 10 µm. 

In the subsequent results, the values given are the 
means of the corrected fluoride concentrations of all 
experimental or all control teeth in each group. The 
mean fluoride concentrations for each group of the 
sealed and control teeth before and after treatment 
are given in Table 1. The differences of these mean 
fluoride concentrations at each time interval are 
represented graphically in Text Fig. 2. This represents 
the fluoride uptake, and hence retention, by enamel. 
In all cases, excepting after the four-week interval, 
the coated teeth retained more fluoride than the con
trols. Text Fig. 3 shows the magnitude of the increases 
in the fluoride concentration of the sealed and control 
teeth. These values range from 2.8 for the control 
teeth after the 12-week interval to 7.2 for the coated 
teeth after one week. The fluoride uptake of the six 
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Fig. 2. Differences of the mean fluoride concentrations 
before and after topical fluoride application. 
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amel was pre-treated with 0.01 M or 0.05 M H 3P04, 

the 0.05 M acid being more effective. This was later 
confirmed by De Paola, Aasenden and Brudevold 
(1971) who conducted a one-year clinical trial. They 
found a significant difference in caries experience in 
favour of subjects exposed to the mild etching pro-

hed cedure prior to a topically applied acidulated phos
phate-fluoride (APF) solution. Mellberg and 
Loertscher (1973) compared the fluoride uptake from 
APF solutions by normal and acid-etched human en
amel. They found that etched enamel acquired about 
five times more fluoride than un-etched enamel. Our 
results, where in all cases the fluoride levels after 
treatment were significantly increased (p <0.001), 
clearly support the use of the acid-conditioning tech
nique used in conjunction with topical fluoride ther
apy. 

4 12 
Period between biopsies , 

24 
weeks 

52 

Fig. 3. The ratio of mean fluoride concentration after topi
cal application of fluoride to the mean baseline fluoride 

concentration at specified time intervals. 

upper teeth is compared with that of the six lower 
teeth at each period in Text Fig. 4. In all cases, the 
lower teeth retained more fluoride than the upper 
teeth. 

Two sample t-tests were performed on the trans
formed data to test for differences in fluoride levels 
(corrected for depth) before and after fluoride treat
ment as well as for differences in the fluoride retention 
in coated and uncoated teeth and in the lower and 
upper teeth. This analysis was repeated separately for 
the six groups of patients with 1, 2, 4, 12, 24 and 
52 weeks delay between fluoride treatment and 
second measurement, respectively. 

At each time interval and regardless of whether the 
teeth had been varnished or not, the fluoride levels 
after treatment were significantly higher (p <0.001) 
than those before treatment, but in no case was there 
any significant difference between the fluoride reten
tion in the coated and control teeth. However, taking 
the data from all six groups together, a significant 
difference (p <0.05) in fluoride retention between 
coated and uncoated teeth was found, the fluoride 
retention in the coated teeth being higher. In all 
except the four-weeks case, the fluoride retention in 
the lower teeth was significantly higher (p <0.001) 
than that in the upper teeth. 

The scanning electron micrographs showed the 
relatively featureless appearance of normal enamel 
(Pl. Fig. 5). The etching by the 0.05 M phosphoric 
acid conditioning agent produced only a slightly 
roughened appearance of the enamel (Pl. Fig. 6). 

DISCUSSION 

Aasenden, Brudevold and McCann (1968) demon
strated greater retention of fluoride after a topical 
fluoride application when the enamel had been condi
tioned with dilute H 3P04 prior to application of the 
fluoride solution. In their in vivo and in vitro studies, 
they showed enhanced fluoride deposition when en-

The modification of the enamel surface by acid con
ditioning possibly renders it more receptive to bond
ing with an adhesive sealant. Comparing the scanning 
electron micrographs of normal enamel with enamel 
conditioned with 0.05 M phosphoric acid, this pre
conditioning alters the enamel surface minimally. The 
characteristic prism-end structure of enamel which is 
apparent after etching with stronger acids (Lee et al., 
1972b; Retief, 1975) was not produced. 

The reaction between fluoride and human enamel 
is complex and not yet fully understood. Generally 
it is thought that the reaction between fluoride and 
hydroxyapatite gives one of two products, CaF 2 and 
fluorapatite (McCann, 1968). McCann showed further 
that fluorapatite is relatively insoluble when com
pared with CaF 2. It is fluorapatite which increases 
enamel resistance to acid demineralization (Young 
and Elliot, 1966). Richardson (1967) found that pro
longing the exposure of enamel to fluoride solutions 
leads to greater fluoride fixation by the enamel in 
the form of fluorapatite. He proposed the use of 
various agents to seal fluoride into contact with the 
enamel and thus prolong the exp~sure time. Some 
of the most successful agents ,he tested in vitro were 
polyoxyethylene soya am};,e and silicone grease. 
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Fig. 4. The fluoride uptake by the six upper teeth com
pared to the fluoride uptake of the six lower teeth at each 

time interval. 
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Another method used to prolong fluoride contact 
with enamel is the incorporation of unbound fluoride 
into a varnish. In this case, the fluoride is available 
for reaction with enamel (Murray and Bennett, 1974). 
A polyurethane varnish containing 10 per cent w/w 
disodium monofluorophosphate (Epoxylite CPF 
9070, Lee Pharmaceuticals. South El Monte, Calif. 
91733) has been shown to increase enamel fluoride 
concentrations at least until 30 days after application 
(Lee et al., 1972a). A modified varnish containing 2.26 
per cent fluoride as sodium fluoride (Duraphat, 
Woelm, Eschwege, Germany) has also been used in 
this way and has been found to increase fluoride 
levels in teeth (Koch and Petersson, 1972; Bang and 
Kim, 1973 ; Stamm, 1974). 

Alternatively, cyanoacrylate resins have been used 
as temporary sealants to prevent loss of fluoride from 
enamel surfaces after topical application, to maintain 
intimate contact of the topical fluoride and CaF 2 with 
the hydroxyapatite and to ensure fixation of fluoride 
in the enamel as fluorapatite (Buonocore, 1973 ; 
Dogon et al., 1973). Although the sealant used in 
those studies contains fluoride, it is covalently bonded 
to carbon atoms and not available for reaction in 
the oral environment. 

Dogon et al. (1973), using the same technique and 
material as employed in our investigation, found con
sistently higher fluoride concentrations in the resin
sealed teeth. Two years after treatment, the fluoride 
concentrations were still significantly higher in the 
sealed teeth. Our results do not support these find
ings. In no single group did we find a significant dif
ference between coated and unvarnished teeth. How
ever, when all our data were pooled, the fluoride 
retention in the coated teeth was significantly higher 
than the fluoride levels in the uncoated teeth 
(p <0.05). This finding may have emerged as a result 
of the increase in the sample size when the data are 
pooled. Although we accept that the principle of seal
ing topically applied fluoride to enamel surfaces has 
merit, we would have expected a greater difference 
in the fluoride uptake between the varnished and con
trol teeth. 

A result which emerged during the present investi
gation was that the lower teeth retained significantly 
more fluoride than the upper teeth, in both the con
trol and coated teeth. A possible reason for this may 
be that the labial surfaces of the lower anterior teeth 
were protected for longer periods by the varnish as 
the labial surfaces of the upper anterior teeth are 
more vulnerable to abrasion than the labial surfaees 
of the corresponding lower teeth. 

Our study clearly shows that the uptake of fluoride 
by enamel is greatly enhanced by acid etching the 
tooth surfaces prior to topical fluoride therapy. It 
would appear, however, that the subsequent use of 
temporary sealants has no additional benefit on fluor
ide retention. 
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Effect of sealant on ename fluoride 

Fig. t. Annular plastic adhesive discs used to define biopsy area on six upper anterior teeth. 

Fig. 5. Scanning electron micrograph showing featureless appearance of normal enamel surface. 
x 1000 

Fig. 6. Scanning electron micrograph showing appearance of enamel after etching with 0.05 M H 3P04 
x 1000 
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Relationship Between Fluoride Concentration in Enamel, 
DMFT Index, and Degree of Fluorosis in a Community 
Residing in an Area with a High Level of Fluoride 

]. I. BISCHOFF, E. H. M . VAN DER MERWE, D. H. RETIEF, 
F. H. BARBAKOW, and P. E. GLEATON-JONES 

Dental Research Unit of the University of the Witwatersrand, and 
the South African Medical Research Cou~cil, Johannesburg, Republic of South Africa 

The DMFT index, degree of fiuorosis 
(DEGF), fiuoride concentration in enamel 
(F), and depth of etch (D) were determined 
in participants living in an area with a high 
fiuoride level. A statistically significant dif
ference was found between men and women 
for F and D. A significant correlation was 
established between F and DEGF and be
tween F and age for men, .but not for women. 

Dental ftuorosis is a condition that has been 
recognized and reported on since the be
ginning of the century. McKay observed it 
in Colorado Springs in 190}1 and by 1916 
it had been connected with decreased caries 
incidence.!! Two years later it was con
cluded that some element present in the wa
ter consumed by people who had mottled 
teeth was responsible for the staining.a In 
1931, Churchill4 suspected a correlation be
tween mottled enamel and fluoride concen~ · 
tration in water. This correlation was cori· · 
firmed later that year by Smith and Smith,5 
who experimentally produced mottled · 
enamel in rats by feeding them varying 
amounts of sodium fluoride . 

More recently, the phenomenon of de
creased caries experience in areas having a 
fluoride concentration in water of 1 ppm or 
more has been well documented.6-13 In ad
dition, Richards et al6 and BinderlO have 
shown a positive relationship between den· 
tal fluorosis and reduced caries incidence. 
Furthermore, it has been reported that an 
increase in the concentration of fluoride in 
the water supply resulted in an increase in 

Received for publication December 30, 1974. 
Accepted for publication August 5, 1975. 

the fluoride concentration in enamel.14-18 
The object of the present study was an 

attempt to relate these factors, namely flu
oride concentration in enamel, caries ex
perience, and the degree of fluorosis irl a 
community residing in an area with a h~gh 
fluoride level. 

Materials and Methods 

Since the fluoride concentration of South 
African waters has been documented,19,20 a 
well-defined geographical area northwest of 
Johnannesburg having an average fluoride 
concentration in the water greater than 1 
ppm could be selected. The African village 
of Saulspoort, where endemic fluorosis is 
rampant, was chosen for this study. · , 

Samples of water from subterranean 
sources such as wells and boreholes, which 
constituted the main source of drinking wa
ter of the population, were collected in 
plastic containers. The various fluoride con
centrations in the water were determined21,22 
using a fluoride ion combination electrodea 
coupled to a digital pH meter.b 

The participants were chosen from pupils 
who attend one of the high schools in 
Saulspoort and who had been residing in 
the area from birth. Their ages ranged from 
I 4 to 23 years and the sample was com
posed of 41 females and 4 7 males (Fig 1) . · 

The DMFT index of each participant was 
determined in good natural light with the 
use of a mouth mirror and sharp dental . 
probe. The teeth were systematically ex- · 

• Orion model 96-09, Orion Research 'Inc., Cambridge, 
Mass. 

b Orion model 701, Orion Research Inc., Cambridge, 
Mass. 
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FIG 1.-Age distribution of sample. 

FIG 2.-Example of normal Leeth. Score= 0. 

FIG 3.-Example of mild ftuorosis. Score= l. 

FIG 4.-Example of moderate ftuorosis. Score 
= 2. 
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amined and obvious caries noted. Any pit 
or fissure in which the probe stuck was re
corded as carious.23 Teeth lost as a result 
of trauma or those congentially absent were 
not included in the DMFT index. 

The degree of fluorosis (DEGF) for each 
individual was assessed using Dean's2• clas
sification as a guide. The degree of fl.u
orosis was graded 0 to 3 depending on the 
extent of the mottling and pitting observed 
and four classes were devised. The first 
class comprised normal teeth with no evid· 
ence of fluorosis. These were scored as 0 
(Fig 2) . The second was teeth exhibiting 

white opaque areas with no brown staining; 
these were classed as mild and graded as 1 
(Fig 3) . The third was where extensive 

white, opaque mottling, irregularly scattered 
brown staining, and minute pitting occurred; 
the classification was moderate with a score 
of 2 (Fig 4). The fourth. was widespread 
brown staining and extensive pitting; these 
teeth were classed as severe and scored as 3 
(Fig 5) . 

The labial surfaces of the maxillary central 
incisors of each individual were cleaned with 
pumice and a slowly rotating rubber ·cup. 
Enamel biopsy specimens were taken from 
the middle third of these teeth, using a 
modification25 of the acid etch technique 
developed by Hotz, Miihlemann, and 
Schait.26 The fluoride concentrations in the 
enamel samples were determined with a 
fluoride ion combination electrode coupled 
to a digital pH meter and the calcium con
centrations in the samples were determined 
by atomic absorption spectroscopy.c The 
concentration of fluoride in enamel as parts 
per million and the depth of etch in micro
meters were calculated for each tooth.25 

The results were statistically analyzed . 
Student's t test was used to establish whether 
there was a statistically significant difference 
between the fluoride concentration m 

c Zeiss Model PMQI I with flame attachment FA2, 
Carl Zeiss, Oberkochen/Wiirtt, Ger. 

FIG 5.-Example of severe ftuorosis . Score= 3. 
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TABLE I 
FLUORIDE CONCENTRATIONS OF SAULSPOORT 

DRINKING WATER 

Water Sample ppm F 

I 6.16 
2 4.42 
3 3.60 
4 0.40 
5 3.56 
6 4.42 
7 1.86 
8 1.00 
9 0.96 

IO 0.64 
11 1.12 
12 0.93 

enamel for the left and right incisors (FL, 
FR) and was similarly applied in the case 
?f dept.h of etch (DL, DR) . As no signif-

. 1cant differences were found, two new para
meters were created for each individual. 
These were fluoride concentration in enamel 
(F) and depth of etch (D) , each being re
spectively equal to FL+ FR and DL + DR. 

2 2 
The differences between the male and 

female participants for the four parameters
F, D. DMFT index, and DEGF-were tested 
using Student's t test. 

Treating the male and female sample 
separat.ely, the relationship between all pairs 
of variables was tested by computing the 
Pearson (product moment) correlation coef
ficient. Spearman's correlation coefficient was 
also .computed in the case of the nonpara
metric data, for example, DMFT index and 
DEGF. 

TABLE 2 
MEANS OF FOUR PARAMETERS MEASURED FOR 

EACH SEX 

Mean Value 

Parameter Males Females 

Enamel fluoride 
concentration 
(ppm) ±SD 1,762 ± 1,598 1,159 ± 890 

Depth of etch 
(µm) ±SD 9.6±1.0 9.0± 1.0 

DMFT index± SD 1.2 ±2.8 0.8±1.6 

Degree of 
ftuorosis ±SD 2.0 ±I.I 1.8 ± 1.1 
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FIG 6.-Distribution of degree of ftuorosis. Per
centage of sample in each class is indicated. 

Results 

The fluoride . concentration of the water 
samples ranged between 0.4 and 6.0 ppm 
(Table 1). 

The mean values of the four parameters 
measured are shown in Table 2. 

Of the total sample, 833 exhibited clinical 
signs of dental fluorosis (Fig 6) and 593 
were cariesfree (DMFT index = 0) (Fig 7) . 
. ~ tests between the male and female par

uc1 pants for each parameter indicated a 
statistically significant difference for the 
parameters F (P = 0.015) and D (P = 0.002) 
but not for the DMFT index and DEGF. 
Using Spearman's correlation coefficient, a 
significant positive correlation was indicated 
between F and DEGF (r = -0.38) for the 
male sample. The Pearson (product mo
ment) correlation coefficient gave a signif
icant negative correlation between F and 
age (r = -0.40), again for the male sample. 

so 
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FIG 7.-Distribution of DMFT index. Percen
tage of sample in each class is indicated. 

http://etd.uwc.ac.za/ 
 



40 BISCHOFF ET AL 

These correlations could not be shown for 
the female sample. 

Discussion 

Climate considerably influences the con
centration of fluoride in water.27 After a 
drought , the fluoride content increases 
whereas after heavy rains, the content de
creases owing to dilution. The water sam
ples from Saulspoort were collected at t.he 
end of an exceptionally heavy summer rain
fall season. Had these samples been col
lected during the dry season, higher fluoride 
concentrations would probably have been 
found. This would better account for the 
extent of fluorosis in the area. In addition, 
although some water was hand pumped di
rectly from the subterranean source, other 
water was pumped into ·and collected in open 
concrete tanks in which the water was 
even further diluted by rain. This factor 
could, in part, be the cause for the variations 
in concentrations of fluoride in the various 
water sources (Table I) . 

Of the children examined, 833 exhibited 
clinical signs of dental fluorosis (Fig 6) . In 
a similar study done in Austria, Binder10 re
ported a 523 incidence of fluorosis .in an 
area having a fluoride level .of 3 ppm in the 
water. Richards et al6 working in regions 
with fluoride concentrations of l.8 ppm and 
more in the water, and having a similar 
mean maximum temperature to Saulspoort, 
found that 853 of · their sample had sym
ptoms of fluorosis of the tee~h .. In their 
study, Richards et al6 clearly indicated the 
influence of temperature on the incidence 
of fluorosis. They showed that, in areas hav
ing a similar fluoride concentration in the 
water, more dental fluorosis occurred where 
the mean maximum temperature was higher. 
The mean daily maximum temperature in 
the Saulspoort area is 25.3 C.28 This warm 
climate and associated increased water in
take may be partly responsible for the high 
incidence of fluorosis encountered. 

In the present study, 593 of the partic
ipants were found to be cariesfree (Fig 
7) . In 1946, Ockerse27 reported that ?13 
of children with mottled teeth examined 
through South Africa were cariesfr~e. In 
their studies, Richards et al6 and Bmder10 

reported a cariesfree i~cidence of ?2 and 
473, respectively. A direct comparison of 
these figures with those obtained in the. pres
ent investigation should, however, be viewed 

] Dent Res January-February 1976 

with caution since factors such as age, race, 
socioeconomic group, diet, and climate in
fluence the incidence of caries and fluoro
sis.6.29-33 The diet consumed by the res
idents of Saulspoort consists largely of whole 
or lightly milled cereal products and is not 
deficient in protein.35 

Cutress and Malthus,3i:i Isaac et al,14 Aas
enden et al,16 and Aasenden, Moreno, and 
Brudevold36 have all determined the flu
oride content in enamel of persons residing 
in areas with a high fluoride level. How
ever, because of differing experimental pro
cedures such as using whole enamel or an
alyzing very superficial enamel layers, it is 
not possible to compare the fluoride con
centrations in enamel determined in this 
study with those found by these workers. 

In order to establi~h whether the results 
of the male and female samples could be 
pooled in the case of each of the four param
eters, Student's t test was used to test for 
any significant difference between the sexes. 
A statistically significant difference was 
found between the male and female partic
ipants for F and D. The finding in the case 
of F was in agreement with those of other 
studies.lG.37 In the present study, however, 
many of the female participants had at
tempted to remove the unsightly discolored 
enamel by manual abrasion with sand or 
ash (Fig 8) . Therefore, the differences found 
between the male and female participants 
for F and D are more likely to be due to 
external, physical factors rather than inter
nal genetic ones. Consequently, it was de
cided to treat the sexes separately in all 
subsequent statistical tests. . . 

The positive correlation established m 
this study between F and DEGF is in ac
cordance with Isaac et al's14 and De Aisen
berg and Ubios's38 findings that mottled 
enamel had a very much higher fluoride 
concentration than unstained enamel. 

It has b~en repeatedly shown that the flu
oride concentration in enamel is highest in 

Fie 8.-Example of abrasion of maxillary cen
tral incisors in attempt to remove staining. 
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the outer region and falls steeply from the 
surface to a plateau in the interior.36,39 Be
cause of this very characteristic distribution, 
only a small amount of wear is required to 
produce a considerable change in the flu
oride concentration of the enamel surface. 
This would account for the significant neg
ative correlation between F and age estab
lished here. The tendency for the level of 
fluoride concentration in enamel to decrease 
with age has also been previously demon
strated. 40,4 t The correlation established in 
this study supports the conclusion made by 
Weatherall, Hallsworth, and Robinson41 that 
the fluoride lost from the outer enamel sur
face as a result of wear is not restored to an 
appreciable extent even in areas where the 
Auoride content of the water supply is high. 

The correlations between F and DEFG 
and F and · age could riot be. shown for the 
female sample. A possible 'reason for this 
may again be the removal-'-0£ stained enamel 
by many of the female participants. They 
would thereby remove the layer of super
ficial enamel that contains the highest flu
oride concentration. This would mask any 
correlation involving fluoride concentration 
that could otherwise emerge. 

No correlation was found when testing 
DMFT index against any of the other pa
rameters. This may be accounted for by 
two factors. First, the whole sample was ex
posed to high levels of fluoride that would 
confer a high degree of protection against 
caries. Second, Retie£, Cleaton-Jones, and 
Walker42,43 have reported low caries inci
dence in a sample of a similar racial and 
socioeconomic group residing in a nearby 
fluoride-deficient area. These two factors 
may explain the low and narrow range of 
DMFT indexes recorded in the present 
study (Fig 7). Jn other ethnic groups where 
the DMFT index range is greater,42 correla
tion involving the DMFT index may be 
found . 

Conclusions 

The object of the present study was an 
attempt to relate fluoride concentration in 
enamel, caries experience, and the degree of 
fluorosis in a community residing in an area 
with a high level of fluoride. A significant 
difference was found between the male and 
female samples for the F and D parameters. 
A positive correlation was established for 
the male participants between DEGF and 

F, and a negative correlation between age 
and F. These correlations were not found 
for the female participants. Because of the 
low and narrow range of DMFT indexes, 
no correlation involving this parameter 
could be established. 

The authors thank Mr. Phiri, the principal of the 
l\foruleng High School, Saulspoort, for his cooperation 
in availing his staff, his students, and facilities; Mrs. C. 
Sjolde of the Computer Center of the University of 
the Witwatersrand for her assistance in the statistical 
analysis; and the staff of the Dental Research Unit for 
photography and typing of the manuscript. 
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Relationships between fluoride in 
enamel, DMFT Index and fluorosis in high
and low-fluoride areas in South Africa 
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ABSTRACT - The DMFT Index, degree of fluorosis (DEGF), and enamel fluoride concen
tration (F) were determined in 88 children living in a high- and 79 children living in a 
low-fluoride area in South Africa. The following interrelationships between these para
meters were found: in both areas there was a significant negative correlation between log F 
and age; in the high-fluoride area there was a significant positive correlation between log F 
and DEGF; and in the combined data from the two areas there were significant correla
tions between log F and area, log F and age, and log F and DEGF, and a significant asso
ciation between DEGF and area. There were no significant correlations between DMFT and 
log F and between DMFT and DEGF. 
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The relationships which exist between the fluoride 
concentration in enamel, caries experience, and den
tal fluorosis in areas of different fluoride exposure, 
have received a great deal of atter..tion3

•
1o,n,)1s, 14

• BI

SCHOFF, VAN DER MERWE, RETIEF, BARBAKOW & 
CLEATON-JONES

4 studied these relationships in a 
community living in Saulspoort, South Africa, an 
area of endemic fluorosis, which has subterranean 
drinking waters with fluoride concentrations of 0.4-
6.0 parts/106

• The findings, which apply to the 
male sample only, are that enamel fluoride concen
tration decreases with age and that the severity of 
fluorosis is positively correlated with enamel fluo
ride concentration. 

This report is an extension of the previous study 
to include a control community in a fluoride-defi
cient area. 

MATERIAL AND METHODS 
The community selected for this study lives in Mabeskraal, 
a village near Saulspoort with identical ethnic and socio
economic status. The fluoride concentrations of the drink-

ing water from the are~ were determined4, 6, 7 and found 
to be between 0.02 and 0.20 parts/106. The sample was 
composed of 15- to. 19-year-old black children who were 
lifelong residents in Mabeskraal. There were 45 females 
and 34 males. 

The caries index (DMFT) and fluorosis index (DEGF) 
were determined for each individual using the same proce
dures and criteria employed in Saulspoort4. Briefly, the 
fluorosis index was graded from 0 (normal) to 3 (severe) 
depending on the extent of the mottling and pitting ob
served. However, because of the difficulty in distinguishing 
between mottling of other etiology and fluorosis, any mot
tling observed was diagnosed as fluorosis . 

Enamel biopsies were taken from the maxillary central 
incisors using an acid etch technique16. The calcium and 
fluoride contents of the biopsy samples were determined. 
The fluoride concentration in enamel as parts/106 and the 
depth of etch in micrometers (µm) were calculated for 
each tooth. The Saulspoort data were reassessed using log 
F, rather than the previously4 used F. The reason for this 
was that the distribution of the enamel fluoride concentra
tions was found to be skew. By taking the logarithm of the 
enamel fluoride concentration the data were normalized. 
This was therefore used in all subsequent statistical anal
yses. 

Because there was no statistically significant difference 
between the log of the enamel fluoride concentration of the 
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left and right central incisors (log FL, log FR) or between 
the depths of etch for these two teeth (DL, DR), the aver
age for each individual of DL and DR, and log FL and log 
FR were used and these were designated D and log F, re
spectively. Log F and D were used in all subsequent analy
ses. 

For each area a correlation matrix of all the parameters 
(geographic area, age, D, log F, DMFT, DEGF, sex) was 
computed from the combined male and female data. No 
significant correlation was found between sex and the para
meters log F, DEGF and DMFT. In the case of dichoto
mous data, the significance test using correlation coeffi
cients is equivalent to Student's t-test. Therefore no signifi
cant correlation between any parameter and sex implies 
that there is no significant difference between the sexes for 
this parameter. Subsequent analyses were thus performed 
on the combined male and female data. 

Partial correlation coefficients between all pairs of vari
ables were calculated in order to eliminate the influence of 
interfering variables where these could have some spurious 
effect on the correlation coefficients. The partial correla
tion coefficients between two variables with a third vari
able fixed is the correlation coefficient between these two 
variables for their conditional distribution given a partic
ular value for the third variable. For the multivariate nor
mal distribution this partial correlation . coefficient is inde
pendent of the actual value at which the third variable is 
fixed. For instance, in any correlation involving log F, 
depth was fixed, since it has been well documented that 
the fluoride concentration of enamel varies with distance 
from the enamel surface18. 

In the same way correlation analysis was used to relate 
the parameters of the pooled data from both areas. 

Chi-square tests were used to determine the association 
between area and the DEGF and DMFT data, respective
ly. In the case of DEGF, a 2 X 2 contingency table was 
constructed. The DEGF scores were grouped into classes of 
0 and > 0. Two different contingency tables were drawn 
up to compare DMFT and area: in the first, the DMFT 
categories were 0 and> O; in the second, they were< 2 
and> 2. 

RESULTS 

The mean values obtained for the parameters meas
ured in Saulspoort and in Mabeskraal are given in 
Table 1. 

The only parameter which differed significantly 
between the sexes was depth of etch. The following 
significant correlations emerged. 

Saulspoort reassessed - When using log F rather 
than F the results which applied to the male sample 
only4, were confirmed for the entire sample. Values 
of these significant partial correlation coefficients 
and the parameters fixed are given in Table 2. 

M abeskraal - Of the sample, 50.6 % were free 

Table 1. Mean values of the parameters from the two areas 

Parameters 

Enamel fluoride concen
tration - part/106 (F) 
Log enamel fluoride con
centration (log F) 
Degree of fluorosis 
(DEGF) 
DMFT index 
Depth of etch - µm ( D) 
Age 

Mean values ± 
standard deviation 

Saulspoort 
High F 

1,486 ± 1,346 

Mabeskraal 
Low F 

476 ± 330 

2.9641 ± 0.4450 2.5801 ± 0.3441 

1.9 ± 1.1 
1.0 ± 2.3 
9.3±1.1 

17.6±1.6 

0.1±0.4 
1.4 ± 2.1 
8.6±1.3 

16.9 ± 0.9 

of caries and 11.4 % exhibited enamel mottling. Of 
those with mottling, 78 % were classified as having 
mild fluorosis and the remainder were classified as 
moderate. 

The only significant correlation which emerged 
was a negative correlation between log F and age 
(Table 2). 

Combined areas - The analysis of the combined 
data from the two areas yielded three statistically 
significant correlations (Table 2). There was a posi
tive · correlation between log F and area ( P < 
0.001) which implies a significant difference in log 
F between the · two areas. Furthermore, there was a 

Table 2. Significant correlations in the high- and low-fluo
ride areas and in the two areas combined 

Saul-
spoort 
High F 
88* 

Mabe
skraal 
Low F 
79* 

Com
bined 
areas 
167* 

Parameters Parameters 
compared fixed 

log F and age Depth 
log F and DEGF Depth, age 

log F and age Depth 

log F and area Depth, age 
log F and age Depth, area 
log F and DEGF Depth, age 

*Number of subjects. 

Corre-
lation 

P value coeffi-
cient 

-0.2710 <0.02 
+0.4371 <0.001 

-0.2837 <0.01 

-0.4796 <0.001 
-0.2711 <O.Ql 
+0.5348 <0.001 http://etd.uwc.ac.za/ 

 



negative correlation between log F and age ( P < 
0.01 ) and a positive correlation between log F and 
DEGF (P < 0.001 ). 

In testing DEGF, a highly significant association 
between fluorosis and area was found (x2 = 85.36, 
P < 0.001). There was a far greater incidence of 
fluorosis in Saulspoort. 

The two chi-square tests of the DMFT data 
yielded the following results. In the first case, no 
significant association between cariesfree experience 
and area was established ( x2 = 1.19 ) . However, in 
the second case, the chi-square value ( x2 = 7 .38) 
indicated a significant association at the 1 % level 
between caries incidence and areas, with Mabe
skraal having a larger number of subjects with 
DMFT values greater than 2. 

DISCUSSION 

In spite of the fact that most of the mottling ob
served in Mabeskraal was classified as mild, the 
11.4 % incidence is higher than generally would be 
expected in a fluoride-deficient area. In an area of 
similar water fluoride concentration and mean max
imum temperature, RICHARDS, WESTMORELAND, 
TASHIRO, McKAY & MoRRISON14 reported a 3.9 % 
incidence of fluorosis. There are two posfilble ex
planations for the greater prevalence of mottling in 
Mabeskraal. It could firstly be attributed to poor 
diet. MASSLER12 observed a greater prevalence of 
mottling in a community in Italy than in a compar
able area in the U.S.A. and attributed this to the 
lower nutritional status of the former community. 
It is doubtful that this would apply to the Mabe
skraal population since their diet, although not typi
cally Western, is adequate and not deficient in pro
tein11. Secondly, the possibility exists that the mot
tling observed in Mabeskraal is not dental fluorosis2. 

The finding that there was a significantly greater 
incidence of fluorosis in Saulspoort supports the re
sults of RICHARDS et al. 14 and BINDER3 who showed 
a higher frequency of fluorosis in high- than in low
fluoride areas. A further statistical finding involving 
the fluorosis index was a significant positive corre
lation between log F and DEGF in Saulspoort as 
well as in the data from the two areas combined 
(Table 2). This substantiates the findings of IsAAc, 
BRUDEVOLD, SMITH & GARDNER8, DEAISENBERG & 
Umos5

, and KEENE, GROSSMAN, PEDERSON, MEL
BERG & NICHOLSON10

, who showed that mottled 
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enamel has higher fluoride concentrations than nor
mal enamel. 

ISAAC et al. 8
, RYTOMAA, KLEEMOLA-KUJALA, 

KEINONEN & ANTTtrLA15 and KEENE et al. 10 showed 
that the fluoride concentrations of enamel from per
sons resident in a high-fluoride area are greater than 
those from a fluoride-deficient area. The signifi
cantly higher enamel fluoride concentrations in 
Saulspoort confirm the results of these studies. 

A consistent finding was the negative correlation 
between log F and age. This decrease in enamel 
fluoride concentration with age has also been re
ported by WEATHERELL, HALLSWORTH & RoBIN
soN18 and AASENDEN1 and is attributed to tooth 
wear. 

The lower caries incidence in areas having high 
levels of fluoride in the drinking water hlli>:'been well 
documented3

•
9

•
13

•
14

• The findings of the present 
study, that there is no significant difference between 
the cariesfree experience of the two communities 
but that there is a significantly higher frequency of 
DMFT scores greater than 2 in Mabeskraal, are not 
as conclusive as the studies quoted above. 

Significant correlations between DMFT index 
and enamel fluoride concentration11

, and DMFT 
index and fluorosis11

• 
14 could not be shown in this 

study. This is attributed to the low caries incidence 
of both populations and significant correlations may 
emerge when the study is extended to a caries-prone 
community. 

The anomalous finding that there was a signifi
cant difference in-the depth of etch between males 
and females is difficult to interpret in the context of 
this study. 

It would appear that the fluoride in the drinking 
water has little influence on the caries experience of 
the two populations studied and that other influ
ences such as dietary or genetic factors preclude the 
high caries incidence encountered in other racial 
and socioeconomic communities. 
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Relationships among fluoride 
concentration in enamel, 

degree of fluorosis and caries 
incidence in a community residing 

in a high fluoride area 
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*Dental Research Unit of the South African Medical Research Council and the University of the 
Witwatersrand, Johannesburg, Republic of South Africa, and •• Dep.artment of Biostatistics, School of 

Medicine, University of Alabama in Birmingham, U.S.A. 

Abstract. The caries inhibitory effect of optimally fluoridated drinking water is well documented. 
Communities are often exposed to naturally fluoridated water with F content exceeding the optimal 
level. The purpose of this study was to determine the relationship between enamel fluoride, degree of 
fluorosis (DEGF) and caries incidence (DMFT) in an endemic fluoride area. 

Eighty-five 14- to 16-year-old children (37 males and 48 females) who were born and had been living 
continually in the town of Kenhardt in South Africa were selected for this study. The fluoride content of 
the common water supply is 3.2 ppm F. The DMFT and DEGF were determined clinically. Acid etch 
biopsies were carried out on both maxillary central incisors of each subject. Ca and F analysis were 
carried out and mass enamel expressed in µg and mass F in pg. Data transformations to loge mass F 
(lnF), loge mass En (lnEn) and yDMFT were made. The lnF values were corrected to a standarized 
depth of 10 µm (208.6 µg enamel equivalent mass) by covariance analysis. Correlations between the 
parameters v' D MFT, l nF and DEG F were calculated, adjusting for the sex of the individual. 

The correlations were as follows: 
yDMFT vs lnF, r = 0.415, P<0.0001 
DEGF vs lnF, r= 0.389, P<0.005 
yDMFT vs DEGF, r= 0.251, P<0.02 

A positive association among the three parameters was established. 

Accepted/or publication 13 December 1978 

Endemic dental fiuorosis, or mottled 
enamel, is widely distributed throughout 
the world. Its occurrence has been 
reported in the U.S.A. (Black & McKay 
1916), China (Anderson & Stevenson 
1930), England (Ainsworth 1933), India 

0300-9777 /79/040224-13$02.50/0 

(Marshall Day 1940), South Africa 
(Ockerse & Meyer 1941), New Zealand 
(Hewat 1949), Finland (Scheinin et al. 
1964), Sweden {Forsman 1974), Morocco 
(M0ller & Poulsen 1975), and Cuba 
(Kunzel & Soto Padron 1976). 

c 1979 Munksgaard, Copenhagen 
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Investigations of this often unsightly 
pathologic entity have initially suggested 
and subsequently confirmed the caries in
hibitory effect of fluoride in drinking 
water. The sequence of events that led to 
this important discovery was reviewed by 
Murray (1973). 

Dean (1934) introduced a classification 
for the clinical assessment of the degree of 
mottling, and data subsequently obtained 
by Dean (1938) disclosed an inverse 
relationship between the prevalence of 
dental caries and the fluoride concentra
tion of the domestic water supply. He also 
demonstrated that the dental caries attack 
rate was inversely proportional to the pre
valence of mottled enamel. 

Several attempts have been mad.e to 
-determine the relationship between 
parameters such as dental fluorosis, caries 
incidence and fluoride content of enamel. 
As early as 1936, Bowes & Murray 
reported that the fluoride content of pooled 
bulk enamel from mildly mottled teeth was 
higher than that of nonmottled teeth. 
McClure & Likins (1951) found that an 
increase in the fluoride content of drinking 
water resulted in an increased fluoride 
uptake by bulk enamel and that this was 
associated with a marked reduction in 
dental caries. 

A 10-year study of two groups of 
people residing in Bartlett (8.0 ppm F) and 
Cameron · (0.4 ppm F), Texas, revealed 
that dental fl uorosis was significantly 
higher in Bartlett than in Cameron but 
that there was no significant difference in 
dental canes between Bartlett and 
Cameron residents (Zimmermann et al. 
19 5 5). Sellman et al. ( 19 5 7) studied 
the quantitative relationships between the 
fluoride content of drinking water and the 
incidence of caries and mottled enamel in 
schoolchildren in southern Sweden. They 
found a direct relationship between the 
fluoride . content of drinking water and 

fluorosis, and an inverse relationship 
between caries and drinking water F 
content. The maximum fluoride concentra
tion in the drinking water was 1.3 ppm F. 
Similar findings were reported in a study 
conducted in F~land (Scheinin et al. 
1964). 

Binder (1973) carried out a survey to 
determine the effects of natural fluoride in· 
drinking water on dental caries and 
fluorosis. He found that the DMFT values 
of children resident in high fluoride areas 
decreased, while the incidence of fluorosis 
increased. The- interrelationships among 
fluoride exposure, dental fluorosis, con
centrations· of fluoride in surface enamel 
obtained by an abrasive biopsy procedure 

· and caries was examined in young naval 
recruits (Keene et al. 1973). Enamel from 
the caries-free group contained 
significantly higher levels of fluoride than 
the enamel from the groups with caries. 
Dental fluorosis and years of exposure to 
fluoride in drinking water were also 
significantly higher in the caries-free 
group. To obtain further information on 
the interrelationships of the same 
parameters, the study was extended to indi~ 

viduals with obvious manifestations of 
dental fluorosis (Keene et al. 1975). They 
found that the mean enamel fluoride con
centration was significantly higher in the 
fluorosis group than in the control group 
but that the difference in the mean DMFT 
scores was not statistically significant. 

DePaola et al. (1975) determined the 
caries (DMFS index) and surface enamel 
fluoride concentrations in a large number 
of 12- to 16-year-old schoolchildren living 
in selected fluoridated and non-fluoridated 
areas. Fluoride was expressed as loge mass 
F corrected to a standardized depth and a 
square root transformation of DMFS was 
made. An analysis of the data revealed a 
highly significant inverse relationship 
between loge mass F and y'D MFS. http://etd.uwc.ac.za/ 
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Bischoff et al. (1976), however, could find 
no correlation between caries (D MFT) and 
fluoride concentration in surface enamel in 
a population group living in an endemic 
fluoride area. 

The purpose of the present study was to 
examine the interrelationships among 
fluoride concentration in surface enamel, 
degree of fluorosis (DEGF) and caries 
incidence (DMFT) in a population group 
residing in a high fluoride area with 

· drinking water of a known fluoride con
centration. 

Material and Methods · 

This investigation was carried out in 
Kenhardt, a village in the northwestern 
part of Cape Province in the Republic of 
South Africa. The average annual rainfall 
is between 12. 5 and 25 cm and the general 
geologic formation of the district is old 
granite and gneiss (Ockerse 1941). The 
incidence of dental fluorosis in this area is 
extremely high (Dodd et al. 1960, Jackson 
1962, Steyn et al. 1962). 

Table I. Composition of the drinking water of 
Kenhardt* 

pH 8.1 

Nitrate 2.4 
Chloride 320 
Sulphate 100 
Fluoride 3.2 
Calcium 98 

mg/1 

Magnesium 42 
Potassium 3 
Sodium 160 
Boron 440 

} Copper 21 
Iron 70 
Manganese 6 

µg/1 

• Department of Health, Republic of South Africa, 
February 23, 1978. 

The population consists of 800 Whites 
and 3,500 Coloureds - a m~ed population 
group of Caucasian, Negroid and Malayan 
origin. The central water supply comes 
from boreholes 8 km· from the town and is 
piped in. The drinking water was analyzed 
by the Department of Health in February 
1978 and part of the analysis is repro
duced in Table 1. The fluoride content was 
3.2 ppm. Analysis of drinking _water 
collected from several points in the town was 
performed in our laboratory and the fluoride 
content ranged from 3.16 to 3.22 ppm. 

Pupils from the Kenhardt Primary 
School were selected for this study. The 
procedures . involved were · carefully 
explained to them and their approval to 
participate in the study was obtained. Only 
14- to. 16-year-old pupils who were born 
and had been living continually in "Die 
W oonbuurt," the Coloured residential 
township, were selected. There were 3 7 
males and 48 females. 

The caries incidence (D MFT) of each 
participant was determined in good natural 
light, with the use of a mouth mirror and 
sharp dental probes, by a dental surgeon 
(DHR). Teeth lost as a result of trauma or 
those congenitally m1ssmg were not 
included in determining the DMFT index. 
The mean DMFT index (±S.E.) and the 
percentage pupils free from caries were ' 
determined for males and females (Table 
2). 

The degree of fluorosis (DEGF) was 
assessed by a dental surgeon (FHB) using 
Dean's (1934) classification as a guide. 
The degree of fluorosis was graded 0 to 3 
depending on the extent of mottling and 
pitting observed. The first class comprised 
normal teeth with no evidence of fluorosis 
(Fig. 1) and was scored as 0. The second 
included teeth exhibiting localized white, 
opaque areas (Fig. 2). This class was 
graded as mild and scored as 1. In the 
third class extensive white, opaque 
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Fig. 1. Degree offiuorosis 0. Normal Teeth. 

mottling and isolated pitting occurred in 
the enamel surface (Fig. 3). The fiuorosis 
was classified as moderate and assigned a 
score of 2. Extensive pitting (Figs. 4 and 
5) was classified as severe and scored as 3. 
In this class marked brown staining of the 
teeth was observed in many pupils (Fig. 6). 

The mean DEGF (±S.E.) and the 
percentage of pupils with severe fiuorosis 
were determined for both sexes (Table 2). 
The number of pupils in each DEGF class 
and the mean enamel F concentration 
(ppm) and the mean D MFT of the pupils 
in each class are given in Table 3. 

DMFT (±S.E.) 
% Caries free 
DEGF (±S.E.) 
% Severe ftuorosis 
Biopsy depth (±S.E.) µm 
Mean unadjusted 
F (±S.E.) ppm 

Table-2. Results of clinical and laboratory evaluations 

Male 
37 

3.35±0.42 
16.2 
2.86±0.06 

86.5 
10.08±0.20* 

5078±261* 

Female 
48 

2.08±0.33 
35.4 

2.71±0.09 
77.1 

9.43±0.32* 

5040±319* 

• Mean and S.E. of the average values for left and right maxillary central incisors of each individual. 
http://etd.uwc.ac.za/ 
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Fig. 2. Degree of fiuorosis 1. Localized white, opaque areas-mild ftuorosis. 

The facial surfaces of the maxillary 
central incisors of each pupil were cleaned 
with a water slurry of flour of pumice and 
a slowly rotating rubber cup. The teeth 
were washed and dried well. Areas 3 mm 
in diameter were demarcated on the 
crowns of the incisors by means of 
annular adhesive discs (No. 4 71; 3 M Co., 
St. Paul, MI). The discs were burnished 

well to ensure good marginal adaptation to 
the underlying enamel. Enamel specimens 
were obtained from the demarcated 
surface areas by means of an acid etch 
biopsy procedure (Van der Merwe et al. 
1974). The etching solutions were 
tr an sf erred to plastic tubes containing 2 ml 
of Total Ionic Strength Adjustment Buffer 
(TISAB, Orion Research Inc., Cambridge, 

Table 3. Distribution of pupils in DEGF classes with mean±S.E. of enamel F ppm and DMFT 

Male Female 

DEGF n F ppm OMFT n Fppm DMFT 
0 0 1 1388 0 
l 0 1 7163 2 
2 5 4311±914* 2.00±1.26 9 3693±315 1.00±0.44 
3 32 5198±267 3.63±0.43 37 5233±356 2.46±0.39 

• Mean of the average values for left and right maxillary central incisors of each individual within a DEGF 
class. 

; 
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Fig. 3. Degree of ftuorosis 2. Extensive white opaque mottling with isolated pitting-moderate ftuorosis. 

MA) diluted with an equal amount of 
deionized water. 

The test solutions were analyzed for 
fluoride and calcium. The fluoride content 
was determined with a Model 96-09 
Orion combination fluoride electrode 
coupled to an Orion Model 801A pH/mv 
meter. The mass of fluoride in the etching 
solutions was expressed in picograms (pg). 
The calcium content was determined in 
aliquots of etching solution diluted 25 
times with 1 % lanthanum chloride to 
prevent interference from phosphorus and 
aluminum (Willis 1961). Duplicate calcium 
determinations were carried out with a 
Zeiss Model PMQ 11 with flame attach
ment F A2 atomic absorption spec
trophotometer (Carl Zeiss, Oberkochen/ 
Wiirtt, West Germany). The mas~ of enamel 
in each etching solution was calculated by 

assuming that human enamel contains 
37 % calcium (Retief et al. 1971) and 
expressed in micrograms (µg). The fluoride 
concentrations in the enamel of the central 
incisors were calculated as follows: 

Unadjusted fluoride concentration 
(ppm) 

Mass F (pg) 
---~----

Mass Enamel (µg) 

The mean and S.E. of the average values 
for left and right maxillary central incisors 
of each individual were determined for 
males and females (Table 2). 

The biopsy depth for each tooth was 
calculated from the following formula: 

Biopsy depth (µm) 

Mass enamel (µg) 
----------------

Density of enamel x Biopsy area (mm2) 
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Fig. 4. Degree of fluorosis 3. Extensive pitting- severe fluorosis. 

-
Mass enamel (µg) 

2.95 x 7.0714 

Mass enamel (µg) 

20.86 

Density of enamel is 2.9 5 (Manly & 
Hodge 1939). The mean and S.E. of the 
average biopsy depths for left and right 
maxillary central incisors of each indi
vidual were determined for males and 
females (Table 2). 

Because of the steep fluoride gradient in 
the outermost enamel (Brudevol9 et al. 
1956), the mass of fluoride in a given 
biopsy obtained from a standardized area 
depends on the biopsy depth or, 
equivalently, on the mass of enamel in the 
biopsy solution. The biopsy depth is an 
uncontrollable variable and ranged from 

5.6 µm to 14.9 µm. In order to make valid 
comparisons between the fluoride content 
of the central incisor teeth, the fluoride con
centrations were corrected to a uniform 
depth of 10 µm (equivalent enamel mass of 
208.6 µg). 

Statistical Analysis 

The following data transformations were 
made: 

Mass F in picograms to loge mass F 
(lnF) 

Mass enamel in micrograms to loge 
mass En (lnEn) 

DMFT to y'DMFT 
The data were transformed in order to 
stabilize variation and to make the data 
more closely follow a Gaussian distribu
tion. 
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Fig. 5. Degree offtuorosis 3. Extensive pitting- severe fluorosis. 

Preliminary t-tests were carried out to 
determine the significance level of the 
differences between lnF and lnEn 
respectively for the left and right incisors 
of the pupils involved in this study. The 
differences between lnF (t=0.38, 
P>0.70) and lnEn (t=l.13, P>0.25) 
were not significant. Thus, the values to be 
used in further analyses of lnF and lnEn 
were obtained by averaging the lnF and 
lnEn values for the left and right incisors 
for each individual. 

A covariance analysis (Steel & Torrie 
1960) was run to test the differences 
between sexes for lnF (adjusted) using 
lnEn as the covariate. The adjusted lnF 
mean values were obtained by correcting 
the unadjusted lnF values to a standardized 
depth of 10 µm (equivalent enamel mass 
of 208.6 µg). 

In order to determine the association 

among yDMFT, lnF and DEGF, cor
relations (Steel & Torrie 1960) between 
the various pairs of variables were 
calculated adjusting for the sex of the indi
vidual. This adjustment was necessitated 
by the sex difference for y'DMFT 
(P < 0.02) while the other parameters, lnF 
and DEGF, though not showing any 
significant differences between sexes, had 
P values ranging between 0.10 and 0.20 
(Table 3). 

All computations were performed 
utilizing the Statistical Analysis System 
(Barr et al. 1976). 

Results 

The mean DMFT (± S.E.), percentage of 
pupils free from caries, mean DEGF 
(± S.E.) and the percentage of pupils with http://etd.uwc.ac.za/ 
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Fig. 6. Degree of fiuorosis 3. Extensive pitting with marked staining-severe fiuorosis. 

severe fl.uorosis are given in Table 2. The 
mean biopsy depth (± S.E.) and the mean 
unadjusted F (± S.E.) were calculated from 
the average values for left and right 
maxillary central incisors of each indi
vidual (Table 2). 

The covariance analysis revealed that 
the covariate (lnEn) was not significant 
(t=0.93, P> 0.35) and that there was no 
significant difference in the adjusted lnF 

values between sexes (t=l.37, P> 0.17) 
(Table 4). 

Calculation of the correlations among 
the parameters yDMFT, lnF and DEGF 
gave the following results: 

yDMFT vs lnF, r = 0.415, P<0.0001 
DEGF vs lnF, r= 0.389, P < 0.005 

yDMFT vs DEGF, r=0.251, P<0.02 
Thus, a positive association exists among 

the three variables. 

Table 4. Results of statistical analysis 

lnEn 
lnF (unadjusted) 
lnF (adjusted to 10 µm) 
y'DMFT 
DEGF 

• Mean±S.E. 

Male 
37 

5.34±0.025* 
13.83±0.054 
13.83±0.056 

1.61±0.015 
2.86±0.06 

Female 
48 

5.27±0.033 
13. 71 ±0.050 
13.72±0.051 

1.11±0.14 
2.71±0.09 

P value 

>0.35 

>0.17 
<0.02 
>0.10 
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Discussion 

The adjustment of lnF to a standardized 
depth of 10 µm was made because the 
biopsy depths ranged from 5.6 µm to 
14.9 µm. This could have resulted in dis
similar biopsy depths between the male 
and female groups. In this investigation, 
however, the difference in lnEn (or 
equivalent biopsy depth) between the 
males (5.34 ± 0.025) and the females 
(5.27 ± 0.033) was not significant 
(P> 0.35, Table 4). In addition, the biopsy· 
procedure used resulted in mean biopsy 
depths of approximately 10 µm for both 
the male and female groups (Table 2).
Consequently, similar values for lnF 
(unadjusted) and lnF (adjusted) were 
obtained for males and females 
respectively (Table 4). 

No significant differences between lnF 
(t=0.38, P>0.70) and lnEn or, 
equivalently, biopsy depth (t= 1.13, 
P > 0.25) respectively for the left and right 
incisors were observed. This is m 
accordance with previous findings by 
Keene et al. (1973) and Bischoff et al. 
(1976). 

This study also revealed that there were 
no significant differences in the adjusted 
lnF values . between sexes (t= 1.37, 
P> 0.17). Aasenden et al. (1971), however, 
reported that the fluoride levels of enamel 
in males were significantly higher than in 
females residing in an area containing 1 
ppm F in the drinking water. Aasen den 
(1974) subsequently reported that the 
mean fluoride concentration of biopsies 
taken to comparable depths was generally 
about 10 % higher in males than in 
females. He suggested that this observed 
difference in F concentration could be 
related to the longer pre-eruptive matura
tion time of the enamel in males than in 
females. 

The present investigation is based on the 
15 

premise that the average F concentration 
of the biopsied left and right. maxillary 
central incisors of an individual is an index 
of the fluoride status of the entire denti
tion. Aasenden et al. (1971) determined 
the fluoride content of the surf ace enamel 
of three tooth types (maxillary central and 
lateral incisors and first molar) in long
term residents of two communities with a 
different fluoride content in the drinking 
water. They concluded from their results 
that different tooth types within a mouth 
differed somewhat in enamel F but that 
the differences were small. Aasenden et al. 
(1973), using a more sophisticated biopsy 
procedure, determined the fluoride con
centration in surface enamel of maxillary 
central and lateral incisors and canines of 
children from three communities living in 
areas supplied with different F levels in the 
drinking water. Their study showed that 
there were differences between the F con
centrations in the surface enamel of 
various tooth types but that the F con
centrations of the three tooth types within 
a given community differed from those of 
their homologous teeth in another 
community by a relatively constant factor. 
They concluded that, in comparative 
studies on the effect of water fluoridation, 
conclusions based on the F levels of only 
one tooth type were applicable to the 
general F status of a community. This was 
confirmed by Richards et al. (1977) who 
reported that the fluoride content of the 
maxillary central incisors was closely cor
related to the grand mean fluoride content 
of all the other maxillary teeth from the 
same individual. 

An interesting finding in the present 
study is the highly significant positive 
association between caries incidence and 
enamel fluoride concentration. The correla
tion between tl~se parameters was 
yDMFT vs lnF, r=0.415, P<0.0001. 
McKay (1929) presented evidence to show 
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that mottled enamel was not rendered 
more susceptible to decay by its defective 
structure than normal enamel. Ockerse 
( 1941 ), however, reported that the enamel 
mottling observed in the Kenhardt district 
was so severe in many pupils that it was a 

- predisposing cause of dental caries. In a 
subsequent study confined to the same 
area Steyn et al. (1962) concluded that 
caries only occurred in teeth with 
advanced hypoplasia. 

A study was undertaken by Forrest 
( 19 5 6) to correlate the incidence of caries 
and mottling with different levels of 
fluoride in drinking water. She reported 
that the caries incidence was markedly 
lower in the fluoride than in the non
fluoride areas and that the incidence and 
severity of fluoride mottling was directly 
refated to the amount of fluoride in the 
water. Examination of her results showed 
that the caries incidence in children 
resident in an area containing 5.8 ppm F 
was twice as high as the caries incidence 
in children living in an area containing 3.5 
ppm F (2.8 vs 1.4). The caries incidence of 
both groups of children was, however, 
considerably lower than that of children 
living in low fluoride (0.1-0.2 ppm F) 
areas. 

In a recent study, Retief et al. ( 197 5) 
reported that the caries incidence in 16- to 
17-year-old Coloured children resident in 
an area supplied with piped drinking water 
with an F content of 0.2 ppm was 
6.4 ± 0.6 for males and 5.3 ± 0. 7 for 
females. The respective figures for 14- to 
16-year-olds resident in Kenhardt, with a 
fluoride content of 3.2 ppm F, were 
3.35 ± 0.42 for males and 2.71±0.33 for 
females. The caries incidence in these com
munities was inversely related to the 
fluoride concentration of the drinking 
water. The caries incidence among 
children living in the Kenhardt area was 
significantly less that that of slightly older 

children of the same population group 
living in a low-fluoride area. Within a 
community residing in a high-fluoride area, 
however, there is a highly significant 
positive association between caries 
incidence and enamel fluoride concentra
tion. 

Navia et al. (1976) designed a study 
which enabled them to evaluate fluoride in
corporation into molars as well as its 
cariostatic effect in the rat model. Some of 
the experimental groups received, by 
gavage, daily doses of a sodium fluoride 
solution from days_ 5 through 17. They 
found that increasing the fluoride dosage 
pre-eruptively gave a linear increase in 
fluoride content of molar crowns which 
paralleled the increase in severity of 
carious · lesions observed in the · buccal, 
sulcal, and proximal molar surf aces of the 
fluoride-treated rats. 

The subjects in the present study were 
exposed to drinking water with a high 
fluoride concentration (3.2 ppm F). This 
exposure pre-eruptively resulted in 86.5 % 
of the males and 77 .1 % of the females 
showing severe fluorosis associated with 
marked pitting of enamel. In some subjects 
the fluorosis was so severe that it resulted 
in partial loss of enamel and exposure of 
the underlying dent.in; In this study a 
highly significant positive correlation 
between DEGF and lnF was seen 
(r= 0.389, P < 0.005). It is therefore not 
surprising that a highly significant associa
tion between caries incidence expressed as 
y'DMFT and fluoride concentrations in 
enamel expressed as lnF emerged in this 
community living in a high fluoride area. 
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SUMMARY 

The caries inhibitory effect of optimally fluoridated water is 
well documented. Communities are often exposed to natur
ally fluoridated wa.ter with F content exceeding the optimal 
level of 1 ppm. The purpose of this study was to determine 
the relationship between enamel fluoride concentration, 
and mass fluoride expressed in picograms (pg) and mass 
in an endemic fluoride area. 

Sixty-one ·14 to 17-year-old White children ( 27 males and 
34 females) who were born and had been living continually 
in Kenhardt were selected for this study. The DMFT and 
DEGF were determined clinically. Acid etch biopsies were 
done on both the maxillary central incisors of each pupil. F 
and Ca analyses were carried out on the biopsy solutions 
and mass fluoride expressed in picograms (pg) and mass 
enamel in micrograms (µg). Data transformations to loge 
mass F (lnF), loge mass En (lnEn) and \IDMFT were 
made. The 1 nF values were adjusted to a standardized 
depth of 10 µm (enamel equivalent mass of 208.6 µg) by 
covariance analysis. 

In order to determine the association between ../DMFT. 
lnF and DEGF, correlations between the various pairs of 
variables were calculated for all the pupils.for pupils with 
DMFTS2 and DMFT>2. and for pupils with DEGFSl 
and DEGF >1. 

The following significant associations were established: 
A negative correlation significant at the 10 p_er cent level 
(p=0,0902) bgtween .,/DMFT and lnF for DEGFS}; A 
highly significant {p= 0,0004) positive correlation between 
lnF and DEGF for all the pupils and for pupils with 
DMFT>2. 

•Present Address: Dr D H Rct icr 
• fn stitutc or Dental Research School or Dcnt isJry University of Alabama in Birmingham 

Birm ingham. AL 3S294 U.S.A. 

OPSOMMING 

Die kariesbeperkende e.ffek van optimale gefluoreerde 
water is reeds deeglik beskryf. Gemeenskappe word dikwels 
blootgestel aan natuurlike gefluoreerde water met 'n F 
inhoud wat die optimale vlak van 1 dpm oorskry. Die doe/ 
van hierdie ondersoek was om die verhouding te bepaal 
tussen glasuur fluoried konsentrasie, graad vanjluoridasie 
(DEGF) en tandkaries insidensie (DMFT) in 'n endemiese 
fl.uoried gebied. Een-en-sestig 14 tot 17-jarige wit kinders 
( 2 7 manlike en 3 4 vroulik) wat gebore is en opgegroei het in 
Kenhardt, is vir hierdie ondersoek gekies. Die DMFT en 
DEGF is klinies b6paa/. Suurets bjopsies is gedoen op 
beide die maksi/llre eerste snytande van elke skolier. Fen 
Ca ana/ises is uitgevoer op biopsieoplossings en massa 
fluoried is uitgedruk in pikogramme (pg) en massa g/asuur 
in mikrogramme (µ,g). Data transformasies na log. massa 
F (JnF), loge massa En (Jn En) en \IDMFT is gedoen. 
Die lnF waardes is aangepas tot 'n gestandardiseerde 
diepte van JO µ,m (g/asuur ekwivalente massa van 208,6 µ,g) 
deur kovariante analise. Ten einde die assosiasie tussen 
JDMFT, lnF en DEGF te bepaal, is korrelasies tussen 

die verskillende pare variante viral die skoliere bereken, vir 
skoliere met DMFTS2 en DMFT>2. en vir skoliere met 
DEGF ~1 en DEGF >l. 

Die volgende betekenisvolle assosiasies is gevind: 'n nega
tiewe korrelasie betekenisvol op die 10 per sent vlak 
(P =0,0902) tussen VlfMFT" en lnF vir DEGFSJ; 'n 
hoogs betekenisvolle (P =0,004) positiewe korrelasie tus
sen 1 nF en DEGF vir al die skoliere en vir skoliere met 
DMFT >2. 
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INTRODUCTION 

Endemic dental fluorosis or mottled enamel is widely 
distributed throughout the world. In the Republic of 
South Africa it has been observed in the North 
Western, Western and Karoo regions of the Cape Prov
ince, Western and Central Free State and Northern, 
Eastern and Western areas of the Transvaal (Ockerse, 
1946). 

Ockerse (1941) examined 6 to 16-year-old White chil
dren in the Kenhardt School. Thirty-eight of these chil
dren were born and grew up in the village of Ke~hardt, 
and 24 per cent had dental caries while all showed signs 
of mottled enamel. The fluoride content of the drinking 
water of Kenhardt at that time was 6,8 ppm F. Of the 
142 children born in the Kenhardt district, 9 had ques
tionable mottling and the degree of mottling in the re
mainder ranged from mild to severe. The fluoride con
tent of four well waters in the Kenhardt district aver
aged 7,7 ppm. 

In 1960 Dodd, Levy and Jackson reported that an un
known bone disorder occurred in Coloured children 
resident in the Rooiblok residential area of Kenhardt. 
They postulated that the high fluoride content of the 
drinking water obtained from ghorras (shallow wells 
sunk to a depth of 3 to 6 meters) was probably the most 
important factor responsible for the bone deformities 
observed in children born and reared in this township. 
They also reported that caries, which occurred at the 
gingival margins of the teeth of children with severe flu
orosis, was common throughout the district. 

Steyn, Jordaan and Theron (1962) observed that 33 of 
the 150 Coloured children of school-going age from the 
Rooiblok area showed clinical signs of bone deformi
ties. The drinking water consumed by the afflicted chil
dren contained from 3,6 to 13,0 ppm F. The teeth of 30 
of the children with skeletal deformities were exa
mined. All the children had dental fluorosis but caries 
only occurred in those children with advanced hypo
plastic enamel. 

Later in 1962 Kenhardt was again visited by Jackson 
and, amongst others, he determined the extent of 
dental fluorosis in 7 to 10-year-old White children resi
dent in Kenhardt and Coloured children. from "Die 
Woonbuurt" and Rooiblok residential areas respec
tively. He reported that 23 of the 25 White children and 
29 of the 32 Coloured children from "Die Woonbuurt" 
had dental fluorosis while none of the 37 children from 
Rooiblok was fluorosis-free . The drinking water of 
Kenhardt and "Die Woonbuurt" was from an alterna
tive source and the fluoride content ranged from 2,6 to 
3,2 ppm. 

In 1975 weJevisited Kenhardt to determine the interre
lationship between fluoride concentration of surface 
enamel, degree of fluorosis (DEGF) and caries inci
dence (DMFT) in 14 to 17-year-old White school chil
dren who were born and had been living continually in 
Kenhardt. 

MATERIALS AND METHODS 

Kenhardt is a village located in the Northwestern part . 
of the Cape Province in the Republic of South Africa. 
The average annual rainfall is between 12,5 and 25 cm 
and the general geologic formation of the district is old 

granite and gneiss (Ockerse, 1941). The White popula
tion of the town is 850 and of the Kenhardt district 
2,500. The central water supply of the village is ob
tained from boreholes situated 8 km from the town and 
is piped to the village. The drinking water was analyzed 
by the Department of Health on 23 February, 1978 and 
part of the analysis is given in Table I. The fluoride con
tent of the drinking water is 3,2 ppm. Analysis of the 
drinkin~ water collected from several points in the 
town was don~ in our laboratory and the fluoride con
tent ran,ed from 3, 16 to 3,22 ppm. Drinking water, 
mostly o tained from boreholes, was collected from 13 
farms in the district and the fluoride content deter
mined (Table II). Several of the children reported that 
their drinking water was obtained from fountains or 
"syferwater" but unfortunately none of this water was 
available for analysis. 

Pupils· from the Kenhardt High School were selected 
1foiihis study. The procedures involved in the clinical 
examination and biopsy procedure were carefully ex
plained to them and their approval to be included in 
this investigation obtained. Only 14 to 17-year-old chil
dren who were born and had been living continually in 
the village or district of Kenhardt were selected. The 61 
pupils consisted of 27 males and 34 females . 

Table I. Composition of the drinking water of Kenhardt* 

pH 8,1 

Nitrate 2,4 
Chloride 320 
Sulphate 100 
Fluoride 3,2 mg/( 
Calcium 98 
Magnesium 42 
Potassium 3 
Sodium 160 

Boron 440 
Copper 21 
Iron 70 

. Manganese 6 

• Department or Health, Republic or South Africa, February 23, 1978. 

Table II. Fluoride content of the drinking water obtained from farms 
in the Kenhardt district 

Farm Source ppmF 

Sandkolk Borehole 2,44 
Witkoppies Borehole 2,74 
Crieff Borehole 0,98 
Lush of Borehole 0,49 
Nooitgedacht Cistern 0,06 
Arbeidsvreug Borehole 2,58 
Perdevlei Borehole 2,26 
Reniersrus Borehole 2,94 
Sonderhuis Borehole 3,02 
Kalkputs Borehole 2,44 
Geduld Borehole 1,00 
Afspring Borehole 2,38 
Voorspoed Borehole 1,08 
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Table Ill. DMFT distribution in male and female pupils 

DMFT Frequency Cumulative frequency 

M F M F M 

0 7 10 7 10 25,9 
I 4 3 II 13 14,8 
2 7 4 18 17 25,9 
3 I 18 18 
4 5 4 23 22 18,5 
5 I 2 24 24 3,7 
6 2 4 26 28 7,4 
7 I 27 28 3,7 
8 4 32 
9 I 33 

12 I 34 

Table IV. DEGF distribution in male and female pupils 

DEGF 

0 
I 
2 
3 

M 

I 
11 
6 
9 

Frequency 

F 

3 
10 
12 
9 

Cumulative frequency 

M 

I 
12 
18 
27 

F 

3 
13 
25 
34 

M 

3,7 
40,7 
22,2 
33,3 

Table V. Various parameters for the male, female and combined pupils 

Parameters Male Female 

n 27 34 

Unadjusted lnF t 3,08 :1: 0,08• 12,94 :I: 0,06 
Enamel F(ppm) 2410 :I: 220 2011 :I: 129 
Adjusted lnF 13,08 :I: O,Q7 12,94 :I: O,Q7 
Unadjusted I nEn 5,39 :I: O,o3 5,41 :1: O,o3 
Biopsy depth (µm) 10,46 :I: 0,34 10,66 :I: 0,30 
DMFT 2,30 :I: 0,41 3,44 :I: 0,57 

llDMFT 1,25 :I: 0,17 1,48 :I: 0,19 
DEGF 1,85 :I: 0,1 8 1,79 :I: 0,16 
Age 15,22 :I: 0,22 15,35 :I: 0,2 1 

• Mean :I: SE 

Per cent 

Per cent 

T 

F 

29,4 
8,8 

11,8 
3,0 

11 ,8 
5,9 

11,8 

11,8 
3,0 
3,0 

F 

8,8 
29,4 
35,3 
26,5 

-1 ,4330 

-1 ,43 
0,4464 

0,8920 
-0,2364 

The caries incidence (DMFT) of each participant was 
determined in good natural light with the use of mouth 
mirrors and sharp dental probes by a dental surgeon 
(OHR). Teeth lost as a result of trauma or those conge
nitally missing were not included in determining the 
DMFT index . The DMFT distribution in the male and 
female pupils is given in Table III and the mean DMFT 
::!:: S.E. in Table V. The degree of fluorosis was assessed 
by a dental surgeon (FHB) using Dean's (1934) classifi
cation as a guide. 

Class II 

Class I Normal teeth with no evidence of 
fluorosis. Score 0. 

Class III 

Class IV 
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Cumulative per cent 

M F 

25,9 29,4 
40,7 38,2 
66,7 50,0 
66,7 52,9 
85,2 64,7 
88,9 70,6 
96,3 82,4 

100,0 82,4 
94, l 
97,0 

100,0 

Cumulative per cent 

M F 

3,7 8,8 
44,4 38,2 
66,7 73,5 

100,0 100,0 

p Combined pupils 

61 

0,1571 13,00 :I: 0,05 

0,1557 
0,6569 5,40 :I: 0,02 

2,93 :I: 0,37 
0,3 760 1,38 :I: 0,13 
0,8140 1,82 :I: 0,12 

Mild fluorosis characterized by lo
calized white streaks or areas . 
Score I. 

. Moderate fluororis characterized 
by extensive white opaque mottling 
and isolated pitting of enamel. 
Score 2. 

Severe fluorosis characterized by 
marked pitting and often accompa
nied by brown staining. Score 3. 
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Fil(. I . No nuorosis . 

Fig. 3. Moderate nuorosis. 

The DEGF distribution in male and female pupils is 
given in Table IV and the mean DEGF ± S.E. in Table 
v. 
The facial surfaces of the maxillary central incisors of 
each pupil were cleaned with a water slurry of flour of 
pumice and a slowly rotating rubber cup. The teeth 
were washed and dried well. Areas, 3 mm in diameter, 
were demarcated on the middle third of the crowns of 
the incisors by means of annular adhesive discs 
(No. 471; 3M Co., St. Paul, MI). The discs were burnished 
well to ensure good marginal adaptation to the underly
ing enamel. Enamel specimens were obtained from the 
demarcated surface areas by means of an acid etch 
biopsy procedure (Van der Merwe et al, 1974). The 
etching solufions were transferred to plastic tubes con
taining 1 ml of Total Ionic Strength Adjustment Buffer ' 
diluted with an equal amount of deionized water. 

The test solutions were analyzed for fluoride and cal
cium. The fluoride content was determined with a 
Model 96-09 Orion combination fluoride electrode 
coupled to an Orion Model SOJA pH/mv meter. The 
mass of fluoride in the etching solutions was expressed 
in picograms (pg). The calcium content was determined 

1 (TISAB . Orion Research Inc., Cambridge, MA) 

Fig. 2. Mild nuorosis. 

Fill. 4. Seve re nuorosis. 

in aliquots of etching solutions diluted 25 times with 
1 per cent lanthanum chloride to prevent interference 
from phosphorus and aluminium (Willis, 1961 ). Dupli
cate calcium determinations were carried out with a 
Zeiss Model PMQl 1 with flame attachment FA2 
atomic absorption spectrophotometer 2• The mass of 
enamel in each etching solution was calculated by as
suming that human enamel contains 37 per cent cal
cium (Retief et al, 1971) and expressed in micrograms 
(µ.g) . The fluoride concentrations in the enamel of the 
central incisors were calculated as follows: 
Unadjusted fluoride concentration (ppm)= 

Mass F (pg) 
Mass Enamel (µ.g) 

The mean and S.E. of the average values for left and 
right maxillary central incisors of each individual were 
determined for the male and female pupils (Table V). 
The biopsy depth for each tooth was calculated from 
the following formula : 
Biopsy depth (µrri) = Mass enamel (µg) 
Density of enamel x Biopsy area (mm 2) 

= Mass enamel (µg) 
20,86 

J (Carl Zeiss . Oberkochcn/WUnt. West Germany) 
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Density of enamel is 2,95 (Manly and Hodge, 1939). 
The mean and S.E. of the average biopsy depths for left 
and right maxillary central incisors were determined 
for the male and female children (Table V). 

Because of the steep fluoride gradient in the outermost 
enamel (Brudevold et al, 1956), the mass of fluoride in a 
given biopsy obtained · from a standardized area de
pends on the biopsy depth or equivalently, on the mass 
of enamel in the biopsy solution . The biopsy depth is an 
uncontrollable variable and ranged from 6,8 µm to 14,8 
µm. In order to make valid comparisons between the 
fluoride content of the central incisor teeth, the fluo
ride concentrations were corrected to a uniform depth 
of JO µm (equivalent enamel mass of 208,6 µg). 

Statistical analysis 
The following data transformations were made: 

Mass F in picograms to loge mass F (In F) 
Mass enamel in micrograms to loge mass En (1nEn) 
DMF,f to v'mFi 

The data were transformed in order to stabilize varia
tion and to make the data more nearly follow a Gaus
sian distribution. Preliminary t-tests were carried out to 
determine the significance level of the differences be
tween lnF and JnEn respectively for the left and right 
incisors of the pupils involved in this study. The differ
ences between lnF (t=l,40, p=0,167) and lnEn 
(t= 1,70, p=0,0947) were not significant. The means of 
I nF (unadjusted) and 1 nEn (unadjusted) for the sexes 
were determined from the average values of 1 nF (left) 
and lnF (right) and lnEn (left) and lnEn (right) for 
each individual. Two sample t-tests were used to deter
mine the. significance level of the differences for 1 nF 
(unadjusted), lnEn (unadjusted), v'mF'T and DEGF 
between the sexes. 

A covariance analysis (Steel and Torrie, 1960) was run 
to test the differences between sexes for I nF (adjusted) 
using I nEn as the covariate. The adjusted I nF values 
were obtained by correcting the unadjusted I nF values 
to a standardized depth of 10 µm (equivalent enamel 
mass of 208,6 µg). 

In order to determine the association between 
y101\IFT, I nF and DEGF, correlations (Steel and 

Torrie, 1960) between the various pairs of variables 
were calculated for all the pupils, for pupils with 
DMFTS2 and DMFT>2, and for pupils with DEGFS1 
and DEGF>I. 

Table VI. Correlations between DMFT, lnF and DEGF 

All pupils DMFT .;;2 

p p 

.;m;fl!'T" and 1 n F -0,0532 0,6838 0,0549 0,7539 
Jnm:'T" and DEGF -0,0061 0,9626 0,2597 0,1319 

lnFandDEGF 0,4368 0,0004• 0,1941 0,2640 

n 61 35 

"'Significant correlation~ 

Kenhardt revisited 

All computations were performed utilizing the Statisti
cal Analysis System (Barr et al, 1976), 

RESULTS 

Of the male pupils 25,9 per cent were caries-free and 
3,7 per cent showed no signs of fluorosis. The corres
ponding percentages for the females were 29,4 and 8',8. 
The mean (::!:: S.E.) values for DMFT, DEGF, enamel 
fluoride concentration (ppm) and biopsy depth for the 
male and female pupils are given in Table V. Two 
sample t-tests of the transformed data v'l5MF'f. I nF 
(unadjusted), lnEn (unadjusted) and DEGF showed 
that the differences between sexes for these parameters 
were not significant (Table V). The covariance analysis 
revealed that the covariate (I nEn) was not significant 
(t=0,21, p=0,83) and that the difference in lnF (ad
justed) between sexes was also not significant (t= J ,43, 
p=O, 1577). The correlations . between the parameters 
v'DMFT, lnF and DEGF are given in Table VI. The 
following significant associatons were established: 
A negative correlation significant at the 10 per cent 
level (p = 0,0902) between VDMFf and lnF for 
DEG F SI; A highly significant (p =0,0004) positive 
correlation between lnF and DEGF for all the pupils 
and for pupils with DMFT>2 (Table VI). 

DISCUSSION 

Sixty-one of the 70 odd children in the Kenhardt High 
School who were born and had been living continually 
in the Kenhardt village and district were selected for 
this study. Sixteen of these children were resident in the 
village and the remainder were from the district . Ap
proximately one-half of the children from the district 
were boarding in the school hostels during the school 
term. They were approximately 7 years old when first 
admitted to the hostels. The children examined were 
representative of the area as only 10 per cent of the 
Kenhardt children attended other schools. 

The drinking water of the district was mainly obtained 
from boreholes with a fluoride content ranging from 
0,49 to 3,02 ppm F. Rainwater collected from the roofs of 
dwellings in cisterns is used on some of the farms, but 
this supply of drinking water is sporadic as it is depend
ent on the rainfall in a semi-arid region. The school 
hostels and the high school are supplied with the same 
drinking water as the village which contains 3,2 ppm F. 

The adjustment of I nF to a standardized depth of 
10 µ,m was made because the biopsy depths ranged from 

DMFT >2 DEGF .;;t DEGF >1 

p p p 

. -0,0204 0,9214 -0,3460 0,0902• 0,1268 0,4612 
-0,1271 0,5360 -0,2805 0,1745 0,1723 0,3151 
0,6418 0,0004• 0,2219 0,2864 0,2450 0,1498 

26 25 36 
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6,8 µm to 14,8 µm . This could have resulted in dissimi
lar biopsy depths between the male and female pupils. 
In this investigation, however, the difference in I nEn · 
(or equivalent biopsy depth) between the male pupils 
(5,39 :!: 0,03) and the female students (5,41 :!: 0,03) was 
not significant (P = 0,6569, Table V). In addition, the 
biopsy procedure used resulted in mean biopsy depths 
of approximately 10 µm '(the adjusted depth) for both 
the male and female groups (Table V). Consequently 
similar values for lnF (unadjusted) and lnF (adjusted) 
were obtained for the male and female pupils respec
tively . 

No significant differences between lnF (t = 1,40, 
p = 0,167) and InEn or equivalent biopsy depth (t = 1,70 
p = 0,0947) respectively for the left and right maxillary 
incisors of the pupils involved in this study were ob
served. This is in accordance with previous findings by 
Keene et al, ( 1973) and Bischoff et al, ( 1976). Aasenden 
(1974) reported that the mean fluoride concentration of 
biopsies taken to comparable depths was generally 
about 10 per cent higher in males than in females . He 
suggested that this observed difference in F concentra
tion could be related to the longer pre-eruptive matura
tion time of the enamel in boys than in girls. In the pre
sent study the difference in the In F values adjusted to a 
standardized depth of I 0 µm between sexes was not sig
nificant (t = 1,43, p = 0, 1577). 

The present investigation is based on the premise that 
the average F concentration of the biopsied left and 
right maxillary central incisors of an individual is an 
index of the fluoride status of the entire dentition of 
that individual. This premise is supported by the experi
mental work of Aasenden et al, ( 1973) and Richards et 
al, (1977). Aasenden et al, ( 1973) determined the fluo
ride concentration in surface enamel of maxillary cen
tral and lateral incisors and canines of children from 
three communities living in areas supplied with differ
ent F levels in the drinking water. Their study showed 
that there were differences between the F concentra
tions in the surface enamel of various tooth types but 
that the F concentrations of the three tooth types 
within a given community differed from those of their 
homologous teeth in another community by a relatively 
constant factor . They concluded that in comparative 
studies on the effect of water fluoridation , conclusions 
based on the F levels of only one tooth type were 
applicable to the general F status of a community. This 
was confirmed by Richards et al, ( 1977) who reported 
that the fluoride content of the maxillary central inci
sors was closely correlated to the grand mean fluoride 
content of all the other maxillary teeth from the same 
individual. 

Several atten1pts have been made to determine the re
lationship between parameters such as dental fluorosis, 
caries incidence and fluoride content of enamel. As 
early as 1936, Bowes and Murray reported that the flu
oride content of pooled bulk enamel' from mildly 
mottled teeth was higher than that of non-mottled 
teeth. Armstrong and Brekhus ( 1938) found that the 
mean fluoride concentration in bulk enamel of sound 
teeth was higher than that of carious teeth . McClure 
(1948), however, reported that he could not relate dif
ferences in the fluoride content of sound and carious 
teeth from the same individuals to their caries status. 

McClure and Likins ( 1951) found that an increase in 
the fluoride content of the drinking water resulted in an 
increased fluoride uptake by bulk enamel and that this 
was associated with a marked reduction in dental caries 
experience. 

A study was undertaken by Forrest (1956) to correlate 
the incidence of caries and mottling with different 
levels of fluoride in the drinking water. She reported · 
that the caries incidence was markedly lower in the flu
oride than in the non-fluoride ar4as and that the inci
dence and severity of fluoride mottling was directly re
lated to the amount of fluoride in the water. Examin
ation of her results showed that the caries incidence in 
children resident in an area containing 5,8 ppm F was 
twice as high as the caries incidence in children living 
in an area containing 3,5 ppm F (2,8 vs 1,4). The caries 
experience of both groups of children was, however, 
considerably lower than that of children living in low 
fluoride (O, I - 0,2 ppm F) areas. 

Binder ( 1973) carried out a survey to determine the ef
fects of natural fluoride in the drinking water on dental 
caries and fluorosis . He found that the DMFTvalues of 
children resident in high fluoride areas decreased while 
the incidence of fluorosis increased . The interrelation
ship between fluoride exposure, dental fluorosis, con
centrations of fluoride in surface enamel obtained by 
an abrasive biopsy procedure and caries experience 
was examined in young Naval recruits (Keene et al, 
1973). Enamel from the caries-free group contained sig
nificantly higher levels of fluoride than the enamel 
from the groups with caries experience. Dental fluoro
sis and years of exposure to fluoride in drinking water 
were significantly higher in the caries-free group. To 
obtain further information on the interrelationships of 
the same parameters, the study was extended to indi
viduals with obvious manifestations of dental fluorosis 
(Keene et al, 1975). They found that the mean enamel 
fluoride concentrations were significantly higher in the 
fluorosis group than in the control group but that the 
difference in the mean DMFT scores was not statisti
cally significant. 

DePaola et al, (1975) determined the caries experience 
(DMFS index) and surface enamel fluoride concentra
tions in a large number of 12-16-year-old pupils living in 
selected fluoridated and non-fluoridated areas. Fluo
ride was expressed as loge mass F corrected to a stan
dardized depth and a square root transformation of 
DMFS was carried out. An analysis of the data re
vealed a highly significant inverse relationship between 
loge mass F and y DMFS. Bischoff et al, (1976), how
ever, could find no correlation between caries experi
ence (DMFT) and fluoride concentration in surface 
enamel in a population group living in an endemic fluo
rosis area. 

In the present study the following significant correla
tions between the parameters DMFT, Inf and DEGF 
were established: . A weak negative correlation 
(p = 0,0902) between V DMFf and lnF for pupils with 
DEGF <1. . 

A strong positive correlation (p = 0,0004) between I nF 
and DEGF for all the pupils involved and for children 
with DMFT>2. There was a tendency for the caries in
cidence to decrease with increased enamel fluoride 
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concentration in pupils with no or mild fluorosis. This 
could not be demonstrated for pupils with DEGF> I. 
Retief et al, ( 1979) had previously reported that there 
wabtWificant positive (p<o,02) correlation between 
~· and DEGF in Coloured children resident in 

Kenhardt. The DEG F of the Coloured pupils was much 
more severe than in the White children studied in the 
present investigation, but it may explain why no signifi
cant correlation could be established between v'O"fJFT and lnF in pupils with moderate and severe 
fluorosis. 
The highly significant positive correlation (p = 0,0004) 
between lnF and DEGF for all the pupils was also 
observed for Coloured children resident in Kenhardt 
(Retief et al, 1919) 
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II. RESEARCH RELATED TO RESTORATIVE DENTISTRY 

SUMMARY 

The first two publications in this section were review papers. The 

principles of adhesion and their application in restorative dentistry, in 

periodontics, and in prosthetic dentistry were discussed UF29). The 

bonding of dental restorative resins to enamel surfaces etched with 

phosphoric acid is mechanical in nature and this was demonstrated in this 

publication (#30). 

Microleakage at the interface between tooth structure and dental 

restorative materials is the main reason why dental restorations ultimately 

fail in the oral environment. The effect of cavosurface treatment on the 

marginal leakage of conventional Class V restorations were evaluated (#31). 

The results of this in vitro study suggested that the gingival margins 

of Class V composite resin restorations are the weak link in the clinical 

situation and that the use of low viscosity bonding resins to acid etched 

enamel prior to the application of the composite resin could not be 

supported. The surface topography of the enamel margins of butt and 

beveled Class V preparations were examined by scanning electron microscopy 

u; 32) • It was proposed that the variations in prism orientation in the 

parazones and the diazones of the Hunter-Schreger bands in enamel are the 

main reason why no significant differences in microleakage were observed 1n 

restorations placed in butt and beveled preparations. The microleakage of 

a conventional and microfilled composite resin restorations Ul33) and of 

selected composite restorative resins (1134) were evaluated. Despite great 

differences in the coefficients of thermal expansion of these restorative 

resins, microleakage was not significantly different. 
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Low viscosity resin systems are supplied with most of the composite 

restorative resins. The rationale is that the low viscosity resins will 

penetrate into the microporosities produced in the enamel surface by acid 

etching and hence improve the bond strength of the conventional composite 

resins to tooth structure. In an in vitro study the effects of a low 

viscosity bonding resin on the bond strength, adaptation and microleakage 

of a composite restorative resin to etched enamel were evaluated (ffa35). 

The low viscosity bonding resin did not improve the tensile bond strength 

of a composite resin to etched enamel, did not increase resin penetration 

into etched enamel, and did not decrease marginal leakage at the composite 

resin/etched enamel interface. The continued use of low viscosity bonding 

resins with conventional composite resins in clinical dentistry was 

questioned. 

Although the acid etch technique is used extensively in clinical 

dentistry, some of the parameters of this technique need clarification. 

The effects of methods of acid application, duration of etching, wash times 

after acid application, and saliva contamination on the tensile bond 

strength of a conventional composite restorative resin were determined 

Ufa36). The results of this in vitro study suggest that the acid should 

be applied with a dabbing action, that the acid should not be applied for 

longer than one minute, that washing the etched enamel surface for 15 

seconds is adequate to remove the reaction products from the etched 

surface, and that re-etching of etched enamel surfaces which have been 

contaminated by saliva is not necessary provided that the saliva is washed 

from the etched surface immediately after contamination. 

The optimal concentration of phosphoric acid as an etching agent for 

intraoral use is also controversial. Several studies were carried out in 
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an attempt to define this optimal concentration. Enamel surfaces were 

etched with phosphoric acid concentrations ranging from 10 to 70 m/m per 

cent H
3

Po
4

, and viewed in the scanning electron microscope (#37). 

Because of the tremendous variation in etching patterns, not only from one 

tooth to another but also in adjacent areas of the same tooth, an optimal 

concentration could not be defined. The tensile bond strengths of a 

conventional composite resin to enamel surfaces etched with 10 to 70 m/m 

per cent H
3

Po
4 

were determined Cffo38). The tensile bond strengths of 

the composite resin to enamel surfaces etched with 10 to 60 m/m per cent 

H
3

Po
4 

were not significantly different. Etching with 70 m/m per cent 

H
3

Po
4 

resulted in significantly lower tensile bond strengths. In 

another study the effect of different concentrations phosphoric acid on 

enamel dissolution was determined Cffo39). The total amount of calcium 

dissolved increased with an increase in acid concentration and reached a 

maximum with 40 m/m per cent H
3

Po
4

. A further increase in acid 

concentration resulted in a decrease in total calcium dissolved. The 

measured depth of etch followed a similar pattern. The effects of etching 

the enamel walls within Class V cavity preparations with different 

concentrations of H
3

Po
4 

on the marginal leakage of conventional 

composite resin restorations were evaluated C4fo40). It was found that acid 

etching with all acid concentrations except 70 m/m per cent H
3

Po
4 

significantly reduced marginal leakage at the occlusal aspects of the 

restorations when compared with unetched preparations. Acid etching the 

thin enamel at the cervical aspects of the restorations had no 

significantly different effect on microleakage. Finally, an attempt was 

made to define an optimal concentration of H
3

Po
4 

as an etching agent by 

determining the effect of different concentrations H3 Po
4 

on the 
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wettability of enamel surfaces (#41). It was found that etching of 

unground enamel surfaces with H
3

Po
4 

concentrations ranging from 10 to 

70 m/m per cent reduced the contact angles of a low viscosity resin 

significantly when compared to unground, unetched surfaces. Etching ground 

enamel surfaces with 70 m/m per cent H
3

Po
4 

significantly reduced the 

contact angles while etching with acid concentrations ranging from 10 to 60 

m/m per cent H
3

Po
4 

produced a further significant reduction in contact 

angles. From the results of studies ifa37, 38, 40 and 41, it would appear 

that acid concentrations from 10 to 60 m/m per cent H
3

Po
4 

did not have 

a significant different effect on the parameters studies. Because the 

higher acid concentrations dissolved less enamel from tooth surfaces (#39), 

a 50 m/m per cent H
3

Po
4 

is recommended for intraoral use. Several 

companies which manufacture dental materials are moving in this direction 

by increasing the acid concentration from 30 m/m per cent H
3

Po
4 

which, 

until recently, was the generally accepted acid concentration. 

The biological response to new dental restorative materials should be 

evaluated prior to release. The pulpal response of a new composite dental 

restorative material was evaluated using the vervet monkey as the 

experimental animal Ufa42). The results of this study suggested that the 

application of the restorative material on cervical eroded or hypoplastic 

enamel surfaces without a protective lining was a safe procedure. In 

previous studies (not included in this volume) I demonstrated that the 

direct bonding of orthodontic attachments was a practical clinical 

procedure. The finishing of enamel surfaces after debonding of the 

attachments required further studies. Arising from an in vitro study, 

techniques for the finishing of enamel surfaces producing minimal damage to 

th~ underlying enamel were proposed Ufa43). The effect of cavity design on 
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the retention of Class IV composite resin restorations was determined 

(#44). Three types of cavity preparation, the featheredge, the chamfer and 

the bevel were evaluated. The bevel preparation was recommended because it 

is easy to prepare clinically and gave bond strengths comparable to the 

chamfer preparation. A study which has application in prosthetic dentistry 

was undertaken to determine the wettability of some denture base materials 

(ffo45). 

When phosphoric acid is used as an etching agent in clinical 

dentistry, substantial amounts of fluoride-rich superficial enamel is 

dissolved during the etching procedure. Studies were carried out with 

pyruvic acid as the etching agent (ffo46). It was reported that 10 m/m per 

cent pyruvic acid gave tensile bond strengths comparble to 50 m/m per cent 

tt
3

Po
4 

but dissolved substantially less enamel than phosphoric acid. 

The pulpal response to 10 m/m per cent pyruvic acid was evaluated in the 

teeth of the vervet monkey (#47). Although the pulpal response was mild it 

was proposed that dentine should be protected prior to pyruvic acid 

application to the adjacent enamel. 
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INTRODUCTION 

The term protein is derived from the Greek noun, 
proteios, meaning holding first place and I will there
fore start by discussing the important role that adhe
sion plays in stabilizing protein structure. 

Proteins can be grouped into at least 7 broad catego
ries based on their structure and function : 

l. Structural proteins, e.g. collagen. 
2. Contractile proteins, e.g. in muscle. 
3. Antibodies, e.g.8'-globulins. 
4. Blood proteins e.g. albumins. 
5. Hormones. They maintain order in a complicated 

complex of metabolic reactions . 
6. Enzymes. These are biological catalysts. 
7. Nutrient proteins. These serve as a source of 

amino acids including the essential amino acids. 

The fundamental structural unit of proteins is the 
amino acid . It contains an amino group, a carboxyl 
group and a side chain that may be any one of 23 
possible groups. In 1923, Bjerrum proposed the alter
native Zwitterion formula for amino acids to explain 
their amphoteric nature. In this formula , the car
boxyl group is presented as being ionized while the 
amino group is protonated. 

The primary structure of proteins results from the 
combination of amino acids in a proper sequencf 
through peptide bonds which are covalent bonds. 
Stabilization of an a -helical configuration by hydro
gen bonding yields a secondary structure. The spiral 
is stabilized by hydrogen bonding between the car
boxyl and the imido groups of the peptide chain 
which appear in a regular sequence along the ch~in . 
Compression of the very long spiral chain into a glo
bular form results in the tertiary structure of proteins. 

Several types of bonds stabilize tertiary protein struc
ture (Conn and Stumpf, 1965). These include: 

I. Electrostatic or ionic bonds. 
These occur between ionized carboxyl and proto
nated amino or imino groups. 

2. Hydrogen bo!lding between tyrosine residues and 
carboxyl groups on side chains. 

3. Van der Waals forces of the London type. 
These are hydrophobic interactions of nonpolar 
side chains caused by the mutual repulsion of sol
vents. 

4, Van der Waals forces of the Debye and Keesom 
types. 
These result from dipole-dipole interactions be
tween polar side chains. 

5. Covalent bonds. 
Cysteine is the sole source of sulfhydryl groups 
which may participate in disulfide bonding. 

Journal of the D.A.S.A. - January 1975 

The quaternary structure of proteins defines the de
gree of polymerization of a protein unit. Breaking of 
some of these bonds results in denaturation of a pro
tein. This may be brought about by heat, enzymatic 
action or pH changes. 

Because of the importance of adhesion in biological 
systems, some of the principles of adhesion will be 
discussed. 

THE PRINCIPLES OF ADHESION 

Adhesion is defined as the attraction between mole
cules at an interface. This force is called adhesion 
when unlike molecules are attracted and cohesion 
when molecules of the same kind are attracted. The 
material added to produce adhesion is known as the 
adhesive and the surface to which it is applied the ad
herend or substrate. The interface is the zone be
tween the interacting substances. 

The molecular forces involved in adhesion are divi
ded into chemical or primary forces and physical or 
secondary attractive forces. The chemical attractive 
forces include those arising from electrovalent or 
ionic, polar and nonpolar covalent and hydrogen 
bonds. 

The electrovalent or ionic bond is formed by the elec
tron transfer from the valency orbit of one atom to 
the valency orbit of another atom. This type of bond 
is found in sodium chloride. The single outer valency 
electron of the sodium atom is transferred to the 
chlorine atom which already has 7 outer valency elec
trons. Positively charged sodium ions and negatively 
charged chloride ions are formed and the attractive 
force arises from the electrostatic attraction between 
these oppositely charged ions (Fig. l ). 

NaCl 
xx 

xCI: 
x x 

+ xx -
[Na] [ ;c1:] 

xx 
Na" 

Fig. 1. Electrostatic or ionic bond between positively charged 
sodium ions and negatively charged chloride ions. 

A covalent bond is fortned by the sharing of elec
trons of the valency orbits and a shared pair of elec: 
trons constitutes a covalent bond. A purely covalent 
or nonpolar bond is formed by the equal sharing of 
electron pairs by similar atoms for example as in 
chlorine, Cl 2• The shared pair of electrons will be 
situated equidistant from the 2 chlorine atoms and 
the resultant bond has no ionic character (Fig. 2). 
If the electron pairs are shared by dissimilar atoms, 
that is, those that have different degrees of elec
tronegativity, they will be displaced closer towards 
the more electronegative atom. For example, in car-
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hon tetrachloride, the shared pairs of electrons are 
displaced towards · the more electronegative chlorine 
atoms which thus attain a negative charge and the 
carbon atom a positive charge. The bonds between 
the atoms will have a partly ionic character and 
hence a polar characteristic (Fig. 3). The ionic cha
racter of polar covalent bonds varies as it is depen
dent on the electronegativity of the atoms between 
which the electrons are shared. 

:c1 @ ¢): 
t 

equal sharing 

of electrons 

Fig. 2. Non polar covalent bond between chlorine atoms . 

C(CI) ~ ·C· 
4 • 

xx 
~ ;c1(0 

')( x 

• )( >( 

+ 4 x Cl ~· 

x x 
' Cl ,.. 
x C7;\ x 

0 

+ 
+C+ 

+ 

0 
:c1 ~ 

< x 

l( " 

Fig. 3. Polar covale"Rt bonds in the carbon tetrachloride mole
cule. 

A dipole results whenever a covalent bond is formed 
by the unequal sharing of electron pairs. The degree 
of electron displacement is reflected by the dipole 
moment. 

The electric dipole momentµ= qi 

Whe~e q = the magnitude of the charges separated. 
I = the distance separating the charges. 

The hydrogen bond can be regarded as a special type 
of dipole-dipole interaction. According to Good 
( 1967) the establishment of a hydrogen bond calls for 
2 conditions. 

I. A highly electronegative atom such as F, 0 or Cl 
or strongly electronegative groups like -CN with a 
hydrogen atom attached. 

2. Another highly electronegative atom which may 
or may not be in a molecule of the same species as 
the first atom or group, to be in the vicinity. 

Water, Hp, for example does not exist as such but 
as (H 20)3 where the 3 associated molecules are held 
together by hydrogen bonds. The primary intramole
cular bonds between the hydrogen and the oxygen 
atoms in the water molecule are of the polar covalent 
type. As the 2 shared pairs of electrons are orientated 

102 

much closer to the strongly electronegative oxygen 
atom, the electron density around the oxygen nu- , 

. cleus will be much greater than around the hydrogen 
nucleus (proton). Consequently the hydrogen atoms 
of the water molecule are positive in relation to th~ 
oxygen atom (Fig. 4). 

H20 2H. x§§ 
-+ - + ®xx H g@ H 

y 
shared pairs 

of electrons 

Fi&. 4. Polar covalent bonds in the water molecule. 

When a single water molecule intermingles with 
other water molecules, its positive hydrogen atoms 
are attracted to the negative oxygen atoms of neigh
bouring water molecules and 2 hydrogen bonds are 
established (Fig. 5). 

Fi&. 5. Hydrogen bonding in the associated water molecule. 

The physical or secondary molecular attractive 
forces arise from the Van der Waals forces which in
clude: 

I. Keesom forces - Orientation effect. 
2. Debye forces - Induction effect. 
3. London forces - Dispersion effect. 

The Keesom forces result from the interaction of per
manent dipoles in neighbouring molecules of polar 
compounds. Orientation of the dipoles to a head-to
tail or lowest energy configuration will result in mole
cular attraction across the interface. 

The Debye forces take into account the influnce of a 
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dipole moment in a molecule which induces an addi
tional dipole moment in a molecule across the inter
face. A dipole in a molecule may provide the electri
cal field to polarize a neighbouring symmetrical or 
nonpolar molecule. 

Slight displacement of electrons in a nonpolar mole
cule is constantly occurring; it is insta!ltaneous i\nd 
at random and results in the formation of instanta
neous dipoles which at any one instant induces an
other dipole in a nonpolar molecule across the inter
face. Attraction between the instantaneous and in
duced dipoles then occurs, and gives rise to London 
forces. The London forces, not depending on dipoles 
in polar compounds, are universal and play a most 
important part in adhesion. The Van der Waals for
ces are diagrammatically presented in Fig. 6. 

VAN DER WAALS FORCES. 

Adhesive Interface Adherend 

KEESOM FORCES 8-
0RIENTATION 
EFFECT POLAR 

DEBYE FORCES 
INDUCTION 
EFFECT 

MOLECULE 

8 
POLAR 

MOLECULE 

POLAR 
MOLECULE 

0 
NON POLAR 
MOLECULE 

t 
e 

INDUCED 
DIPOLE 

LONDON FORCES n n 
DISPERSION NO~LAR No¥oLAR 
E. FF ECT MOLECULE MOLECULE 

t t o .+:=:::::t::=~ e 
INSTANTANEOUS INDUCED 

DIPOLE DIPOLE 

Fig. 6. Diagrammatic presentation of Van der Waals a(tractive 
forces. 

The physical forces of attraction result in the adsorp
tion of the adhesive on the adherend. This process is 
rapid and reversible as it requires no activation ener
gy. The physical forces of attraction precede·chemi
sorption. In the latter reaction the adsorbed mole
cules are held to the adherend surface by strong che
mical bonds. The rate of chemisorption is relatively 
slow as it requires an activation energy. It gives rise 
to strong attractive forces and once established, is 
not easily reversed. 

Adhesion is dependent on intimate interfacial con
tact as the molecular forces of attraction do not ope
rate beyond 3 or 4 Angstrom Units. To produce inti
mate interfacial contact, the liquid adhesive niust 
flow easily over the entire surface to be bonded there
by ensuring the wetting of the surface. The extent to 
which an . adhesive will wet a surface depends on, 
amongst others, the contact angle, fJ, at which the 
surface of the adhesive meets the adherend surface 
upon which it rests (Zisman, 1963). 
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The relationship between contact angle, wetting and 
adhesion is diagrammatically presented in Fig. 7. If 
tne contact angle is small, the adhesi.ve will wet the 
adherend surfaces and the molecular forces of adhe
sion will operate along the entire interface and strong 
adhesion will result. If, on the other hand, the con
tact angle is large, incomplete wetting will occur and 
a weak adhesive bond will be obtained. The contact 
angle is therefore a useful inverse measure of the wet
tability of a surface; hence the cosine of the contact 
angle is a direct measure of wettability. 

WETTING ADHESION CONTACT 
ANGLE 

-

:::::0:::: : ~ A :· :· · : ,.,...,.oolf!.-llf!lllll!fl!lll~.,.,...,.,,,, 
~ ··:·::::: I 

B~.· . ..... · ·: _ f. "? 
~-~ : < I 

\ cmm I 1 '? I 

D~·~ 
Fig. 7. Diagrammatic presentation of the relationship between 
contact angle, wetting and adhesion. 

A molecule in the bulk of a liquid or a solid is sur
rounded by neighbouring molecules and is attracted 
equally from all sides. Thus intermolecular attrac
tion is neutralized and all molecules in the depth of a 
liquid are in a state of equilibrium. These cohesive 
forces, which result from the attraction between 
molecules of the same kind, will try to keep a fluid to
gether whether the fluid is moving or not. A mole
cule on the surface, however, is attracted from below 
and from the sides but hardly from above because 
the number of molecules per unit volume is greater 
in the bulk of the liquid than in the vapour above it. 
As a result molecules on the surface of a liquid or 
solid are in a one-sided field for.ce pulling them down
ward into the bulk of the liquid or solid. This inward 
force is responsible for the surface tension of solids 
and liquids. It is designated the symbol Jl'svor Jl!Lv 
and is expressed in dynes per cm. · 

Wetting is a manifestation of the attractive forces be
tween the molecules of the adhesive and the adhe
rend. When a liquid contacts a solid surface, 2 
opposing forces will operate at the point of contact. 
These forces areYLv. the surface tension of the liquid 
drop directed towards the centre of the drop and '/'sv, 
the surface tension of the solid directed in the oppo
site direction (Fig. 8). Spreading will occur if Y'sv > 
7L y. The greater the difference between these surface 
tensions, the smaller the contact angle of the liquid 
drop on the solid surface and hence the greater the 
wettability of the surface. 
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VAPOUR 

LIQUID 

SOLID 

Fie. 8. Attractive forces operating at the point of contact of a 
liquid adhesive on a solid surfac~. 

Liquids exhibit a resistance to flow known as vis
cosity. It is the property which opposes the relative 
motion of adjoining portions of the liquid and can be 
regarded as a type of internal friction . When a liquid 
is forced through a capillary tube, the movement can 
be considered as a laminary movement (Brill, 1967). 
The various layers of liquid will stream next to each 
other and the central layers will move with the 
greatest speed (Fig. 9). Towards the walls of the capil
lary the ·speed will decrease and in the peripheral 
layers the speed will be zero because the molecules 
are tied to the walls of the capillary tube by adhesion. 
Therefore, the smaller the distance between the walls 
of the capillary, the closer the rate of flow becomes 
to the speed of the peripheral layers. Viscosity there
fore opposes the displacement and flow of fluid be
tween two plates. Liquids having low coefficients of 
viscosity are said to be mobile since they flow readily. 

~ ---
- ------~ - / 

-----:.--:::::;-:: 
-

Fig. 9. Laminary flow of a liquid through a capillary tube. 

ADHESION IN RESTORATIVE DENTISTRY 

As recently as 1967, Gwinnett and Matsui, with per
haps a note of dispair, reported that none of the ma
terials available to the dental profession adhere to un
treated tooth surfaces in the oral environment. 

This lack of adhesion presents a serious problem in 
restorative dentistry as it leads to seepage of harmful 
agents along the interface between the restoration 

104 

and the tooth. The microleakage leads to breakdown 
of the marginal areas of the filling and results in the 
development of secondary decay along the interface. 
It is even likely that certain post-operative phenome
na such as tooth sensitivity and pulp patholo~ are . 
associated with the leakage pattern (Phillips, 1966). 

The microleakage can readily be demonstrated by 
means of various techniques involving the use of 
radioactive isotopes, fluorescent dyes, scanning elec
tron microscopy and a study of bacterial penetra
tion. The microleakage could be eliminated by a re
storative material or film capable of forming strong 
adhesive bonds with enamel and dentine which 
would survive in the intra-oral environment. Exten
sive research programmes aimed at the development 
of such a material are under way. The complexity of 
the problems encountered in the oral cavity has ham
pered the development of an adhesive restorative ma
terial (Retief, 1970). 

Some measure of success has been achieved by the in
troduction of a new dental cement composed of a 
polyacrylic acid liquid and a modified zinc oxide 
powder (Smith, 1968). According to Smith (1971), 
setting of the cement is due to a chemical reaction in 
which zinc ions link adjacent polyacrylic acid mole
cules producing a large cross-linked structure. The 
acid groups in the long chain molecule also have the 
ability to chelate to calcium ions and thus bond to 
tooth structure (Fig. 10). Direct evidence of this che
mical interaction has been presented by infrared spec
troscopic studies (Beech, 1972). 

[

- CH2- CH - CH2- CH - CH2- CH - CH.- CH- I 
I I I I 

80NDING COOH .COOH C.!>OH _.COOH 

. ~ ·~>(·. SETTING 

' ctloH 'COOH COOH 
I I I 

- CH - CH2 -CH - CH2-CH -

Fie. 10. Setting and bonding mechanisms of polycarboxylate 
cements. 

Another exciting development in the field of restora
tive dentistry is the advent of the composite restora
tive materials. The base resin in many of these mate
rials consists of the reaction product of bis phenol A 
and glycidylmethacrylate - BIS-G MA - a mole
cule originally synthesized by Bowen (1962). The 
term composite indicates the presence of a large per
centage of reinforcing filler in the form of glass, 
quartz or silica. The physical properties of the resin 
matrix such as increased hardness and abrasive resis
tance, reduced shrinkage on polymerization and re
duced marginal leakage, are significantly improved 
by the incorporation of an inorganic filler 
(Buonocore, 1968). Bowen (1963) also demonstrated 
that the incorporatio.n of an organofunctional silane 
coupling agent produced effective bonding o\ ·~e 
filler particles to the polymerizing resin phase. 

The organofunctional silane molecule possesses 2 dif
ferent kinds of reactive groups. It is able to interact 
with both the organic polymer or resin phase and the 
inorganic phase to provide a chemical bond at the in
terface. 
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An orga1'10functional silane has the general formula: 

x 
R -- Si/X 

"x 
Where R = The ,organofunctional reactive group 

which combines chemically with the re
sin phase. 

X = Hydrolyzable groups which are usually 
ethoxy or methoxy groups. 

The alkoxy groups are hydrolyzed by the free water 
present on glass or quartz surfaces to form the corres
ponding silanol. The silanol groups of the organo
functional silanes react with similar groups on the 
glass surface to form siloxane (-s'~-0-s'H linkages. 
The reactive organic group of the silane has the abi
lity to combine with the resin phase of the restorative 
material. An effective chemical link is thus esta
blished between the inorganic and organic phases of 
the composite resin systems. 

The organofunctional silane most commonly used at 
present is glycidoxy propyl trimethoxy silane. It is 
employed as an adhesive booster in some restorative 
systems (Lee, 1973). An additional application of 
this silane is its use in conjunction with the acid etch 
technique for the direct bonding of orthodontic at
tachments. The silane reduces the surface tension of 
the etched enamel surface which results in increased 
wetting of the enamel by the curing adhesive (Miura, 
Nakagawa and Ishizaki, 1974). 

Lee and Swartz (1970) furthermore showed that the 
use of organofunctional silane primers substantially 
increased the bonding of a wide range of adhesive 
materials to tooth structure. These authors have pro
posed a mechanism by which a silane primed tooth 
surface may react with an epoxy resin. 

The composite restorative materials may be regarded 
as contact adhesives which unfortunately lose their 
adhesive qualities in the mouth soon after exposure 
to oral moisture (Buonocore, 1968). Adhesion can be 
considerably improved by utilizing yet another phase 
in the restorative formulation. Bowen (1965a) synthe
sized a surface-active comonomer, the reaction pro
duct of N-phenyl glycine and glycidyl methacrylate 
(Fig. 11), w&ich functions as a coupling agerit be
tween the organic phase of the restorative material 
and tooth structure. He demonstrated that signifi
cant improvement in the water-resistant bonding of 
restorative materials to various substrates was ob
tained by the introduction of the surface-active 
comonomer (Bowen, l 965b; l 965c ). A hypothetical 
schematic representation of the manner in which the 
various phases of a composite material may be 
connected by chemical bonds was proposed by 
Bowen (1965d). The interaction between a compo
site material consisting of BIS-G MA resin and inor
ganic filler coated with a methacrylate organofunc
tional silane and tooth structure based on this pro
posal is shown in Fig. 12. 

The mechanical bonding between dental materials 
and etched or conditioned enamel surfaces is not true 
adhesion and will not be discussed in this paper. 
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0 
cK-~H-CH -O - C - C= CH 

"'2 2 II I 2 
0 CH3 

N - phenyl glyc In• Glycldyl methocrylote 

NPG GMA 

HO - C - CHD- CH -CH-CH,- 0 -c - C = CH, 
I t ·;,i: 2 I II I 
o OH OCH

3 

.NPG - GMA Adduct 

Fig. 11. Surface-active comonomer. NPG-GMA adduct. (N-(2-
hydroxy-3-methacryloxypropyl)-N phenylglycine). 
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.Fig. 12. Hypothetical schematic diagram of the interaction be
tween the various phases of a composite dental material and 
tooth structure. (With kind permission of Dr. R.L. Bowen). 

EPITHELIAL CELLULAR ADHESION 
AND ADHESION IN PERIODONTICS 

According to Weiss (1970) cell contact phenomena 
may be divided into 3 basic processes, namely: 

1. Cell contact. 
2. Cell adh~sion and attachment. 
3. Cell separation. 

1. Cell contact 

All vertebrate cells carry a net negative surface 
charge and cell contact is determined by the balance 
of electrostatic forces of repulsion which tend to 
keep the charged cells apart and the attractive 
London Van der Waals forces which tend to bring 
them together. The surface potential of living cells 
doe.s not remain constant throughout their life. The 
surface charge density of mitosing gingival cells in
creases and, on the other hand, proteolytic enzymes 
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present in inflammatory cells could reduce the sur
face charge (Weiss, 1970). 

2. Cell adhesion and attachment 

When cell contact is made and opposing regions of 2 
cell peripheries are brought close enough together, in 
the order of 2 or 3 Angstrom units, adhesion can 
occur between them. The physical Van der Waals for
ces and the chemical attractive forces arising from 
electrovalent, polar and nonpolar covalent and hy
drogen bonds may be of possible importance in cellu
lar adhesion. In addition, radially orientated calcium 
bridges linking adjacent anionic groups at the sur
faces of 2 adjacent cells will contribute to the 
sfrength of adhesion between the 2 cells. Tangen
tially orientated calcium bridges will, however, in
crease the cohesive strength of the individual cell and 
therefore impede separation (Weiss, 1970). 

As cells are dynamic systems, long term adhesive in
teractions between them and to noncellular surfaces 
are established by the synthesis and secretion of cell 
surface material and by the development of specia
lized structures such as desmosomes and hemidesmo
somes (Fig. 13). Listgarten (1966) demonstrated that 
epithelial cells show microvilli and secretory 
vacuoles which indicate cellular secretion. A charac
teristic feature of epithelial cells is the specialization 
of certain portions of cells of the surface membrane 
for adhesion or attachment. Examples are desmo
somes which provide intercellular attachment and 
hemidesmosomes which hold epithelial cells to non
cellular surfaces such as the basal lamina on the 
enamel surface (Taylor, 1970). Cleaton-Jones and 
Fleisch ( 1973) recently suggested that besides adhe
sion between epithelial cells arising from physical 
and chemical attractive forces, mechanical factors 
may play an important part in the retention of epithe
lial cells. 

Fl&. 13. Desmosomes (D) between epithelial cells. X 100,000 
(Printed with kind permission of Dr. P.E. Cleaton-Jones). 

3. Cell separation 

If 2 adherends A and B are separated, the separation 
seldom, if ever, occurs at the substrate interface A/ B. 
Ruptures, which may be at a microscopic level, occur 
within the 2 adherends because of cohesive failure 
resulting, after separation, in pieces of A being left 
on surface B if B is stronger or more coherent than A 
and vice versa (Weiss, 1970). Cell separation re-
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suiting from cohesive failure is often observed in ex
trac:;ted teeth. Attached periodontal tissues are often 
observed on extracted teeth. 

The adhesion of epithelial cells to enamel is of great 
importance in periodontics as it provides the first 
barrier to the ingress of bacteria and their products 
in the initiation of gingival inflammation (Fig. 14). 

Fig. 14. Junctional epithelium (JE) and related structures in a 
tooth of the vervet monkey. X 100. 

The adhesion of cells in culture to hard surfaces has 
been repeatedly demonstrated and it is therefore not 
surprising that enamel provides a satisfactory sub
strate for cellular adhesion. The epithelial cells of the 
gingival crevice have the ability to adhere to enamel 
but it cannot be inferred that such adhesion plays the 
major role in maintaining the integrity of the dento
gingival junction. Other factors such as the blood
pressure in the subepithelial vascular network of the 
crevice and the gingival collagen fibres themselves, 
may also play an important part in this process 
(Powell, 1968). 

Prior to 1921 it was the general belief that a definite 
space separated the enamel surface from the surroun
ding gingival epithelium. The attachment between 
tooth and surrounding tissues was believed to be me
diated only through connective tissue fibres inserting 
into cementum and bone (Schroeder and Listgarten, 
1971 ). The concept of a firm organic union between 
the tooth and adjacent epithelial cells was first pro
posed by Gottlieb (1921) and this union was called 
the "attachment epitheluim". This classic theory of 
the epithelial attachment being a static structure with 
organic continuity from cell to pritnary cuticle to ena
mel matrix does not, however, fit the physiology of 
the crevice area (Powell, 1968). 
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Waerhaug (1952) concluded that there was no firm 
attachment of the epitheiium to the enamel surface. 
He considered that the connection between the epi
thelium and the tooth depended on adhesion and in
~roduced the term "epithelial cufr' to replace epithe
lial attachment. Waerhaug's concept implied a dyna
mic attachment mechanism which would provide for 
the cellular movement, associated with the normal 
cycle of cell replacement, over the enamel surface. 
That the renewal of gingival epithelium occurs, has 
been clearly demonstrated by the autoradiographic 
studies of Skougaard and Beagrie ( 1962). 

The ultrastructural features of the <lento-epithelial 
junction have been. reviewed in detail by Schroeder 
and Listgarten ( 1971 ). Amongst others, they defined 
the junctional epithelium as "the epithelial collar 
which provides the epithelial attachment to the tooth 
surface, continuous with, but structurally distinct 
from the oral sulcular epithelium" and the epithelial 
attachment as "the biological mechanism which 
unites epithelial cells to the tooth surface. Its mor
phologically recognizable components are hemides
mosomes and the internal basement lamina". 

Listgarten ( 1972) studied the epithelial reattachment 
after gingivectomy in monkeys and found that the re
attachment may occur in 12 days or less. A photomi
crograph obtained 4 weeks post-operatively (Fig. 
15) clearly demonstrates how the junctional epithe
lium provides a union between the connective tissue 
of the gingiva and the enamel surface. On the tooth 
side the union is mediated by an attachment appara
tus, the epithelial attachment, which consists of an in
ternal basement lamina and hemidesmosomal junc
tions. The basement lamina is produced by epithelial 
cell activity. Desmosomes provide inter-junctional 
epithelial cell adhesion. 

Fie. 15. Junctional epithelium (JE) connected via hemidesmo
somes (HD) and an internal basement lamina (IBL) directly to 
the enamel surface. Desmosomes (D) provide interjunctional 
epithelial adhesion. X 35,000. (Reprinted with kind permis
sion of Dr. M. Listgarten (1972) Journal of Periodontal Re
search, 7, tSl-160). 
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ADHESION IN PROSTHETIC DENTISTRY 

The factors affecting the retention of full dentures 
can be divided into physical and physiological forces. 
Only the physical forces involved in denture reten
tion will be discussed. The physical forces operate in 
the saliva film between the denture and the surroun
ding tissues and include adhesion and cohesion, sur
face tension, atmospheric pressure, viscosity of the 
saliva and capillarity (Stanitz, 1948; Lawson, 1965; 
Brill, 1967; Barbenel, 1971; Blahova and Neuman, 
1971). Phenomena associated with surface tension 
and adhesion are frequently considered under the 
general title of capillarity or capillary action and 
capillarity will therefore not be considered as a sepa
rate entity. 

There is no general agreement, but often disagree
ment, concerning the relationship and the relative im
portance of the physical forces that influence denture 
retention. 

The force exerted on the flat bounding surface of a 
fluid at constant pressure is equal to the difference in 
pressure between the fluid and the atmospheric pres
sure, multiplied by the area of the surface (Stanitz, 
1948). 

Force = Pressure difference X area. 
F =(Pf-Pa) A . ..... . . (!) 
Where: Pf =The fluid pressure 

Pa = The atmospheric pressure 
A =The surface area 

A similar force is required to separate 2 circular 
parallel plates separated by a film of fluid (Fig. 16). 

Fig. 16. Fluid film between two circular flat plates. The film 
thickness is a. 

Stanitz (1948) used the familiar example of the rise 
of a fluid in a capillary tube to portray the parts 
played by adhesion and surface tension in denture re
tention. The pressure immediately below a meniscus 
in a capillary tube is less than on the same level out
side the capillary tube. As a result of this difference 
in pressure, the meniscus is forced up the tube and 
equilibrium is attained only when the fluid surface in
side the capillary is h cm above the free surface of the 
fluid (Fig. 17). The adhesive force, A, between 
the fluid and the capillary wall pulls the column of 
fluid up the capillary tube. The adhesive force could 
not succeed in doing this if it were not for the surface 
tension forces, B, which transmit the adhesive force 
along the upper surface of a fluid column, i.e. along 
the meniscus. The heights of the column are deter
mined when the weight of the column is equal•to the 
surface tension force . 
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Weight of the column = Surface tension force 
i.e. 
d7rr2h = 211r p 

h=~· .. .. . . (2) 
dr 

Where: d = Density of the liquid 
h = Height of the column 
r = Radius of the capillary 
P = Surface tension of the liquid 

In this analysis, Stanitz (1948) assumed that the con
tact angle of the fluid surface on the capillary wall 
was zero. 

The pressure at· the bottom of the fluid column at C 
is equal to atmospheric pressure, Pa, at the free sur
face of the fluid. The pressure at C must be greater 
than the pressure in the fluid at the top of the column 
by an amount equal to the weight of the fluid column 
divided by the cross-section area of the capillary 
tube. The fluid pressure at the top of the column, Pf, 
is therefore less than atmospheric pressure, Pa. The 
pressure difference can be calculated from the fol
lowing formula: 

Pressure difference = 

i.e. 
Pa-Pf= d11:r2h 

:irr2 

Weight of fluid column 
Cross-section area of tube 

= dh . ... .... . . (3) 

By combining equations (2) and (3), h and d are eli
nated. 

Pa-Pf = 2Y ... . . .. . . (4) 
r 

If the capillary tube is replaced by 2 circular parallel 
plates separated by a film fluid with thickness, a, 
(Fig. 16), the surface tension at the meniscus simi
larly sustains a pressure difference across the surface. 
The fluid pressure, Pf, is constant throughout the 
fluid and is less than the atmospheric pressure, Pa. 
Equation (4) can be replaced by: 

Pa-Pf= 2Y . .. . . .... . (5) 
a 

A force, F, is required to pull these plates apart (Fig. 
18). This force equals the pressure difference multi
plied by the area of the plates as indicated in 
equation (l). By combining equations (1) and (5), the 
term Pa-Pf is eliminated: 

F=-2YA . ... ..... . (6) 
a 

The minus sign indicates that the forces, F, act away 
from the plates. 

Although this model of 2 circular flat plates sepa
rated by a thin film of fluid is an oversimplification 
of the conditions encountered in the mouth, the 
above formula can·be profitably employed to explain 
the role that physical forces play in denture reten-
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tion. Let us assume that the denture is seated on a 
firm base permitting a uniform thickness along the ; 
j:ieriphery of the denture and that the space between . 
the denture and the base is filled completely with. 
fluid (Fig. 19). The pressure difference sustained b~· 
the surface tension across the meniscus along the 
periphery of the denture will be transmitted through
out the body of the fluid film. The force required to 
dislodge the denture is equal to this pressure diffe
rence multiplied by the projected area of the denture 
in the direction of force . The force per unit area of 
the denture varies inversely with the film thickness, 
a, along the periphery of the denture (Stanitz, 1948). 

h 

p c---· -

Fi&. 17. Fluid rise in a capillary tube. 

Pa 

Fie. 18. A force, F, is required to pull the plates apart. 
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Fig. 19. Cross section of upper denture seated on its base. 

The part played by the fluid film in denture retention 
therefore arises as a result of the difference in pres
sure between the atmosphere and the fluid film. The 
adhesive and surface tension forces are not large and 
do not in themselves exert an appreciable retentive 
force on the denture. They do, however, sustain the 
pressure difference across the meniscus of the fluid 
film . Thus, the total force exerted on the denture is 
equal to the pressure difference multiplied by the pro
jected area (Avant, 1973). 
Stanitz (1948) assumed in his calculations that the 
contact angle of the fluid surface on the capillary 
wall was zero. Few liquids wet an adherend surface 
completely but usually exhibits a contact angle, fJ , at 
which the fluid intersects the wall of a capillary tube. 
Furthermore, Craig, Berry and Peyton (1960) 
showed that the gravitational constant, g, should 
also be considered when calculating the forces in
volved in denture retention. By incorporating these 
2 factors in equation (6), it becomes: 

F = -2pA cos(J . .... . .... (7) 
dg 

O'Brien ( 1973) recently suggested an additional me
chanism whereby surface tension could play an even 
more important part in denture retention. Isolated 
capillaries are formed when liquids are trapped in 
crevices isolated from a reservoir. An isolated capil
lary (isocap) and connected capillary system are illus
trated in Fig. 20. He suggested that a marked in
crease in the surface tension of saliva occurred in iso
lated capillary systems. In the case of denture reten
tion, the tight peripheral seal creates the isolated 
capillary which results in greater wettability and 
hence increased adhesion. 

,_ __ 

~----=----=---~ 

Fig. 20. Connected capiilary and isolated capillary (isocap). 
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Several investigators contend that denture retention 
is supported by atmospheric pressure. This conten
tion is based on the assumption that when the den
ture is dislodged from the basal seat, a lower pressure 
is formed under the denture in comparison with the 
pressure of the surrounding atmosphere. This mecha
nism would only function, however, if a perfect . 
border seal was possible and if the space between the 
denture base and the mucous membrane was filled 
with air. Blahova and Neuman (1971) believe that at
mospheric pressure in itself cannot be the cause of 
denture retention but that retention results from the 
difference of pressure under the denture and outside 
it. 

Viscosity opposes the displacement and flow of fluid 
between 2 plates or of saliva between denture base 
and mucosa. Increased salivary viscosity will aid den
ture retention by resisting inflow of saliva from the 
oral cavity. If this inflow is not opposed, the increase 
in fluid thickness between the denture base and 
mucosa will result in reduced denture retention. 

The prosthodontist can therefore obtain increased 
denture retention by adopting the following proce
dures: 

I. Ensure maximal extension of the denture base. 
This will result in maximum projected surface 
area, A, of the denture base. 

2. Achieve the closest possible contact between den
ture base and mucosa. This can be achieved by 
careful impression taking and processing of the 
denture. 

3. Develop a posterior palatal border and peripheral 
seals which cause elastic displacement of the 
border tissues. This will ensure a narrow salivary 
film and meniscus and create an isolated capillary 
system. 

4. Avoid the incorporation of palatal relief areas 
which result in decreased retention of the denture 
(Skinner and Chung, 1951). 
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Introduction 
An acute problem in dentistry is the lack of 
adhesion of the available restorative materials 
to tooth structure (Phillips, 1973). As a result 
microleakage of bacteria, fluids, molecules and 
ions occµrs frequently at the restoration/tooth 

. interface. This micro leakage of saliva, acid and 
microorganisms has been implicated in break
down of the marginal areas of restorations and 
the development of secondary caries along the 
to_oth/restoration interface. It is even likely 
that certain post-operative phenomena such 
as tooth sensitivity and pulp pathology are 
associated with the leakage pattern (Phillips, 
1970). 

The introduction of the direct filling acrylic 
resins after the Second World War was 
enthusiastically received by the dental pro
fession but laboratory and clinical evaluations 
of these resins soon revealed their short
comings. A major defect was the inadequate 
marginal seal at the acrylic resin/tooth inter
face (Nelsen et al., 1952). Although the 
current composite restorative materials have 
greatly improved physical and mechanical 
properties when compared to the unfilled 
resins, microleakage, although reduced, has 
not been eliminated. 

The chemical treatment of teeth to provide 
a modified surface offers an attractive approach 
for increasing the bond strength between 
tooth structure and dental resin materials. 
Buonocore (1955) was the first to introduce 
this concept and reported that the bonding of 
acrylic restorative materials to enamel could 
be substantially increased by etching the 
enamel surface with 85 per cent orthophos
phoric acid (H8PO,). Subsequently several 
organic and inorganic acids and chelating 

agents have been evaluated in an effort to 
obtain increased bond strengths of dental 
resins to tooth structure. The conditioning 
solutions most commonly used are: 
1. H 3PO, (from 37 per cent w/w to 65 per 
cent w/w). 
2. 50 per cent H 3PO, buffered with 7 per cent 
ZnO by weight. 
3. 50 per cent citric acid. 

Mechanical bonding is the major factor 
responsible for the increased bond strength of 
dental resins to etched enamel surfaces. The 
dovetail joint, which is used in carpentry to 
bond pieces of wood together, is another 
example of how a tight interlocking mechan
ism is used to obtain mechanical bonding. 

The use of an acid solution to condition the 
enamel surface is an essential prerequisite for 
the successful bonding of dental resins to 
enamel. Mechanical bonding of dental resins 
to etched enamel surfaces is achieved as 
follows: 
1. Etching of the enamel surface increases the 
total surface area available for bonding. 
2. The discrete and preferential decalcification 
produced by the acid provides microspaces or 
porosities in the enamel surface. 
3. Etching increases the wettability of enamel 
surf aces which will facjlitate the penetration of 
the polymerizing resin into the etched surfaces. 
4. When cured, the resin tags will bond the 
resin mechanically to the enamel. 

Acid etching the enamel surf ace is now an 
accepted and widely applied technique in 
clinical dentistry. It is used in restorative 
dentistry for the repait- of fractured incisal 
edges and for the conservative treatment of 
cervical abrasion and erosion, in preventive 
dentistry to seal the caries susceptible occlusal 
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surfaces of teeth, and in orthodontics to bond 
metal or plastic attachments directly to tooth 
surfaces. · 

Effects of conditioning enamel surfaces 
Clinical appearance 
The n01mal glistening aIJpearance of the 
enamel surface is dulled by conditioning the 
teeth with etching solutions. A uniform dull 
appearance is an indication that the tooth 
surface has been adequately etched. In the 
mouth, the normal glistening appearance is 
restored within a few days after etching 
(Retief, 1973). 

Remineralization of etched enamel 
Conditioning of enamel surfaces with acidic 
etching solutions has caused concern because 
such treatment could predispose the enamel 
surface to carious attack. 

The in vivo recovery of etched enamel 
surfaces has been evaluated with scanning 
electron microscopy (SEM) (Retief, 1973). 
The mesiobuccal surfaces of maxillary left and 
right premolars, which were to be extracted as 
part of orthodontic treatment planning, were 
etched with 50 per cent H 3PO, for one minute 
and the distobuccal surfaces left untreated. 
One tooth was extracted soon after etching 
and the contralateral tooth 14 days later. 
Under SEM the etching pattern on the enamel 
of the tooth extracted soon after etching was 
clearly evident. Practically complete recovery 
of the etched surface of the contralateral tooth 
extracted two weeks after phosphoric acid 
etching had occurred. The recovery might be 
due to several factors such as deposit of 
salivary glycoproteins on the etched surface 
after subsequent exposure to the oral environ
ment, abrasion or erosion of the etched 
enamel surface and remineralization of the 
etched enamel surface. Wei (1970) and Lee 
et al. (1972) have shown by electron micro
probe X-ray spectrometry that complete 
remineralization of etched enamel occurred in 
vitro and in vivo respectively. 

Scanning electron microscopy of enamel sur
faces 
The SEM is a most useful instrument to study 
the effect of etching solutions on enamel 
surfaces. With the development of accurate 

Fig. 1. Featureless appearance of normal enamel 
surface. Field width 50 µm. 
Apparence uniforme de la surface normale de 
l'email. Largeur du champ 50 µm. 
Normale Schmelzoberflache ohne besondere 
Merkmale. FeldgroBe 50 µm. 
Superficie de esmalte normal. Campo de 50 
milimicras. 

replicating techniques (Grundy, 1971 ; Pameijer 
and Stalla.r:d, 1972) it has become possible to 
determine the in vivo effects of conditioning 
agents on tooth surfaces. 

A normal enamel surface has a featureless 
appearance with faint abrasion marks on the 
surface (Fig. 1). Exposure of human enamel to 
conditioning solutions produces three basic 
etching patterns (Gwinnett, 1971; Silverstone 
et al., 1975; Retief and Austin, 1976). In the 
type 1 pattern, prism core material is pre
ferentially removed leaving the prism peri
pheries relatively intact (Fig. 2). In the type 2 
etching pattern, the etching action is reversed. 
The peripheral regions of the prisms are 
dissolved preferentially leaving the prism cores 
relatively unaffected (Fig. 3). The etching 
pattern cannot be related to prism morphology 
in the type 3 pattern. All three etching patterns 
are often observed in adjacent areas of the 
same tooth produced by a single etching 
solution (Fig. 4). 

These observations suggest that there is not 
a specific etching pattern produced on human 
enamel by etching solutions and that SEM 
alone should not be used to quantitate the 
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Fig. 2. Type 1 etching pattern. Preferential dissolu
tion of prism cores. Field width 50 µm. 

Decapage effectue selon le schema type I. Dissolu
tion preferentielle des noyaux des prismes. 
Largeur du champ 50 µm. 

Atzmuster vom Typ 1. Hauptsachliche Auflosung 
von Prismenkernen. Feldgrol3e 50 µm. 
Tipo 1 de grabado. Disoluci6n preferente de los 
prismas. Campo de 50 milimicras. 

Fig. 4. Mixed etching pattern with type 3 in the 
centre. Field width 50 µm. 

Schema de decapage mixte avec type 3 au centre. 
Largeur du champ 50 µm. 

Gemischtes Atzmuster mit 3 Typen in der Mitte. 
Feldgrol3e 50 µm. 

Grabads mezcJado con el tipo 3 en el centro. 
Campo de 50 milirnicras. 

Fig. 3. Type 2 etching pattern. Preferential dissolu
tion of prism peripheries. Field width 50 µm. 

Decapage effectue selon le schema type 2. Dissolu
tion preferentielle de la peripherie · des prismes. 
Largeur du champ 50 µm. 

Atzmuster vom Typ 2. Hauptsachliche Au losung 
von Prismenperipherien. Feldgro13e 50 µm. 

Tipo 2 de grabado. Disoluci6n preferente de los 
prismas perifericos. Campo de 50 milimicras. 

etching action of any conditioning solution. 
In addition, it has been shown that the etching 
pattern is dependent on the plane through 
which the enamel prisms are cut during 
operative procedures (Poole and Johnson, 
1967; Retief, 1975a). Surfaces prepared in a 
plane perpendicular to prism direction were 
more severely etched (Fig. 5) than those cut 
parallel to prism orientation (Fig. 6). 

The etching pattern will be determined by 
crystal orientation within the enamel prism 
(Poole and Johnson, 1967). A human enamel 
prism cut in cross section has a rounded head 
and a smaller tail with the outline resembling 
a keyhole (Meckel et al., 1965). The c-axes of 
the hydroxyapatite crystals in the prism head 
are parallel to the prism axis with a subtle 
flaring out towards the periphery of the head 
and a more pronounced divergence towards 
the tail section. Scott et al. (1974) observed 
that there is a difference in the reaction to acid 
etching at the periphery of the prisms and in 
the tail region and designed an experiment to 
show that this difference was related to the 
orientation of the crystals in those regions. In 
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Fig. 5. Etching of enamel surface prepared per
pendicular to prism orientation. Field width 50 µm. 

Decapage de la surface de !'email prepare per
pendiculairement a !'orientation des prismes. 
Largeur du champ 50 µm. 

Senkrecht zur Prismenrichtung angeatzte Schmelz
oberflache. FeldgroBe 50 µm. 

Grabado en la superficie del esmalte preparado 
perpendicularmente a la orientaci6n de los prismas 
Campo de 50 milimicras. 

addition, it was observed that crystals parallel 
to the acid attack are the most vulnerable due 
to the weak core of the crystal along its entire 
c-axis. 

The enamel prisms radiate from the dentino
enamel junction towards the outer surface of 
the enamel but some of the prisms do not 
extend all the way to the surface. This has 
given rise to a new concept of prismless enamel 
which is approximately 25 µm thick (Gwinnett, 
1967). This distinct prismless zone is commonly 
observed in deciduous teeth and seldom 
extends over the entire surface of permanent 
teeth, being more prominent on the gingival 
part of the crowns of the teeth (Speirs, 1971). 
Etching of prismless enamel results in type 3 
etching pattern in which some tissue loss is 
evident but no preferential etching of prisms 
is seen. 

Contact angle and wetting 
A fundamental requirement foe good bonding 
between a dental resin and enamel surfaces is 
intimate interfacial contact between the resin 
and enamel. For this to occur the polymerizing 

~ 

Fig. 6. Etching of enamel surface prepared parallel 
to prism orientation. Field width 50 µm. 

Decapage de la surface de !'email prepare parallele
ment a !'orientation des prismes. Largeur du 
champ 50 µm. 

Parallel zur Prismenrichtung angeatzte Schmelz
oberflache. FeldgroBe 50 µm. 

Grabado en la superficie del esmalte preparado 
paralelamente a la orientaci6n de los prismas. 
Campo de 50 milimicras. 

resin must flow over the etched surface and 
penetrate into the microspaces produced in 
the surface by the etching agent. The extent to 
which a liquid will wet a surface depends upon 
the viscosity of the liquid, the topography of 
the surface, the free energy of the surface and 
the contact angle, 0, at which the liquid meets 
the adherend surface (Zisman, 1963). The 
contact angle, 0, is the angle formed between 
the surface of a liquid drop and the surface of 
the adherend upon which it is resting and it is 
measured at equilibrium. 

When the contact angle of a resin on a sur
face is small, the resin will wet the adherend 
surfaces and a strong bond strength will result. 
When, on the other hand, a large contact angle 
is formed, inadequate wetting of the adherend 
surfaces will occur and a weak resin/enamel 
bond strength obtained. Since the tendency of 
a liquid to wet a surface increases as the 
contact angle, 0, decreases, the contact angle 
is a useful inverse measure of the wettability 
and hence cos 0 a direct measure of the 
wettability of a surface. 

The contact angles of an uncured epoxy 
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resin on unetched enamel surfaces and 
enamel . surfaces etched with 50 per .cent 
H 8PO, for 60 seconds were determined 
(Retief, 1974). An instrument similar to that 
designed by Glantz (1969) was used to measure 
the contact angles. A low-voltage adjustable 
microscope lamp connected to a transformer 
was used as the light source. A microscope 

- tube with focussing device, 4 x object lens 
and 8 x ocular lens magnification was 
mounted with the long axis parallel to the 
base plate and in line with the light source. 
An adjustable stand was fitted midway 
between the light source and the object lens 
of the microscope. A micrometer syringe was 
filled with an uncured epoxy resin and fitted 
to a stand and positioned above the stage. The 
syringe was used to transfer resin drops of 
standard volume to the enamel surfaces of 
teeth mounted on the adjustable stage. The 
image of the resin drop was reflected by a 
mirror device in an aluminium box and 
projected onto a frosted glass plate cover. The 
contact angles were measured by means of a 
graduated protractor. 

The facial surfaces of human maxillary 
incisors were ground and finally polished with 
600 grit silicon carbide paper. The polished 
enamel surfaces of half of these teeth were 
etched with 50 per cent H 3PO, for 60 seconds. 
The surfaces were washed well and dried with 
compressed air. A prepared tooth was placed 
on the stage which was adjusted to obtain a 
parallel image of the polished surface on the 
screen. A volume of 5 µI of resin was placed 
on the tooth surface and the contact angle 
measured when the resin drop had ceased to 
spread over the solid surface. This occurred 
after approximately 15 minutes. A mean 
contact angle of 22·4° was obtained for the 
uncured epoxy resin on the polished unetched 
enamel surfaces. A significantly lower mean 
contact angle of 7·6° was obtained on the 
polished, etched enamel surfaces. 

The tensile bond strength of an epoxy resin 
to unetched enamel surfaces and enamel 
surfaces etched with 50 per cent H 3PO, was 
determined (Retief, 1974). The epoxy resin 
did not adhere to unetched enamel surfaces 
and all the experimental bonds failed during 
storage in water at 37°C overnight or during 
assembly in the tensile testing machine. A 

mean tensile bond strength of 9·4 megapascals 
(MPa) was obtained on etched enamel 
surfaces. 

Resin/enamel interface 
To study the epoxy resin/enamel interface, an 
epoxy resin was allowed to cure on conditioned 
and unconditioned enamel surfaces. The teeth 
were sectioned through the resin/enamel 
interface, the cut surfaces polished on an 
automatic lapping and polishing machine and 
viewed in the SEM. The contact between the 
resin and the unconditioned enamel surface 
was poor. Etching with phosphoric acid 
produced intimate interfacial contact between 
the adhesive and the etched enamel surface. 

The penetration of various dental materials 
into etched enamel surfaces has been observed 
by several research workers. Gwinnett and 
Buonocore (1965) were among the first to 
describe this phenomenon. They found that 
tags of methyl-2-cyanoacrylate of approxi
mately 10 µm in length penetrated into enamel 
surfaces etched with a buffered 50 per cent 
H 3PO, solution. Gwinnett and Matsui (1967) 
studied the physical relationship between 
several dental restorative materials and enamel 
surfaces etched with a buffered 50 per cent 
H 3PO, solution. They observed tag-like 
extensions of the restorative material that had 
penetrated into the etched enamel surfaces. 
Tag lengths varied from one material to 
another and ranged from 10 µm to 25 µm. 
Their electron microscope studies revealed that 
remnants of the restorative materials enveloped 
the enamel crystallites in the superficial 
enamel. They concluded that mechanical reten
tion played an important part in the bonding 
of various dental materials to etched enamel 
'surfaces. 

A similar technique was used by Retief et al. 
(1976) to study composite restorative resin 
surfaces that had cured on normal enamel 
surfaces and enamel surfaces etched with 
different conditioning agents. The restorative 
resin was mixed, placed on normal and etched 
enamel surfaces and allowed to set overnight. 
Oblique, transverse sections were cut through 
the resin/enamel interfaces with a diamond 
disc. The enamel on the mesial, lateral and 
distal aspects of the sections was covered with 
dental sticky wax but the enamel and dentine 
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Fig. 7. Resin tags exposed by dissolution of the 
underlying etched enamel. Field width 50 µm. 

Inclusions de resine mises a nu par dissolution de 
la couche sous jacente d'email decape: Largeur 
du champ 50 µm. 

Kunststoffausliiufer, die <lurch Auflosung des 
darunterliegenden angeatzten Schmelzes freigelegt 
wurden. FeldgroBe 50 µm. 

Mar<;as de resina expuestas por disoluci6n del 
esmalte con el grabado. Campo de 50 milimicras. 

on the cut surfaces left exposed. The sections 
were placed in 10 per cent hydrochloric acid 
for 10 minutes, rinsed well with water, the 
sticky wax removed and the sections dried. 
The specimens were prepared for viewing in 
the SEM. The resin surfaces that had cured 
on the normal or etched enamel surfaces were 
exposed and examined by rotating the speci
men stage of the SEM. The resin surfaces that 
had cured on an unetched enamel surface had 
a featureless surface topography while the 
resin surfaces opposed to etched enamel 
surfaces showed remnants of resin tags that 
had penetrated the etched enamel surface 
(Fig. 7). Resin tags up to 50 µm in length 
(Fig. 8) were observed when an epoxy resin 
formulation developed for the direct bonding 
of orthodontic attachments was cured on an 
enamel surface etched with 50 per cent H 3PO, 
for 50 seconds (Retief, 1973). 

Low viscosity intermediary resins 
Considerable controversy exists regarding the 

SOµm 

Fig. 8. Tags extending from an epoxy resin that 
had cured on an etched enamel surface ( x 500). 

Morceaux de resine provenant de ]'extension d'une 
resine epoxy appliquee sur une surface d'email 
decape ( x 500). 

Auslaufer eines Epoxydharzes, das auf einer 
angeatzten Schmelzoberflache polymerisierte 
(500 x ). 

Marcas que se extienden desde una resina ep6xida 
fraguada en una superficie de esmalte con el 
grabado ( x 500). 

use of intermediary low viscosity resin systems 
prior to the placement of composite restorative 
resins. The rate of resin penetration into a 
crevice is a function of the dimensions of the 
crevice and the surface tension, viscosity and 
contact angle of the resin on a capillary wall 
(Fran et al., 1975). They reported that a 
decrease in the viscosity of a sealant resulted 
in increased penetration of the sealarit into 
capillaries. This was confirmed by Dogon 
(1975) who evaluated the extent of resin 
penetration into etched enamel surfaces by 
SEM. He showed that resins with viscosities 
greater than 350 centipoise had short tags 
extending into the etched enamel. He reported 
that the frequency of tags as well as their 
lengths increased as the viscosity of the resins 
decreased. Ten Cate et al. (1977) investigated 
the influence of resin viscosity and resin 
penetration on the bond strength of enamel 
using a four-component acrylic resin system. 
They found that low viscosity monomer resins 
yielded both inter- and intraprismatic pene
tration into enamel. The use of high viscosity 
adhesives resulted in interprismatic penetration 
only. They also 1eported that the bond 
strength of the acrylic system to enamel 
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surfaces etched with buffered 50 per cent 
HaPO, increased as the viscosity of the resin 
system decreased. The latter observation 
confirmed the findings of Retief et al. (1976) 
who reported that the use of a low viscosity 
unfilled resin system in conjunction with a 
commercial composite resin system signifi
cantly increased the tensile bond strength to 
enamel surfaces etched with 37 per cent 
H8PO,. The findings of Low and Von 
Fraunhofer (1976) did not agree with the 
above observations. They used composite 
restorative materials for the restoration of 
fractured incisors and determined the in vitro 
retentive strengths of the restorations. They 
found no significant difference in the retentive 
strength of restorations consisting of the 
composite/unfilled systems and those restored 
with the composite material only. J0rgensen 
(1975) concluded from his experimental work 
that the bonding of composite restorative 
resins to phosphoric acid etched enamel 
surfaces is not improved by the use of an 
intermediary film of low viscosity unfilled 
resin. He felt that an unfilled liquid phase is 
available on the surface of composite resins in 
sufficient amounts to fill the irregularities 
produced on the enamel surface by the 
etching procedure. 

In an attempt to reduce the marginal leak
age of composite resins, the use of low 
viscosity resins in conjunction with the acid 
etch technique has been evaluated in several 
in vitro studies (Buonocore et al., 1973; 
Dogon, 1975; Eriksen and Buonocore, 1976; 
Galan et al., 1976; Hembree and Andrews, 
1976; Kempler et al., 1976). The bonding 
agents used by these investigators were low 
viscosity unfilled resins of the bis-GMA type 
that have been introduced by the manu
facturers of composite resins. They all 
reported that acid etching followed by the 
application of the low viscosity unfilled resins 
prior to the placement of the composite 
restorations reduced marginal leakage con
siderably or eliminated it completely. 

Optimal concentration of phosphoric acid 
The concentrations of phosphoric acid 

solutions supplied with commercial composite 
dental materials range from 37 per cent (w/w) 
H8PO, (Dental Products, 3M Technical 

Information Sheet No. 2, 11 July 1974) to 
65 pe.r cent (w/w) H 8PO, (Miura et al., 1971). 
The use of 37 per cent HaPO, as an etching 
agent is based on the experimental work of 
Silverstone (1974). He found that the patterns 
of etching obtained by using phosphoric acid 
in the 30 per cent (w/w) to 40 per cent (w/w) 
range provided a better enamel surface for 
retention than was given by stronger or weaker 
solutions of the acid. In a subsequent study, 
Silverstone (1975) confirmed the above obser
vations. In addition he showed resin tags up 
to 50 µm in length extending into the etched 
enamel surfaces. He examined enamel sur
faces etched with 30 per cent H 8PO, for 60 
seconds and identified three zones; a super
ficial etched zone, approximately 10 µm deep, 
which represents the enamel lost by etching; a 
qualitative porous zone approximately 20 µm 
deep which is visible histologically; a quanti
tative porous zone approximately 20 µm in 
depth into which resin tags extend from the 
enamel surface. 

Retief (1975b), however, advocated the use 
of 50 per cent (w/w) H 3PO, as an etching 
agent. The rationale supporting this recom
mendation included: 
1. The bond strength of a resin system to 
enamel surfaces etched with 50 per cent H 3PO, 
was not significantly improved by the use of 
phosphoric acid at any other concentration. 
2. The depth of etch obtained with 50 per 
cent H 3PO, was less than that observed with 
H8PO, solutions at concentrations which 
produced comparable bond strengths. By 
depth of etch is meant the amount of surface 
enamel removed completely by the etching 
acid and not the underlying preferentially 
etched enamel surface. 

Acknowledgements 
A major part of the original research presented 
in this paper was supported by the South 
African Medical Research Council and the 
University of the Witwatersrand, Johannes
burg. It was supported in part by Grant 
DE-02670 from the National Institute of 
Dental Research. 

http://etd.uwc.ac.za/ 
 



VOLUME 28-NO. 1 D. H . RETIEF-THE MECHANICAL BOND 25 

SUMMARY 

An acute problem in dentistry is the lack of 
adhesion of the available restorative materials 
to tooth structure. As a result microleakage of 
harmful agents occurs at the restoration/tooth 
interface. Microleakage may result in break
down of the marginal areas of restorations and 
the development of secondary caries along the 
tooth/restoration interface. The chemical 
treatment of teeth to provide a modified 
surface represents a useful approach for 
increasing the bond strength between tooth 
structure and dental resin materials. 

Acid etching the enamel surface is r.ow an 
accepted and widely applied technique in 
clinical dentistry. The most commonly used 
conditioning agents are: (a) Orthophosphoric 
acid (H3PO 4) solutions with concentrations 
ranging from 37 per cent (w/w) to 65 per cent 

(w/w); (b) Buffered 50 per cent H 3P04 con
taining 7 per cent zinc oxide by weight and 
(c) 50 per cent citric acid. 

Mechanical bonding is the major factor 
responsible for the increased bond strengths of 
dental resins to etched enamel surfaces and for 
the decreased microleakage at the resin/tooth 
interface. Etching of the enamel surfaces 
increases the surface area available for bond
ing. Preferential dissolution of prism peri
pheries or cores produces micros paces . or 
porosities in the enamel surface. Etching also 
increases the wettability of enamel surfaces 
and therefore facilitates the penetration of the 
polymerizing dental resin into the etched 
surfaces. When cured the resin tags formed in 
the etched surface will bond the resin 
mechanically to the enamel. 

LE LIEN MECANIQUE 

RESUME 

Un des problemes les plus aigus en dentisterie 
est le manque d'adhesion des materiaux de 
restauration existants a la structure dentaire. 
II resulte des micro-defauts d'hermeticite ou 
des agents nocifs interviennent a !'interface 
restauration/dent. Ce defaut d'hermeticite 
peut entrainer des ruptures des regions 
marginales des restaurations et le developpe
ment de caries secondaires le long de !'inter
face dent/restauration. Le traitement chimique 
des dents afin d'en modifier la surface con
stitue une approche interessante en vue 
d'accroitre la force du lien entre structure 
dentaire et materiaux en resine dentaire. 

Le decapage a l'acide de la surface de 
l'email constitue une technique actuellement 
largement admise et appliquee en dentisterie 
clinique. Les agents conditionneurs les plus 
frequemment utilises sont (a) l'acide ortho
phosphorique (H3PO 4) en solution dans des 
concentrations allant de 37% (w/w) a 65% 
(w/w), (b) l'acide orthophosphorique tam-

ponne H 3PO 4 a 50 % con tenant 7 % de son 
poids d'oxyde de zinc et (c) l'acide citrique 
a 50%. 

Le lien mecanique est le principal facteur 
qui puisse etre responsable d'un accroissement 
des forces de liaison des resines dentaires avec 
les surfaces d'email decape et de la diminution 
des micro-defauts d'hermeticite de !'interface 
resine/dent. Le decapage des surfaces dentaires 
accroit l'etende des surfaces disponibles pour 
le lien mecanique. La dissolution preferentielle 
de la peripherie des prismes ou des noyaux 
produit des micro-espaces OU porosites a la 
surf!ice de l'email. Le decapage augmente 
aussi la mouillabilite des surfaces de l'email 
et facilite, de la sorte, la penetration de la 
resine dentaire en cours de polymerisation en 
de9a des surfaces decapees. Lorsque le 
traitement de la resine est termine, les parties 
de resine qui ont penetre dans la surface 
decapee retiendront mecaniquement la resine 
dans l'email. 
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DIE MECHANISCHE BINDEKRAFT 

ZUSAMMENFASSUNG 

Ein akutes Problem in der Zahnheilkunde ist 
die mangelnde Adhasion der verftigbaren 
Fiillungsmaterialien am Zahngewebe. Dies 
ftihrt zu einem Mikrospalt an der Grenzflache 
von Fiillung und Zahn, in den schadliche 
Stoffe eindringen. Der Mikrospalt kann zu 
einem Zusammenbruch des Fiillungsrandes 
und zur Entwicklung von Sekundarkaries 
tangs der Grenzflache von Zahn und Fiillung 
fiihren. Die chemische Behandlung der Zahne, 
um eine modifizierte Oberflache zu schaffen, 
stellt eine niitzliche Meth ode dar, um die 
Bindekraft zwischen Zahngewebe und Fiill
ungsmaterialien zu erhohen. 

Die Saureatzung der Schmelzflache ist 
inzwischen eine akzeptierte und weithin 
angewandte Methode · der klinischen Zahn
heilkunde. Die gebrauchlichsten Mittel hierfiir 
sind: (a) Orthophosphorsaure(H3PO ,)-Los
ungen mit Konzentrationen von 37-65 Gew.
%; (b) gepufferte 50%ige H 3PO, mit 7 

Gew. % Zinkoxid und (c) 50%ige Zitronen
saure. 

Die mechanische Verbindung ist der Haupt
faktor, der fiir die erhohten Bindekrafte von 
Fiillungsm~terialien auf angeatzte Schmelz
flache und fiir den verringerten Mikrospalt der 
Grenzfl.ache zwischen Fiillung und Zahn 
verantwortlich ist. Das Anatzen der Schmelz
fl.achen vergroBert die fiir die Verbindung 
verftigbare Oberfliiche. Die hauptsachlich 
erfolgende Aufiosung der Prismenoberfl.achen 
oderkerne erzeugt Mikrohohlraume oder 
Porositaten in der Schmelzoberflache. Das 
Anatzen erhoht gleichfalls die Netzfahigkeit 
der Schmelzoberfl.ache und erleichtert damit 
das Eindringen des polymerisierenden Kunst
stoffs in die angeatzten Oberflachen. Nach dem 
Polymerisieren verbinden die in die angeatzte 
Flache eingedrungenen Kunststoffauslaufer 
den Kunststoff mechanisch mit dem Schmelz. 

LOS ADHESIVOS MECANICOS 

RESUMEN 

Un problema importante en Odontologia es la 
perdida de la adhesion de las restauraciones 
dentarias con materiales. Como resultado 
aparecen microporos debido a los agentes de 
la superficie entre la restauracion y el diente. 
Los microporos pueden resultar en el margen 
roto de las regiones de la restauracion y 
desarrollar secundariamente caries a lo largo 
de la superfi.cie entre el diente y la restauracion. 
El tratamiento quimico del diente proporciona 
una superficie modificada que representa una 
util aproximacion para el aumento de la 
adhesion entre la estructura dentaria y los 
materiales de resina dentales. 

El acido en la superficie del esmalte esta 
aceptado actualmente y se aplica como 
tecnica en la clinica odontologica. Los 
agentes mas comunmente utilizados son: (a) 
Acido ortofosf orico (PO ,H3) en solucion a 
concentraciones que varian entre 37 % (W /W) 

al 65% (W/W), (b) buffer de 50% de PO,H3 

que contienen 7 % de oxido de zinc por peso 
y (c) 50 % de acido citrico. 

La adhesion mecanica es el mayor factor 
responsable para el aumento de las adhesiones 
de las resinas dentales en las superficies del 
esmalte y para la disminucion de los micro
poros en la superficie entre la resina y el 
diente. El 'grabado' en la superfi.cie del esmalte 
aumenta el area de superficie valida para la 
adhesion. La disolucion preferente de los 
prismas per if ericos produce microespacios 0 

porosidades en la superficie del esmalte. El 
'grabado' tambien aumenta la humedad de la 
superficie del esmalte y facilita la penetracion 
de la resina polimelizadora dental en la 
superficie donde se ha aplicado el acido. 
Cuando la resina fragua la senal formada en 
la superficie con el grabado facilitara la 
adhesion de la resina al esmalte. 
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Effect of cavosurface treatment on marginal leakage in 
Class V composite resin restorations 

D. H. Retief, M.Sc., B.D.S., Ph.D. (Dent.),* E. Woods, B.S.,** and 
H. C. Jamison, D.D.S., Dr.P.H. *** 
University of Alabama, School of Dentistry, Birmingham, Ala. 

A major shortcoming of t
0

he composite restorative 
resins is that they do not adhere to enamel and 
dentin.' The alteration of tooth surfaces by acid 
conditioning increased the bonding of acrylic restor
ative resins to enamel.2 Pioneer studies in which the 
physical relationship between acrylic restorative 
resins and etched enamel surfaces were clarified 
paved i:he way for the acceptance of the acid-etch 
technique as an integral part of restorative proce
dures involving composite resins.3· • 

The classic cavity preparation for silicate cement, 
acrylic resin, and composite resin restorations is 
box-shaped with internal retention and a 90-degree 
cavosurface angle resulting in a butt joint. The 
concept of beveling the enamel margins of conven
tional butt preparations to produce a 135-degree 
cavosurface angle has been proposed by several 
investigators. ~· 7 In vitro studies, in which microleak
age in butt and beveled composite resin restorations 
was evaluated, yielded contradictory results. One 
report stated that microleakage in butt restorations 
was less than that in beveled restorations.8 Although 
feather-edge restorations have been advocated,9 it 
has been reported that little or no leakage occurs in 
beveled restorations while severe marginal leakage is 
observed .in butt restorations.9 A laboratory study 
showed that variations in the design of cavosurface 
margins had little influence on leakage around 
composite resin restorations. 10 

Another controversial issue in the ·cavosurface 
treatment of Class V composite resin restorations is 
the use of low-viscosity bonding resins prior to the 
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BUTT BEVEL 

c.A. 

Fig. 1. Cavity preparations with butt and beveled cavo
surface margins. 

insertion of composite resins to enhance resin pene
tration into etched enamel surfaces. This aspect of 
cavosurface treatment was discussed fully in a recent 
report.11 

The purpose of this in vitro study was to evaluate 
the effect of restorative techniques including cavo
surface design, acid etching, and low-viscosity bond
ing resins on marginal leakage in Class V composite 
resin restorations. 

MATERIAL AND METHODS 

Noncarious human maxillary canine teeth were 
used in this investigation. The teeth were cleaned on 
a dental lathe with a water slurry of pumice after 
extraction and stored in 70% ethanol at room tem
perature. Adaptic Dental Restorative (Johnson and 
Johnson Dental Products Co., New Brunswick, N .J.) 
was used as the restorative material because it was 
considered representative of the composite restora
tive resins. A low-viscosity Adaptic bonding agent 
and an etching agent consisting of 30% orthophos
phoric acid (H3P04 ) are supplied with the composite 
resm. 

Class V cavities were prep~red in the facial 
surfaces of 60 teeth by one dentist. All preparations 
were made as uniform as possible with regard to 
instrumentation, form of outline and retention, and 
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Fig. 2. Experimental design of microleakage study. 

depth. The preparations were made with a No. 56 
plain tungsten carbide bur in a high-speed air rotor 
equipped with a water spray. Each bur was used to 
cut seven preparations and then discarded. The 
outline form was kidney-shaped and the prepara
tions e.l_{tended 4 mm mesiodistally with a width of 2 
mm. The gingival margins were located in enamel 2 
mm from the cementoenamel junction; the prepara
tions extended 2 mm into dentin. The cavosurface 
margins were made at a 90-degree angle to produce a 
butt joint (Fig. I). Retentive grooves were made at 
the axioincisal and axiogingival line angles with 14 
round carbide bur. The depth of the retentive 
grooves approximated the diameter of the head of 
the bur. In 30 specimens, the cavosurface margins 
were beveled at a 45-degree angle producing a 
135-degree cavosurface angle. The bevels were 
extended from the surface to the dentinoenamel 
junction (Fig. I). A tapered diamond finishing bur 
was used to prepare the beveled margins. 

THE JOURNAL OF PROSTHETIC DENTISTRY 

Fig. 3. Scoring of microleakage at incisal and gin~ival 
margins of restorations. 

The preparations were cleaned with 3% hydrogen 
peroxide, washed well, and dried with compressed 
air. The axial walls of the cavities were lined with a 
thin layer of Dycal (L. D . Caulk Co., Milford, Del.) 
to simulate pulp protection in the clinical situation. 
A random distribution table indicating the order in 
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Table I. Microleakage data at gingival and incisal margins of butt and bevel preparations restored with 
different procedures 

Cavosurface 
Location 

preparation No. Procedure Gingival Incisal 

Butt 10 A, no etch 2.375 ± 0.738 0.45 ± 0.453 

Butt 10 B, etch only 1.525 ± 1.426 0.1 ± 0.1 
Butt 10 C, etch and BA 1.025 ± 0.404 0±0 
Bevel 10 D, no etch 2.5 ± 0.224 0.9 ± 0.299 

Bevel 10 E, etch only 1.575 ± 1.236 0±0 
Bevel 10 F, etch and BA 0.875 ± 1.113 0±0 

which the restorative procedures were to be per
formed was computer processed and was designed so 
that one of each of the six restorative techniques was 
represented in each consecutive group of six restora
tions. The experimental design is shown in Fig. 2. 
The procedures were performed by one dentist. 

Each tooth was restored immediately after cavity 
preparation. The etching agent was applied for I 
minute with endodontic paper points to the cut 
enamel margins within the preparations (Fig. 2, B, C, 
E, and F). The mixed bonding agent was applied in 
a similar manner to all walls of the preparations (Fig. 
2, C and F). The composite resin was mixed acco~d
ing to the manufacturer's instructions and inserted 
into the preparations with plastic instruments. The 
preparations were slightly overfilled, and the com
posite resin was allowed to set against Mylar strips 
held mader firm finger pressure. Gross excess of 
composite resin was removed after 15 minutes with a 
12-bladed carbide bur operated at high speed and 
adequate water cooling. The rest.ored teeth were 
placed in distilled water at 37 ° C for 7 days before 
the restorations were finished with a graded series of 
SofLex disks (3M Co., St. Paul, Minn.). All restora
tions were finished level with the cavosurface mar
gins. All operative and restorative procedures were 
carried out under a dissecting microscope. 

The root apices were sealed with sticky wax. The 
surfaces of the teeth, except for the small area 
surrounding the restorations, were coated with three 
applications of nail varnish. The coated teeth were 
placed in a solution containing one tablet of red 
fluorescent dye (Blak-Ray, Ultra-Violet Products, 
Inc., San Gabriel, Calif.) in 25 ml of water. The teeth 
were subjected manually to 100 complete tempera
ture cycles between two baths held at 55 ° and 5 ° C, 
respectively. The dwell time in each bath was I 
minute. After cycling, the teeth were stored in the 
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dye solution at 37° C for 1 week. The nail varnish 
. with its attached dye was carefully scraped from the 
tooth surfaces, and the roots were separated from the 
crowns of the teeth with a diamond separating disk. 
The crowns were embedded in a clear polyester resin 
(Bio-Plastic, Ward's, Rochester, N.Y.) in specially 
constructed molds. Longitudinal labiolingual serial 
sectiom, approximately 500 µ.m thick, were cut 
through the restorations with an Isomet (Buehler 
Ltd., Evanston, Ill .) slow-speed saw. At least 'three 
serial sections were cut from each tooth. The sections 
were embedded in Kaiser's Glycerin Jelly12 on glass 
microscope slides. The coverslips were ringed with 
dental sticky way to preserve the embedding 
medium. The sections were 'exam:ned microscopical
ly by transmitted ultraviolet radiation (Dialux 20, E. 
Leitz, Wetzlar, W. Germany) and photographed 
with Ektachrome 200 film (Eastman Kodak Co., 
Rochester, N.Y.). The developed slides were pro
jected on a screen, and the extent of dye penetration 
was graded 0 to 3 at both the gingival and incisal 
margins of the restorations (Fig. 3). No leakage was 
scored as 0, leakage extending to the dentinoenamel 
junction was scored as 1, leakage extending to the 
axial wall of the preparation was scored as 2, and 
leakage extending along the axial wall of the prepa
ration was scored as 3. 

RESULTS 

Microleakage data are summarized in Table I. 
The marginal leakage was more severe at the gingi
val margins of the restorations than at the incisal 
margins. Gingival microleakage in restorations 
placed in butt and beveled preparations and sub
jected to the same procedure (no etch, etch only, etch 
plus bonding agent) respectively, was of the same 
order of magnitude. The mean ±SD of the com
bined microleakage data for the six restorative pro-
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Table II. Combined microleakage data for location and procedure 

Variable No. Mean SD 

Location 1 60 1.696 1.227 
Gingival 
Location 2 60 0.242 0.545 
lncisal 
Procedure A 20 1.413 1.154 
Butt, no etch 
Procedure B 20 0.963 1.319 
Butt, etch only 
Procedure C 20 0.513 1.024 
Butt, etch and BA 
Procedure D 20 1.7 1.155 
Bevel, no etch 
Procedure E 20 0.788 1.173 
Bevel, etch only 
Procedure F 20 0.438 0.888 
Bevel, etch and BA 

Table III. Incisal microleakage data for cavosurface angle preparation and restorative techniques 

Variable No. 

Butt preparation 30 
Bevel preparation 30 
Procedure A and D 20 
No etch 
Procedure B and E 20 
Etch only 
Procedure C and F 20 
Etch and BA 

cedures at the gingival (location 1) and incisal 
(location 2) aspects of the restorations and the mean 
±SD of the combinep microleakage data at the 
gingival and incisal locations for each of the six 
restorative procedures are presented in Table II. 

The effect of location and procedure on marginal 
leakage was determined by analysis of variance.13 

Microleakage was significantly affected by both 
location and procedure. Despite the fact that every 
effort was made to standardize the cavity prepara
tions, variations in enamel thickness at the gingival 
margins of the preparations were observed. The 
enamel thickness was much more uniform at the 
incisal margins of the preparations. Microleakage 
occurred routinely in varying degrees at the gingival 
margins of all restorations regardless of cavosurface 
preparation or restorative procedure (Table I). 
Therefore, only the microleakage data at the in
cisal margins were subjected to further statistical 
analysis. 

THE JOURNAL OF PROSTHETIC DENTISTRY 

Mean SD 

0.183 0.365 
0.3 0.68 
0.675 0.757 

0.05 0.224 

0 0 

Table IV. Analysis of incisal microleakage 
data relating to etch procedure 

Etch procedure Order* Mean Low limit 

No etch 1 0.675 
Etch only 2 [~·05 
Etch and BA 3 

Tabled value for multiple contrasts = 3.41. 
Critical value for multiple contrasts "" 0.482. 

0.193 
-0.432 
-0.482 

Means bracketed by vertical lines are not significantly different. 
*Ranked in decreasing order of magnitude. 

The mean ±SD of the incisal microleakage data 
relating to the cavosurface preparation (butt or 
bevel) and restorative techniques (no etch, etch only, 
or etch and bonding agent) are given in Table III. 
The effect of these parameters on incisal marginal 
leakage was evaluated by analysis of variance. 13 The 
results indicated that cavosurface configuration had 
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no significant effect on incisal marginal leakage. The 
restorative techniques, however, significantly af
fected microleakage at the incisal margins of the 
restorations. 

The incisal microleakage data relating to the 
restorative techniques (no etch, etch only, and etch 
with bonding agent) were analyzed by Tukey's test 
for multiple contrastsi. to identify specific significant 
differences (Table IV). The results showed that 
incisal marginal leakage was significantly reduced by 
etching the enamel margins in the butt and bevel 
preparations. The application of the low-viscosity 
bonding resin to the etched margins prior to the 
insertion of the composite resin, however, had no 
significant additional effect on marginal leakage. 
This can be explained by the fact that none of the 
restorations placed in etched beveled preparations 
and etched butt or beveled preparations in which 
bonding agent was used showed any incisal micro
leakage, while l degree of incisal microleakage was 
observed in only one of the etched butt restorations 
(Table I). 

DISCUSSION 

Class V restorations are often used to evaluate 
marginal leakage of composite resins, but the site at 
which microleakage is scored is seldom defined. The 
gingival and incisal margins of the same specimens 
frequently showed different degrees of dye or isotope 
penetration. 15 These investigators suggested that the 
thinness of the enamel could be an important factor 
determining the deeper penetration ·of dyes and 

. isotopes at the gingival margins of Class V resin 
restorations. Another reason for the increased micro-
leakage at the gingival margins of Class V restora
tions would be the frequent occurrence of prismless 
enamel at the gingival margins of permanent teeth.16 

Etching of prismless enamel results in a type 3 
etching pattern. 17 The extent of resin penetration 
into etched prismless enamel is limited.18 This may 
not provide as effective a barrier to isotope and dye 
penetration as types l and 2 etching patterns. In the 
present study, microleakage occurred routinely at 
the gingival margins of the Class V composite 
restorations (Table I). Cavosurface configuration 
and the restorative techniques used in this study 
affected the degree of microleakage to some extent 
but did not eliminate gingival microleakage. The 
results of this in vitro study suggest that the gingival 
margins of Class V composite resin restorations are a 
weak link in the clinical situation. 
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In the present study, it was found that the 
application of a low-viscosity bonding resin to the 
etched enamel walls of preparations prior to the 
insertion of the composite resin was not a necessary 
step to obtain minimal leakage at the composite 
resin/etched enamel interface. The insertion of a 
composite resin into a cavity preparation in which 
the low-viscosity bonding resin on etched enamel 
surfaces had already set may result in an island of 
composite resin in a sea of low-viscosity bonding 
resin. Apart from the poor esthetic effect, the 
exposed unfilled bonding resin may be abraded more 
readily than the filled composite resin resulting in 
marginal defects. The continued use of low-viscosity 
bonding resins in conjunction with the acid-etch 
technique in restorative dentistry involving compos
ite resins cannot be supported. 

CONCLUSIONS 

Under the experimental conditions used in this in 
vitro study, the following conclusions may be 
drawn: 

1. Etching of the enamel walls in butt and beveled 
preparations significantly reduces incisal marginal 
leakage. 

2. The application of a low-viscosity bonding 
resin to the etched enamel walls of preparations prior 
to the insertion of the composite resin is not neces
sary to obtain minimal incisal leakage at the compos
ite resin/etched enamel interface. 

3. Cavosurface configuration has no significant 
effect on il)cisal marginal leakage . 

4. Cavosurface configuration and the restorative 
techniques used in this study affect the degree of 
gingival microleakage to some extent but do not 
eliminate it. 
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Surface topography of the enamel margins of butt and 
beveled Class V preparations 
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A major shortcoming of the composite restorative 
resins is that they do not adhere to enamel and 
dentin. 1 The alteration of tooth surfaces by acid 
conditioning with phosphoric acid increased the 
bonding of acrylic restorative resins to enamel," and 
the effects of phosphoric acid etching on enamel 
surfaces have been studied extensively with the 
scanning electron microscope (SEM).~ - • 

The classic cavity preparation for silicate cement, 
acrylic resin, and composite resin restorations is 
box-shaped with internal retention and a cavosur
face angle of 90 degrees resulting in a butt joint. The 
concept of beveling the enamel margins of conven
tional butt preparations to produce a cavosurface 
angle of 135 degrees was proposed for the following 
reasons: 

1. A beveled margin results in improved esthetics 
because it provides for the gradual transition from 
tooth structure to composite resin." 

2. A beveled margin provides more enamel for 
acid etching for retentive purposes.' 

3. Acid etching of a beveled enamel margin pro
vides improved marginal seal. ' The poor leakage 
results qbtained in butt restorations when compared 
to beveled restorations were explained on the basis 
that bonding of composite resins to surfaces of 
longitudinally cut enamel prisms was not as strong as 
to cross-cut enamel prisms." . 

Microleakage studies have been used extensively 
to evaluate the effect of restorative techniques on the 
integrity of the seal at the restoration / tooth inter-

Supported by Public Health Service ,Grant No. DE 02670 from 
NIDR and The College Workstudy Program. 

•Professor, Department of Biomaterials. 
••Student, School of Dentistry. 
•••Professor, Department of Community Dentistry. 
••••Research Associate, Institute of Dental Research. 

166 AUGUST 1982 VOLUME 48 NUMBER 2 

BUTT BEVEL 

C.A. 

fig. 1. Cavity preparations with butt (left) and beveled 
(right) cavosurface margins. 

face . In a recent study, it was reported that cavosur
face configuration had no significantly different 
effect on marginal leakage at the incisal aspects of 
Class V composite resin restorations. 10 

The objectives of this in vitro study were to 
determine the effects of phosphoric acid etching on 
the enamel walls of Class V butt and beveled 
preparations and on composite resin interfaces which 
had cured against such surfaces. 

MATERIAL AND METHODS 

Noncarious human maxillary canine teeth were 
used in this investigation. After extraction, the teeth 
were cleaned on a dental lathe with a water slurry of 
pumice and stored in 703 ethanol at room tempera. 
ture. Class V cavities were prepared in the facial 
surfaces of 20 teeth by one dentist. All preparations 
were made as uniform as possible with regard to 
instrumentation, form of outline and .retention, and 
depth. The preparations were made with a No. 56 
plain tungsten carbide bur in a high-speed air rotor 
equipped with a water spray. Each bur was used for 
five preparations and then discarded. The outline 
form was kidney shaped, and the preparations 
extended 4 mm mesiodistally with a width of 2 mm. 
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Fig. 2. Experimental design of investigation. 

The gingival margins were located in enamel 2 mm 
from the cementoenamel junction, and the prepara
tions extended into dentin to a depth of 2 mm. The 
cavosurface margins were made at 90-degree angles 
to prod1,1ce a butt joint (Fig. 1 ). In 10 of the 
specimens, the cavosurface margins were beveled at 
a 45-degree angle to produce a cavosurface angle of 
135 degrees. The bevels were extended from the 
surface to the dentinoenamel junction (Fig. 1 ). A 
tapered diamond finishing bur was used to prepare 
the beveled margins. 

The treatment procedure is outlined in Fig. 2. For 
two teeth in each group, the enamel walls within the 
preparations were not etched and the preparations 
were left unfilled. Four teeth , two from each group, 
were similarly treated and the preparations filled 
with Adaptic Qohnson and Johnson Dental Prod
ucts Co., New Brunswick, N.J.). The enamel walls 
within the preparations were etched for 1 minute in 
eight teeth, four were left unfilled, and four were 
restored with the composite resin . Four teeth were 
trea~ed in i:he same manner but, in addition , Adaptic 
bonding resin was applied to the etched enamel 
margins prior to the insertion of the composite resin . 
The crowns of the 12 filled teeth were placed in 53 
hydrochloric acid for 3 hours to dissolve the enamel 
and expose the resin interfaces. The unfilled teeth 
and the teeth with the exposed restorations were 
washed well, dried with compressed air, and placed 
in a desiccator for 24 hours. The specimens were 
mo1,1nted on aluminum stubs and coated with gold/ 
palladium in a high-vacuum evaporator (Hitachi 
Ltd., Tokyo, Japan). The specimens were viewed iri a 
Cambridge Mark 2A SEM (Cambridge Scientific 
Instruments Ltd., Cambridge, England) operated at 
20 kV. 
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Fig. 3. Exposure of composite restoration placed in Class 
V butt preparation (SEM X 25). 

RESULTS 
A composite resin restoration which was placed in 

a butt preparation and exposed by dissolution of the 
surrounding enamel is shown in Fig. 3. Examination 
of an unetched enamel wall at the incisal aspect of a 
butt preparation which had not been restored 
showed longitudinal grooves produced by the bur, 
which were replicated on the surface of the compos
ite resin restoration placed in a similar preparation 
(Figs. 4 and 5 ). Etching the enamel walls at the 
incisal aspect of a butt preparation exposed the 
Hunter-Schreger bands in the deeper two-thirds of 
the enamel (Fig. 6). Enamel prisms oriented parallel 
to the cut surface (parazones) and perpendicular to 
the exposed surface (diazones) are clearly evident. 
The resin interface which had cured against such an 
enamel surface showed replication of the parazones 
which predominated in the superficial one-third of 
the enamel and of the diazones in the lower right 

16'7 

http://etd.uwc.ac.za/ 
 



Fig. 4. Photomicrograph of unetched enamel in butt 
preparation (SEM x 2,500). 
Fig. 5. Photomicrograph of surface of composite resin 
restoration which had cured against unetched enamel 
surface in butt preparation (SEM X 2,500). 

(Fig. 7). A higher magnification of the longitudinal 
prisms in the enamel surface revealed that the acid 
dissolution was predominantly interprismatic, which 
produced corresponding folds in the opposing resin 
surface (Figs. 8 and 9). A higher magnification of a 
diazone revealed typical types 2 and 3 etching 
patterns and resin tags projecting from an opposing 
composite resin surface (Figs. 10 and 11 ). 

Fig. 12 shows a resin restoration which was placed 
in a Class V beveled preparation and exposed by 
dissolution of the surrounding enamel with hydro
chloric acid. Etching of the enamel at the incisal 
aspect of an unrestored, beveled preparation again 
exposed the Hunter-Schreger bands with whorls of 
enamel prisms orienteci longitudinally and perpendi
cularly to the cut enamel surface (Fig. 13). These 
prism arrangements were replicated on the resin 
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surface of a restoration placed in a similar prepara
tion (Fig. 14 ). A higher magnification of a parazone 
showed the preferentially etched enamel prisms (Fig. 
15). The clearly defined folds on the surface of a 
restoration which had cured against such a surface 
indicated that the acid dissolution of longitudinally 
oriented prisms was predominantly interprismatic 
(Fig. 16). A higher magnification of a diazone 
revealed a typical type I etching pattern and resin 
tags which had penetrated into such an etched zone 
on the resin aspect of an opposing restoration (Figs. 
17 and 18). 

The photomicrographs depicting the exposed 
resin interfaces were obtained from restorations 
which were placed in preparations in which the 
enamel walls were not etched at all or were etched 
with phosphoric acid for 1 minute. Resin surfaces 
which had cured against etched enamel surfaces to 
which the low-viscosity bonding resin was applied 
prior to the insertion of the composite resin had a 
surface topography similar to those of the composite 
resins which had cured against etched enamel sur
faces . It was impossible to tell from the exposed resin 
interfaces whether or not a low-viscosity bonding 
resin had been applied to the etched enamel walls of 
the preparations from which the restorations were 
derived . 

DISCUSSION 

Severe microleakage had been observed in sealant
lined butt joint restorations in etched cavities.!' The 
microleakage was considerably reduced by beveling 
the enamel margins. Differences in microleakage 
were explained on the basis that bonding to surfaces 
of longitudinally cut etched enamel prisms as 
observed in butt preparations was not as strong as to 
cross-cut etched enamel surfaces obtained in beveled 
preparations. It has recently been suggested that 
butt joint cavities for composite resins which will not 
be extended beyond the margins of the preparation 
should not be acid etched if low-viscosity bonding 
resins were not used in conjunction with acid etch
ing. 11 The etching pattern of longitudinally oriented 
enamel prisms was cited as the reason for this 
recommendation. 

Tooth crowns which were sectioned in three 
planes at right angles to each other providing etch
ing patterns of enamel prisms cut in different planes 
were examined by SEM . 1 ~ The authors suggested 
that the regular variation in etching pattern seen in 
some longitudinally prepared specimens was due to 
the parazones and diazones of Hunter-Schreger 
bands. It cannot, therefore, be assumed that the 

AUGUST 1982 VOLUME 48 NUMBER 2 

http://etd.uwc.ac.za/ 
 



SURFACE TOPOGRAPHY OF ENAMEL MARGINS 

Fig. 6. Photomicrograph of etched enamel in butt preparation showing alternating par.:izones 
and diazones of Hunter-Schreger bands (SEM X 250). 
Fig. 7. Photomicrograph of surface of a composite resin restoration which had cured against 
etched enamel surface in butt preparation (SEM X 250). 
Fig. 8. Photomicrograph of etched enamel in butt preparation showing parallel orientation of 
enamel prism to cut surface (parazones) (SEM x 2,500). 
Fig. 9. Photomicrograph of composite resin restoration which had cured against parazones in 
etched butt preparation (SEM X 2,500). · 
Fig. 10. Photomicrograph of etched enamel in butt preparation showing perpendicular 
orientation of enamel prisms to cut surface (diazones) (SEM X 2,500). 
Fig. 11. Photomicrograph of composite resin restoration which had cured against diazones in 
etched butt preparation (SEM X 2,500). 

enamel prisms m butt preparations are oriented 
parallel to the cavity walls and that in beveled 
preparations prism orientation is perpendicular to 
the cut surfaces. In the present study, the e tched 
enamel margins in butt and bevel preparations 
exhibi ted similar patterns which were replicated on 
resin interfaces, cured against such surfaces. We 
propose that the variations in prism orientation in 
the parazones and diazones of Hunter-Schreger 
bands are the main reason why no significant differ
ences in microleakage were observed in restorations 
placed in butt and beveled preparations."' 

CONCLUSIONS 

Etching of the enamel margins in butt and bev
eled Class V preparations resulted in similar etching 
patterns. 

Fig. 12. Exposure of composite resin restoration placed 
in Class V beveled preparation (SEM x 25). 

Exposure of the composite resin interfaces which 
had cured against similarly treated enamel margins 
showed that the etching patterns on the enamel 

THE JOURNAL OF PROSTHETIC DENTISTRY 

margins were replicated on the corresponding resin 
interfaces. 

It was impossible to tell from SEMs of the exposed 
resin interfaces whether or not a low-viscosity bond
ing resin had been applied to the etched enamel 
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Fig. 13. I 'hotomicrngraph of etched enamel in beveled preparation showing alternating 
parazones and diazones of Hunter-Schreger bands (SEM X 250). 
Fig. 14. Photomicrograph of surface of composite resin restoration which had cured against 
etched enamel surface in beveled preparation (SEM X 250). 
Fig. 15. Photomicrograph of etched enamel in beveled preparation showing area in which 
enamel prisms were oriented parallel to cut surface (parazones) (SEM X 2,500). 
Fig. 16. Photomicrograph of composite resin restoration which had cured against parazones 
in etched beveled preparation (SEM X 2,500). 
Fig. 17. Photomicrograph of etched enamel in beveled preparation showing area in which 
enamel prisms were oriented perpendicular to cut surface (diazones) (SEM X 2,500). 
Fig. 18. Photomicrograph of composite resin restoration which had cured against diazones in 
etched beveled preparation (SEM X 2,500). 

walls of the preparations from which the restorations 
were d erived . 

The Hunter-Schreger bands in enamel could have 

a significant effect on microleakage of composite 

resto.rations placed in etched preparations. 
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Microleakage of conventional and microfilled 
composite restorative resins 

D. H. Relief, J. R. Rutland, and H. C. Jamison 
Department of Biomaterials, University of Alabama School of Dentistry, University of Alabama 
in Birmingham, Birmingham, Alabama 35294 

Microfilled composite resins have been in
troduced in clinical dentistry because of the 
difficulty in finishing conventional com
posite resins satisfactorily. Owing to the 
difference in coefficients of thermal ex
pansion of the two resin systems, the objec
tive of this in vitro study was to evaluate 
microleakage of a conventional and a mi
crofilled composite resin. Class V cavities 
with butt cavosurface margins were pre
pared in the middle third of the facial sur
faces of the crowns of 80 noncarious human 
premolar teeth; they were acid etched 
within the preparations only. Forty prep
arations were restored with Concise com
posite and forty with Silar microfilled resin. 

Ten teeth from each group were subjected to 
cyclic temperature changes between 5 and 
55°C for 1000, 2500, or 5000 cycles, respec
tively, and ten teeth from each group were 
not cycled (controls). After suitable prep
aration, the teeth were immersed in 45Ca 
solution for 18 h and contact rc.ldiographs 
.were prepared. Microleakage was scored 
0-3 at both the cervical and occlusal margins 
of the restorations. Microleakage was sig
nificantly greater at the cervical margins 
than at the occlusal margins. Differences 
within occlusal and cervical microleakages 
among the two resins were not signifi
cant. 

INTRODUCTION 

A major disadvantage of the unfilled acrylic restorative resins is the marginal 
leakage which occurs routinely at the acrylic resin-tooth interface in the oral 
environment.1,2 The microleakage is caused by the higher linear coefficient 
of thermal expansion [(92 X 10-6) 0 c-1] of these resin systems.3 The devel
opment of the bis-GMA resin4 and the incorp~ration of from 70 to 80% (m/ m) 
of inorganic filler consisting of quartz or glass resulted in a superior direct 
anterior restorative material. The inorganic filler particles in the composite 
restorative resins are linked to the organic matrix by means of organofunctional 
silanes. The incorporation of the inorganic fillers in the resin matrix reduced 
the polymerization shrinkage and the linear coefficient of thermal expansion 
and increased the physical and mechanical properties of the composite resins 
when compared to the acrylic resins.5 

Although the composite restorative resins in conjunction with the acid 
etching technique have been used successfully for many" years in clinical 
practice, inability to finish these restorations to a satisfactory surface texture 
is a distant disadvantage.617 Surface roughness of dental restorations may 

Journal of Biomedical Materials Research, Vol. 16, 901-910 (1982) 
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result in plaque accumulation and gingival irritation.8 Microfilled compos_ite 
resins have been introduced recently in an attempt to overcome this problem. 
The resin systems contain silica partides of extremely small size ( <O.l µm) and 
prepolymerized bis-GMA resin is added to the unpolymerized bis-GMA resin 
matrix. Microfilled composite restorations are readily finished to a smooth 
surface by conventional methods.9 At the present time, the submicron silica 
content of the microfilled composite resins has not been raised beyond 50% 
(m/m). The addition of prepolymerized resin results in a higher coefficient 
of thermal expansion than the conventional composite resins and may increase 
the risk of microleakage.10 The objective of this study was to evaluate the 
microleakage of a conventional and a microfilled composite resin in class V 
restorations subjected to cyclic temperature changes. 

EXPERIMENTAL 

Concise Composite* was selected to represent the conventional chemically 
activated composite resins. The linear coefficient of thermal expansion of 
Concise is (34.2 X 10-6) 0 c-1 (ref. 11). Silar Restorative Material* was the 
chemically cured microfilled composite resin used i~ this study. The linear 
coefficient of thermal expansion of this restorative material is (46.3 X 10-6)

0 c-1 

(ref. 11). 
Noncarious human maxillary premolar teeth free from defects were used 

in this investigation. The teeth were cleaned on ~ dental lathe with a water 
slurry of pumice after extraction and stored in 70% ethanol at room tempera
ture. Class V cavities were prepared in the middle third of the facial surface~ 
of 80 teeth by one operator. All preparations were made as uniform as possible 
with regard to instrumentation, outline, retentive form, and depth.' The cavity 
preparations were made with a No. 56 plain tungsten carbide bur in a high- · 
speed handpiece equipped with water spray. A bur was used to cut ten 
preparations and then discarded. The outline form was rectangular and ex
tended 4 mm mesio-distally with a width of 3 mm. The preparations extended 
into dentin to a total depth of 2.5 mm and the cavosurface margins were made 
at an angle of 90° to produce butt joints. 

A random distribution table was computer processed to determine the order 
in which the restorative procedures were to be performed. The design re
quired each of the two restorative materials and four temperature cycling 
regimens in each consecutive group of eight restorations (Fig. 1). Each tooth 
was restored immediately after cavity preparation. The preparations were 
washed well with water and dried with compressed air. The floors of the 
cavities were lined with a thin layer of Dycalt to simulate pulp protection in 
the clinical situation. The etching agent was applied for 60 s with endodontic 
paper points to the cut enamel margins within the preparations. A low-vis
cosity bonding resin was not applied to the etched enamel margins prior to 
the insertion of the restorative resins. The resins were mixed according to 

,. Dental Products, 3M Co., St. Paul, MN. 
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CLASS V PREPARATIONS 

~~ 
CONCISE SILAR 

(40) (40> 

j 
TEMPERATURE CYCLED SOC - 550C j 

DWELL TIME 1 Ml~UTE 

CONTROL (10) CONTROL (10) 

1000 CYCLES (10) 

2500 CYCLES (10) 

5000 CYCLES (lQ) 

45 l 
CA FOR 18 HOURS 

i 
AuTORADIOGRAPHS 

t7 HOURS EXPOSURE 

1000 CYCLES (10) 

2500 CYCLES (10) 

5000 CYCLES (10) 

Figure 1. Experimental design. 

the manufacturer's instructions and transferred to the cavity preparations with 
plastic instruments. The preparations were slightly overfilled and the com
posite resins were §lllowed to set against Mylar strips held under firm finger 
pressure for 5 min. Gross excess of composite resin was' removed after 15 min 
with a coarse Sof-Lex disk.* The restored teeth were placed in distilled water 
at 37°C for 48 h, and the restorations were finished with a graded series of 
Sof-Lex disks. · 

The restored teeth were then exposed to cyclic temperature changes as in
dicated in Figure 1. Ten teeth restored with Concise and a similar number 
restored with Silar were not temperature cycled and served as controls. The 
remaining teeth were subjected to 1000, 2500, or 5000 complete temperature 
cycles in a temperature cycling machine.t The teeth were cycled between 
baths at 5 and 55°C, respectively, and the dwell time in each bath was 1 
min. 

The apices of the roots of the teeth were then sealed with sticky wax, and 
the teeth were coated twice with clear nail varnish, leaving 1 mm around the 
restorations free of nail varnish. Aluminum foil was adapted to the teeth 
leaving the restorations exposed. A final coat of nail varnish was applied over 
the foil and the varnish allowed to dry. The teeth were then placed in 45Ca 
solution (aqueous CaCli solution, 0.1 mCi ml-1) for 18 h . The aluminum foil 
and the underlying nail varnish were removed with a scalpel and the teeth 
were thoroughly.scrubbed with a brush and soap in running tap water. Each 
tooth was sectioned through the middle of the class V restoration in a bucco
lingual direction. One-half of a sectioned tooth was scrubbed free of debris, 
its pulpal remnants and root removed and crown dried with compressed air. 
Autoradiographs were prepared with ultraspeed x-ray film (3.5 X 2.2 cm) 
sandwiched between the sectioned surface of the tooth and a glass microscope 
slide. The prepared specimens were individually placed in lightproof en-

,. Dental Products, 3M Co., St. Paul, MN. 
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velopes and stored in a dark room for 17 h. The teeth were then briefly ex
posed to x-ray irradiation while still in the envelopes. The envelopes were · 
placed at the tip of a long cone attached to a General Electric 1000 X-ray ma
chine* and exposed to 65 kVp, 10 mA for four impulses. The x-ray films were 
developed by conventional methods. 

The autoradiographs were evaluated for microleakage using criteria slightly 
modified from those suggested by Going.12 This modified evaluation included 
categories of no leakage, with a score of 0, and three different degrees of 
leakage, scored l, 2, and 3, respectively. A score of 1 was assigned when the 
radioisotope penetrated between the enamel and the restoration but did not 
extend beyond the amelo-dentinal junction. When the isotope penetrated 
to the base of the restortion, a score of 2 was given. When the isotope extended 
across the floor of the preparation, the leakage was scored as 3 (Fig. 2). Mi
croleakage was evaluated at both the cervical and occlusal aspects of the res
torations. 

RESULTS 

Examples of the microleakage obtained in this study are shown in Figures 
3, 4, and 5. The restoration in Figure 3 showed no evidence of microleakage, 
while at the cervical margin of another restoration, in Figure 4, showed a score 
of 2 for microleakage. Microleakage scored as 1 at both the occlusal and cer
vical margins of a restoration is shown in Figure 5. 

The means of the cervical and occlusal microleakage of the two restorative 
materials subjected to the various temperature cycling regimens are given in 
Table I. The number of specimens with cervical and occlusal microleakage 
are presented in Table II. Leakage was observed at the cervical aspects of 58 
restorations and at the occlusal margins of 37 restorations. If equal leakage 
occurred at the two aspects of the restorations, the number of specimens with 
microleakage should have been almost the same. The binomial probability 
of 58 out of 95 (p = 0.5) is 0.02. Accordingly, significantly more restored teeth 

MICROLEAKAGE EVALUATION 

Cervical 

::::::: :::::::: 
F"H\Y Enamel 

Dentin 
2'-----------2 

3.0 

Class V Restoration 

Figure 2. Evaluation of microleakage at the occlusal and cervical margins of 
restorations. 
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Figure 3. Autoradiograph showing no microleakage. 

showed microleakage at the cervical margins of the restorations than at the 
occlusal margins. 

When the effeds of the restorative materials on the number of specimens 
exhibiting microleakage were evaluated, the binomial probabilities of 51 (Silar) 
out of 95 for the pooled cervical and occlusal microleakage data, of 28 (Silar) 
out of 58 for the pooled cervical data, and of 23 (Silar) out of 37 for the pooled 
occlusal microleakage data (p = 0.5) are 0.27, 0.65, and 0.09, respectively. The 
number of specimens with microleakage at the cervical and occlusal aspects 
of preparations restored with Concise and Silar were not signific~ntly dif
ferent. 

Figure 4. Microleakage scored as 2 at the cervical margin of a restoration. 
http://etd.uwc.ac.za/ 
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Figure 5. Microleakage scored as 1 at both the cervical and occlusal margins 
of a restoration. 

DISCUSSION 

The extent of dye or isotope penetration beyond the floors of .cavity prepa
rations into dentin or to the pulp is often also scored in microleakage studies. 
Microleakage at these sites will be affected by the presence of sclerotic dentin.13 

In the present study, microleakage beyond the floors of restoration were not 
evaluated because the amount of sclerotic dentin in extracted teeth obtained 
from patients of various age groups is an unpredictable variable. 

In the present study, a low-viscosity bonding resin was not applied to the 
etched enamel walls of the cavity preparations prior to the insertion of the 
composite restorative resins. The results of recent studies carried out in our 
laboratories indicated that the low-viscosity bonding resins did not reduce 
the marginal leakage of conventional composite resins significantly.14,15 

The restorations were finished 48 h after placement of the composite resins 

TABLE I 
Means of the Cervical and Occlusal Microleakage 

Temperature Number of Mean cervical Mean occlusal 
Material cycles specimens micro leakage micro leakage 

Concise Control 10 1.0 0.6 
1000 10 1.6 0.2 
2500 10 2.2 0.3 
5000 10 0.9 0.6 

Silar Control 10 0.7 0.6 
1000 10 1.1 0.4 
2500 10 1.5 0.6 
5000 10 1.3 0.4 
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TABLE II 
Number of Specimens with Cervical and Occlusal Microleakage 

Specimens with Specimens with 
Temperature Number of cervical occlusal 

Material cycles specimens microleakage microleakage 

Concise Control 10 8 4 
1000 10 8 3 
2500 10 9 3 
5000 10 5 4 

Total 30 14 

Silar Control 10 10 9 
1000 10 6 6 
2500 10 5 3 
5000 10 7 5 

Total 28 23 
Total Concise and Silar 58 37 

into the cavity preparations. Enamel fractures occurred adjacent to acrylic 
and composite resin restorations which were finished 10 min after filling of 
the preparations. It was suggested that polymerization shrinkage of the resins 
generated tensile stresses at the enamel-restoration interfaces which caused 
fractures in the enamel surrounding the restorations.16 Enamel fractures were 
reduced or eliminated by delaying the final polishing of composite restorations 
for 24 h after placement of the restorations. 17 The delayed finishing allowed 
for the expansion of composite resins caused by water sorption to counteract 
the stresses created by polymerization shrinkage.17 

Class V restorations are often used to evaluate marginal leakage of composite 
resins, but the site at which microleakage is evaluated is seldomly d~fined. 
The cervical and occlusal margins of restorations showed different degrees 
of isotope or dye penetration.18 These investigators suggested that the thin
ness of the enamel at the cervical margins of class V restorations could be an 
important factor determining the more extensive penetrations of dyes and 
radioisotopes at the cervical margins of class V resin restorations. In the 
present study, microleakage at the cervical margins of class V conventional 
and microfilled composite resin restorations was significantly greater than 
at the occlusal margins despite the fact that the cavity preparations were made 
in the middle third of the facial surfaces of the extracted teeth. The results 
of this in vitro study seem to suggest that the cervical margins of class V com
posite resin restorations inay be the weak link in the clinical situation. 

Dimensional changes in esthetic restorative materials arise as a result of 
polymerization shrinkage, expansion from water sorption, thermal expansion 
or contraction from temperature fluctuations, and deformation produced by 
masticatory stresses.19 The latter effect on class V restorations will be minimal. 
The linear polymerization shrinkage of conventional composite resins ranges 
from 0.4 to 0.7% (ref. 20) and is in the order of 1.3% for unfilled acrylic resins.3 

The acrylic resins are included for comparison. The linear polymerization 
shrinkage of the microfilled composite resins should be greater than the 
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conventional composite resins because of the decreased filler content. This 
difference has been partly compensated for by the addition of prepolymerized 
resin to the unpolymerized resin matrix. The effect of polymerization 
shrinkage of the restorative resins at the restoration-tooth interfaces will be 
reduced because during the early stages of polymerization, the major part of 
the shrinkage occurs perpendicular to the exposed surfaces of the restorations 
rather than perpendicular to the walls of the preparations. The water sorption 
expressed in mg/cm2 of Concise and Silar after 7 days is 0.65 to 1.76, respec
tively;11 for unfilled acrylic resins after 14 days it is 2.3 (ref. 3). Expansion 
arising from water sorption is large enough to counteract the effects of poly
merization shrinkage and may even result in expansion of the restora
tion.21 

Dimensional changes in esthetic restorative resins arising from thermal 
expansion or contraction resulting from temperature fluctuations that occur 
in the oral environment therefore play an important part in maintaining the 
integrity of the marginal seal at the tooth-restoration interface. The linear 
coefficient of thermal expansion expressed in units of 10-6 0 c-1 of the crown 
portion of a tooth is 11.4 (ref. 3), of Concise 34.2, (ref. 11), of Silar 46.3 (ref. 11) 
and of unfilled acrylic resins 92 (ref. 3). In the present study, the restorations 
were prepared at 22°C and the teeth were subjected to cyclic temperature 
changes between 5 and 55°C. Assuming that the average width of the tooth 
crowns in which the 4 mm wide cavities were prepared was 10 mm, calcula
tions show that the restorations made with Concise, Silar, and an unfilled 
acrylic resin will shrink 0.25, 0.5, and 2.2 µm , respectively, at the mesial and 
distal margins of the restorations when immersed in the cold bath at 5°C. 
When transferred to the hot bath at 55°C, the_ restorations will expand ap
proximately 0.5 µm (Concise), 1.0 µm (Silar), and 4.0 µm (acrylic). In the cold 
bath, tensile stresses will be generated at the resin-tooth interfaces which will 
change to compressive stresses in the warm bath. The cyclic tensile and 
compressive stresses may have an adverse effect on the integrity of the mar
ginal seal at the restoration-tooth interfaces. The slight differences in con
traction and expansion at the margins of Concise and Silar restorations may 
explain the findings that microleakage in these restorations was not signifi
cantly different. Etching of the enamel surfaces results in the mechanical 
interlocking of the cured composite resins into the microspaces produced in 
the enamel surface.22 The stresses generated at the composite resin-tooth 
interfaces may not be of sufficient magnitude to cause failure within the 
composite resins or at the interfaces provided that adequate enamel thickness 
at the margins of restorations is available for bonding. The increased micro
leakage at the cervical margins of restorations obtained in this study may be 
due to inadequate enamel thickness at these sites. Acid etching of enamel was 
not used when the acrylic restorative resins were introduced to the dental 
profession, and the greater contraction and expansion of acrylic restorations 
will result in marginal separation that itself results in the well-known perco
lation phenomenon. 

Dimensional changes in composite restorative resins are not the only factors 
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that have to be considered. Resistance to wear, color stability, translucency, 
and ease of manipulation are also important. These factors were not investi
gated in th is study. 

CONCLUSIONS 

Cervical microleakage in class V composite resin restorations was signifi
cantly greater than occlusal microleakage. Microleakage of preparations re
stored w ith a conventional composite resin (Concise) and a microfilled com
posite resin (Silar) was not significantly different. 

This study was supported by Biomedical Research Support Grant 5 S07 RR 05300-18 and 
NIDR Grant No. DE 02670. The authors are indebted to Ms. Shirley Nolen for typing the 
manuscript. 
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ABSTRACT 
Five selected composite restorative resins were used to restore Gass V preparations in extracted human 
maxillary canine teeth. In addition, a low-viscosity bonding resin was used in conjunction with one of the 
restorative resins. Microleakage, at both the incisal and cervical margins of the restorations, was assessed 
by means of a radioisotope after the restored teeth had been subjected to 2500 cyclic temperature 
changes at 5° and 55° , respectively. Incisal microleakage was not significantly different but severe micro
leakage was recorded at the cervical margins of the restorations. 

INTRODUCTION 

The composite restorative resins are used extensively in Class III, Cla8s IV and Class V 
restorations. The conventional composite resins consist of inorganic filler partic;les of glass or 
quartz bonded by organofunctional silanes to a polymeric resin matrix. The conventional 
composite resins consist of 70-80 per cent by weight of filler particles and the average 
particle size is in the order of several micrometers. The composite restorative resins which 
were initially introduced to the dental profession are chemically activated or cured by 
exposure to ultraviolet light. 

Although the conventional composite resins have performed extremely well in the 
aesthetic restoration of anterior teeth , several problems associated with their clinical appli
cation have led to the introduction of modified composite resins. Because of the hazards 
associated with the exposure of the oral tissues to ultraviolet light irradiation, visible light
cured composite resins were introduced. The great difficulty in finishing the conventiqnal 
composite resins to a satisfactory surface texture has led to the introduction of the micro
filled composite restorative resins. These resin systems contain silica particles of extremely 
sr .all size ( <O· l µm) . Air is readily incorporated into the conventional composite resi~s 
d .. :;ing the mixing of the two-paste resin systems which may result in porosities in the 
bulk or surfaces of the restorations. One·paste composite resins, which are supplied in 
bulk or packaged in syringes, are now available to the dental profession to eliminate this 
problem. 

The surface characteristics (Valcke, 1978) and the physical and mechanical properties 
(Jones et al., 1977; Raptis et al., 1979; Bassiouny and Grant, 1980; Wilson et al., 1980; 
Zidan et al., 1980) of some of these new composite resins have been determined. The 
objective of this study was to evaluate the microleakage of composite restorations subjected 
to cyclic temperature changes. 
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Table I. Composite restorative resins used in this study 

Material Manufacturer Batch number 

Concise Dental Products/3M, Paste A: 7332P14 
St Paul, Minnesota, USA Paste B: 7332P14 

Durafill Kulzer Inc., 123 
Laguna Hills, California, USA 

Durafill Bond Kulzer Inc., 27 
Laguna Hills, California, USA 

Estilux Kulzer Inc., 32 
Laguna Hills, California, USA 

Fotofil Johnson and Johnson 2768D804 
Dental Products Co., 
East Windsor, New Jersey, USA 

Silar Dental Products/3M, Paste A : 9C2 
St Paul, Minnesota, USA Paste B: 9C4 

Table II. Characteristics of composite restorative resins 

Inorganic 
Material Curing Resin filler Radio-opaque Packaging 

Concise Chemical bis-GMA 78% Two-paste 

Durafill Visible bis-GMA* 50%t Single-paste 
light syringe 

Durafill Bond Visible bis-GMA* 40%t 'Single-paste 
light syringe 

Estilux Ultraviolet bis-GMS 77% + Single-paste 
light syringe 

Fotofil Visible Urethane 
light dimethacrylate 80% + Single-paste 

Silar Chemical bis-GMA* 52%t Two-paste 

*Unpolymerized and prepolymerized bis-GMA r.esin . 
tSi02 • 

MATERIAL AND METHODS 
Five composite restorative resins of the many commercially available were randomly selected 
for this study (Table!). The characteristics of the resin systems are given in Table IL 

Noncarious human maxillary canine teeth free from defects were used in this investigation. 
After extraction, the teeth were cleaned on a dental lathe with a water slurry of pumice and 
stored in 70 per cent ethanol at room temperature. Class V cavities were prepared in the 
middle third of the facial surfaces of 60 maxillary canine teeth by one operator. All prepar
ations were made as uniform as possible with regard to instrumentation, outline and ;retention 
form and depth. The cavity preparations were made with a No. 56 plain tungsten carbide 
burr in a high-speed air rotor equipped with water spray. A burr was used to cut 10 
preparations and then discarded. The outline form was rectangular and extended 4 mm 
mesiodistally with a width of 3 mm. The preparations extended into dentine to a total depth 
of 2·5 mm and the cavosurface margins were made at an angle of 90° to produce butt joints. 
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A random distribution table was computer-processed to determine the order in which the 
restorative procedures were to be performed. It was designed so that one of each of the six 
restorative procedures was represented in each consecutive group of six restorations. Each 
tooth was restored immediately after cavity preparation. The preparations were washed well 
with water and dried with compressed air. The floors of the cavities were lined with a thin 
layer of Dycal (L.D. Caulk Company, Milford, Delaware, USA) to simulate pulp protection 
in the clinical situation. The etching agent was applied for 60 seconds with endodontic paper 
points to the cut enamel margins within the preparations. The ·following restorative resins 
were used. 

Procedure A : Concise 
Procedure B : Durafill 
Procedure C : Durafill Bond followed by Durafill 
Procedure D : Estilux 
Procedure E : Fotofil 
Procedure F : Silar 
In Procedure C, the Durafill Bond was applied to the etched enamel walls of the prepar

ations and cured by exposure to the visible light source for 20 seconds prior to the insertion 
of Durafill. The preparations were slightly overfilled and the composite resin allowed to set 
against Mylar strips held under firm finger pressure. The Fotofil restorations were cured by 
exposure to the visible light source for 60 seconds and the Durafill restorations by exposure 
for 40 seconds. Estilux restorations were exposed to ultraviolet light irradiation for 20 
seconds. Gross excess of composite resin was removed after 15 minutes with a 12-bladed 
carbide burr operated at high speed. The restored teeth were placed in distilled water at 
37° ± 1° for 48 hours and the restorations then finished with a graded series of Sox-Lex 
discs (Dental Products/3M, St Paul, Minnesota, USA). 

The restored teeth were then subjected to 2500 complete temperature cycles in a temper
ature cycling machine (Transtemp, W. B. O'Neil, Birmingham, Alabama, USA). The teeth 
were cycled between baths at 5° ± 1° and 5 5° ± 1°, respectively, and the dwell time in 
each bath was 1 minute. The apices of the roots of the teeth were sealed with sticky wax and 
the teeth coated twice with clear nail varnish leaving 1 mm around the restorations free of 
nail varnish. Aluminium foil was adapted to the teeth leaving the restorations exposed. A 
final coat of nail varnish was applied over the foil and the varnish allowed to dry. 

The teeth were placed in 45 Ca solution (aqueous CaC12 solution, 0·1 mCi per ml) 
for 18 hours. The aluminium foil and the underlying nail varnish were removed and the teeth 
thoroughly scrubbed with a brush and soap in running tap water. Each tooth was sectioned 
through the middle of the Class V restoration · in a buccolingual direction. One half of a 
se((tioned tooth was scrubbed free of debris, the pulpal remnants removed and the surfaces 
dried with compressed air. Autoradiographs were prepared with ultraspeed X-ray film 
(3·5 cm X 2·2 cm) sandwiched between the sectioned surface of the tooth and a glass micro
scope slide. The prepared specimens were individually placed in light-proof envelopes and 
stored in a dark room for 18 hours. The teeth were briefly exposed to X-ray irradiation 
while still in the envelopes. The envelopes were placed at the tip of a long cone attached to a 
General Electric 1000 X-ray machine (General Electric Co., Milwaukee, Wisconsin, USA) and 
exposed to 65 kVp, 10 mA for 4 impulses. The X-ray films were developed by conven
tional methods. 

The autoradiographs were evaluated for microleakage by the use of criteria slightly 
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Fig. 1. Evaluation of microleakage at both the 
cervical and incisal margins of Class V restorations. Fig. 2. No microlaakage. 

Fig. 3. Microleakage scored as 2 at the cervical 
margin of a restoration. 

·\ 

Fig. 4. Microleakage scored as 3 at both the cervical 
and incisal margins of a restoration. 

modified from those suggested by Going et al. (1960). This modified evaluation included 
categories of no leakage with a score of 0, and three different degrees of leakage scored 1, 2 
and 3, respectively . A score of 1 was allocated when the radioisotope penetrated between the 
enamel and the restoration but did not extend beyond the amelodentinal junction. When the 
isotope penetrated to the base of the restoration a score of 2 was given and when the isotope 
extended across the floor of the preparation the leakage was scored as 3 (Fig. 1). Micro
leakage was evaluated at both the cervical and incisal aspects of the restorations. The 
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Table Ill. Analysis of variance of the combined incisal and cervical microleakage data 

Critical variance ratio 
Sum of Degrees of Mean Variance at 5 per cent level of 

Source squares freedom square ratio significance 

Location* 85·43 1 85·43 112·78 3·93 
Material 43·20 5 6·84 9·03 2·30 
Interaction 10·88 5 2·18 2·87 
Residual 81 ·81 108 0·76 
Total 212·32 119 1·78 

* location: incisal and cervical. 

Table IV. Analysis of variance of incisal microleakage data 

Source 

Material 
Residual 
Total 

Critical variance ratio 
Sum of Degrees of Mean Variance at 5 per cent level of 
squares freedom square ratio significance 

5·46 5 1·09 1·38 2·39 
42·79 54 0·79 
48·25 59 0·82 

Table V. lncisal microleakage listed in descending order of magnitude 

Specimens Microleakage 
Material (no.) (mean ± s.d.) 

Fotofil 10 1·03±1·37* 
Durafill-no. B.A. 10 0·55 ± 0·89* 
Concise 10 0·55 ± 0·85* 
Durafill + B.A. 10 0·50 ± 0·93* 
Silar 10 0·30 ± 0·71 * 
Estilux 10 0,30 ± 0·08* 

*All these values are not significantly different at the 0·05 per cent probability 
level. 
B.A., Bonding agent. 

microleakage data at both the cervical and incisal margins of the restorations were analysed 
by an analysis of variance (Snedecor and Cochran, 1967) and Tukey's Test for multiple 
contrasts (Dixon and Murray, 1957) at the 5 per cent level of significance. 

RESULTS 

Examples of the microleakage recorded in this study are shown in Figs. 2- 4. The restoration 
in Fig. 2 showed no evidence of microleakage, while microleakage scored as 2 at the cervical 
margin of another restoration is demonstrated in Fig. 3. Microleakage of 3 was obtained at 
both the incisal and cervical margins of many of the restorations (Fig. 4). 

Analysis of. variance of the combined incisal and cervical microleakage data revealed that 
both the location (incisal or cervical) and the restorative material had a significant effect on 
microleakage (Table Ill). Analysis of variance of the microleakage data at the incisal margins 
of the restorations showed that incisal microleakage among the different restorative materials 
was not significantly different (Table IV). The mean ± standard deviation of the incisal 
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Table VI, Analysis of variance of cervical microleakage data 

Critical varianca ratio 

Source 

Material 
Residual 
Total 

Sum of Dtlf/rtltlS of Mean Variance at 5 per cent lsvsl of 
squart1s frt1t1dom square ~tlo signiflcanca 

39·62 5 7·92 10·97 2·39 
39·02 54 0·73 
78·64 59 1·33 

Table VII. Cervical microleakage listed in descending order of magnitude 

Spt1eimt1ns Microlsakafltl 
Material (no.) (mean ± s.d.) • 

Durafill-no B.A. 10 3·00 ± 0·00 
Fotofil 10 2·90 ± 0·32 
Durafill + B.A. 10 2·88 ± 0·40 
Concise 10 2·05 ± 1-18 
Silar 10 1·28 ± 1·20 
Estilux 10 0·98 ± 1·11 

*Means connected by the same vertical line are not significantly different at 
the 0·05 per cent probability level. 
B.A., Bonding agent. 

microleakage obtained with the different restorative materials are listed in descending 
order of magnitude in Table V. Analysis of variance of the cervical microleakage data 
iqdicated that the microleakage at the cervical margins of preparations restored with the 
various restorative procedures was significantly different (Table VJ). The cervical 
Qlicroleakage data were subjected to Tukey's test for multiple contrasts and the differ
ences in the microleakage obtained with the different restorative procedures are given in 
Table VII. 

DISCUSSION 

The extent of dye or isotope penetration into dentine or into the pulp chamber is often also 
evaluated in microleakage studies. Microleakage at these sites will be affected by the presence 
of sclerotic dentine beneath the floors of the cavity preparation (Kopel et al., 1975). In the 
present study, microleakage scoring was not extended beyond the floors of the restorations 
(Fig. 1) as the amount of sclerotic dentine underneath a cavity preparation is an uncontrol
lable variable. 

The properties of composite restorative resins which may influence microleakage at the 
restoration/tooth interface are the polymerization shrinkage of the resin coniponents, the 
linear coefficient of thermal expansion and swelling due to water absorption of the resin 
systems. The polymerization shrinkage of conventional composite resins has been consider. 
ably reduced when compared to the unfilled acrylic resins by the incorporation of a high 
percentage of inorganic fillers. The microfilled composite resins contain approximately 
50 per cent by weight bis-GMA resin but the polymerization shrinkage has been reduced by 
the addition of prepolymerized resin to the restorative resin systems. 
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In the present study, the restorations were finished 48 hours after placement of the 
restorative materials in the cavity preparations. It has been reported that enamel fractures 
occurred adjacent to acrylic and composite resin restorations which were finished 10 minutes· 
after filling of the preparations (JOrgensen et al., 197 5). The authors suggested that polymer
ization shrinkage and thermal contraction of the resins generated tensile stresses at the 
enamel/restoration interfaces which caused fractures in the enamel surroundi~g the 
restorations. Enamel fractures were reduced or eliminated by delaying the final polishing of 
the restorations for 48 hours after placement of composite resins (Mitchem and Granu~, 
1976). It was suggested by these authors that the delayed finishing allowed for the expansioµ 
of composite resins caused by water sorption to counteract the stresses created by polymer
ization shrinkage. 

The linear coefficients of t4ermal expansion ( x 1 o-6 per 0 c-1 ) of some of the composite 
resins used in this study are: Concise, 34·2 (Raptis et al., 1979); Duraftll, 54 (Kulzer 
Technical Bulletin); Fotofil, 25·1 (Raptis et al., 1979); Silar, 46·3 {Raptis et al., 1979). It 
would appear from the results of this study that the microleakage of different resin systems 
did not correlate with the respective coefficients of linear expansion. 

The microleakage observed at the cervical margins of the restorations (Table VII) was 
more severe than, the incisal microleakage (Table V). Similar findings were obtained in ~ 
recent study (Retief et al., 1982). Despite the fact that the cavity preparations were made in 
the middle third of the facial surfaces of the extracted teeth, the enamel thickness Wll$ 

considerably less at the cervical than at the incisal margins of the preparations. The results of 
these studies in vitro suggest that the cervical margins of Class V composite resin restorations 
may be the weak link in the clinical situation. 

The application of a low-viscosity bonding resin to the etched enamel walls of the 
preparations prior to the placement of one of the composite resins had no significant 
beneficial effect on both cervical and incisal microleakage. Similar findings were obtained in · 
recent studies (Retief and Woods, 1981; Retief et al., 1982). The continued use of lc;>w
viscosity bonding resins in conjunction with the acid-etch technique in restorative dentistry 
involving composite resins cannot be supported. 

CONCLUSIONS 
,. 

For the materiaj"s used in this study in ~i(10Jt was found that: 
1. Microlea~age at the cervical margi'~s of Class V restorations was more severe than at 

the incisal margins. :_ : . ' .. 
2. Microleakage at the incisal margi~~·o.f'preparations restored with the various restorative 

resins was not significantly different. 
3. Microleakage at the cervical margins of preparations restored with the various 

restorative resins was significantly different. 
4, The application of a low-viscosity bonding resin to the etched enamel walls of prepar

ations prior to the placement of one of the composite resi_ns (Duraftll) had no significant 
beneficial effect on both incisal and cervical microleakage. 
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Is a low viscosity bonding resin necessary? 

D. H. RETIEF and E. WOODS University-of Alabama School of Dentistry, 

University of Alabama in Birmingham 

Summary 
Low viscosity bonding resins have been introduced for use on etched enamel surfaces 
prior to the application of the viscous composite resins. · In this in vitro study the 
effects of a low viscosity bonding resin on the bond strength, adaptation and rnicro
leakage of a composite resin to etched enamel were evaluated. The low viscosity 
bonding resin did not improve the tensile bond strength of a composite resin to etched 
enamel, did not increase resin penetration into etched enamel and did not decrease 
marginal leakage at the composite resin/etched enamel interface. The continued use 
of low viscosity bonding resins in clinical dentistry is questioned. 

Introduction 
The composite restorative resins have to a large extent replaced the acrylic restorative 
resins as anterior filling materials. This is due to the superior physical and mechanical 
properties of the composite resins. These include lower polymerization shrinkage, 
reduced coefficient of thermal expansion, greater compressive and tensile strengths and 
increased abrasive resistance (Buonocore, 1968). Like the acrylic resins, the composite 
resins do not adhere to tooth structure (Swartz, 1969). 

The chemical treatment of enamel by acids to provide a modified surface offers an 
attractive approach for increasing the bond strength between dental resins and enamel. 
The concept of acid etching or conditioning of the enamel with phosphoric acid was 
introduced by Buonocore (1955). The bonding of composite resins to etched enamel 
is mechanical in nature and is produced by the following mechanisms (Retief, 1978): 

(1) Acid etching increases the enamel surface area available for bonding. 
(2) The preferential dissolution of the enamel results in the formation of micro

spaces in the enamel. 
(3) Acid etching increases the wettability of the enamel surface which facilitates 

the penetration of the curing resin into the microspaces. 
(4) Tags of cured resin which extend into the etched enamel bond the resin 

mechanically to the enamel. 
The composite restorative resins are viscous because of their high inorganic filler 

content. Intermediary low viscosity resins were introduced for use on etched enamel 
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surfaces prior to the placement of the composite res.ins. It was reasoned that low 
viscosity resins would penetrate deeper into the etched enamel surfaces and thus 
ensure intimate interfacial contact between the resin phase and enamel. 

The influence of low viscosity resins have been evaluated in bond strength, resin 
penetration and microleakage studies. Several investigators have reported that the 
retention or bond strengths of composite restorative resins to etched enamel were not 
improved by the use of low viscosity resins (Mitchem & Turner, 1974; Low & Von 
Fraunhofer, 1976; Rider, Tanner & Kenny, 1977; Raadal, 1978; Soetopo, Beech & 
Hardwick, 1978). Ten Cate, Keizer & Arends (1977), however, working with an 
experimental four component resin system, showed that an increased starting viscosity 
greatly reduced the bond strength to enamel. They demonstrated that low viscosity 
monomer systems yielded both inter- and intra prismatic penetration into etched enamel 
surfaces while highly viscous resins resulted in the former type only. It has also been 
reported that the extent of resin penetration into etched enamel surfaces was not 
dependent on the viscosity of the resin system (JOrgensen & Shimokobe, 1975; 
Pahlavan, Dennison & Charbeneau, 1976; Asmussen, 1977; Barnes, 1977; Low, Lee 
& Von Fraunhofer, 1978). Dogon (1975), on the other hand, demonstrated that the 
depth of penetration of resins of varying viscosities into etched enamel surfaces was 
markedly increased as the viscosity of the resins decreased. Acid etching followed by 
the application of a low viscosity resin prior to the placement of composite resins 
was advocated as it reduced marginal leakage (Dogon, 1975; Kempler et al., 1976; 
Luescher et al., 1977; Forsten, 1978). Ortiz et al. (1979), however, reported that 
microleakage at the composite resin/etched enamel interface was not reduced by the 
application of low viscosity resins. 

The purpose of this in vitro study was to determine the effects of a low viscosity 
bonding resin on the tensile bond strength, resin penetration and microleakage of a 
composite resin to enamel surfaces. 

Materials and methods 
Noncarious human maxillary central incisors and canine teeth were used in this 
investigation. The teeth were cleaned after extraction and stored in 70 % ethanol at 
room temperature. Adaptic Dental Restorative* was u·sed as the composite resin as it 
is representative of composite restorative materials (Phillips et al., 1971). It is a two
paste system and the chemically activated resin is of the Bis-GMA type containing · 
78 % by mass silane treated quartz filler. A low viscosity Adaptic Bonding Agent* 
is supplied with the composite resin. 

Tensile bond strength 
Twenty central incisors were used in this part of the study. The tensile bond strength 
of the composite resin with and without the bonding agent to unetched enamel could 
not be determined as the test specimens failed spontaneously prior to testing. The facial 
surfaces of the crowns of the teeth were polished on a 180 grit silicon carbide disc on a 
polishing machinet with adequate water lubrication. The crowns of the teeth were cut 
off and wedge-shaped grooves prepared on the lingual aspects of the crowns with 
a diamond separating disc. This procedure provided for the mechanical retention of 
the teeth in the embedding medium during the testing procedure. 

*Johnson and Johnson Dental Products Co., New Brunswick, N.J., U.S.A. 
t Buehler Ltd, 2120 Greenwood St., Evanston, IL, U.S.A. 
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The tensile bond strengths were determined by means of a .test method developed 
by Kemper & Kilian (1976). A tooth crown was embedded in epoxy resin in the tooth 
specimen cup with the polished facial surface projecting above the lip of the cup. 
Final wet polishing of a tooth surface was done just prior to the preparation of the 
test specimen on 320, 400 and 600 grit silicon carbide discs respectively. During the 
polishing procedure the tooth cup was placed in a polishing block to ensure a planar 
enamel surface perpendicular to the direction in which the force will be applied during 
testing. 

The enamel surface was etched with the HaP04 etching solution for 60 s, the tooth 
surface washed well with distilled water and dried with oil-free compressed air. The 
tooth cup was mounted in the bonding alignment block. The low viscosity resin was 
mixed and applied to the etched enamel surfaces in ten of the teeth. The composite 
restorative material was mixed and transferred to the composite cup. The composite 
cup was assembled in the bonding alignment block and lowered until its knife-edge 
made contact with the tooth surface. The resin was allowed to cure at room temperature 
for 15 min under a load of 1 lb. The bonded unit was removed from the mounting 
block and immersed in distilled water at 37°C for 24 h. · 

The test specimens were mounted in the measurement alignment block which 
was suspended in the jaws of an Instron testing machine*. A tensile load was applied 
at a speed of 0·02 in/min and the force required to break an experimental specimen 
recorded. The tensile bond strength was expressed in N. mm- 2• The fractured specimens 
were examined under a dissecting microscope, the sites of failure determined and the 
percentage of the total surface area which failed within the composite resin estimated. 

Resin penetration 
The labial surfaces of eight maxillary central incisors were cleaned with a water slurry 
of fl.our of pumice, washed well in running water and dried. The facial surfaces of four 
of the teeth were etched for 60 s. Adaptic Bonding Agent was mixed and applied to two 
of the non-etched and two of the etched teeth. Adaptic Dental Restorative was mixed 
and transferred to all the teeth. The composite resin was allowed to cure under a Mylar 
strip and the teeth immersed in water at 37°C for 24 h. Transverse sections, approxi
mately 3 mm thick, were cut through the resin/enamel interfaces on the middle third of 
the tooth surfaces. One of the cut surfaces was polished on 600 grit silicon carbide 
paper and the whole specimen except the polished surface covered with dental sticky 
wax. The specimens were immersed in 10 % hydrochloric acid for 15 min and then 
washed well and dried. The specimens were mounted on aluminium stubs and coated 
with gold- palladium in a high vacuum evaporatort. The specimens were viewed in a 
Cambridge Mark 2At scanning electron microscope operated at 20 kV. 

Microleakage 
Class V cavities were prepared in the facial surfaces of twenty maxillary canine teeth. 
All preparations were made as uniform as possible with regard to instrumentation, 
outline and retention form and depth. Cavity preparations were made with No. 56 
plain high-speed carbide burs in a contra angle handpiece equipped with air-water 
spray. The outline form was kidney shaped and measured 4 mm long by 2 mm wide. 

* Instron Corporation, 2500 Washington Street, Canton, MA 02021, U.S.A. 
t Hitachi Ltd, Tokyo, Japan. 
t Cambridge Scientific Instuments Ltd, Cambridge. 
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The gingival margins were located 2 mm from the cemento- enameljunction and the 
preparations extended into dentine to a total depth of 2 mm. The cavosurface margins 
were made at an angle of 90° to produce a butt joint in the finished restoration. 

The preparations were cleaned with 3 % hydrogen peroxide and floors of the 
cavities covered with Dycal* to simulate pulp protection in the clinical situation. 
The teeth were divided into four groups containing five teeth each. Each group was 
subjected to one of the following procedures: 

Procedure A: No etching, no bonding agent. 
Procedure B: No etching, bonding agent. 
Procedure C: Etching, no bonding agent. 
Procedure D: Etching, bonding agent. 

The etching agent was applied for 60 s with endodontic paper points to the cut enamel 
margins within the preparations. The mixed bonding agent was applied in a similar 
manner to the floors and the walls of the preparations. The composite resin was 
transferred to the preparations with plastic instruments and allowed to cure against 
Mylar strips held under pressure. The restored teeth were immersed in water at 37°C 
15 min after restoration and stored for one week. The margins of the restorations were 
finished to a butt joint with a graded series of Sof-Lext discs. All the operative 
procedures were carried out under a dissecting microscope. 

The root apices were sealed with dental sticky wax and the surf aces of the teeth, 
except for a small area surrounding the restorations, coated with three applications of 
nail varnish. The coated teeth were placed in a solution containing one tablet of a red 
fluorescent dyet in 25 ml of water. The teeth were subjected to 100 complete tempera
ture cycles between two baths held at 55°C and 5°C respectively. The dwell time in each 
bath was 1 min. After cycling the teeth were stored in the dye solution at 37°C for 
1 week. The nail varnish with its attached dye was carefully scraped from the tooth 
surfaces, the roots separated from the crowns with a diamond separating disc and 
embedded in a clear polyester resin§. Longitudinal incisal/cervical serial sections, 
approximately 250 µ.m thick, were cut through the restorations with an Isomet llsaw. 
The serial sections were embedded in Kaiser's Glycerin-Jelly (Drury & Wallington, 
1976) on glass microscope slides. The coverslips were ringed with sticky wax to preserve 
the embedding medium. The sections were examined microscopically by transmitted 
ultraviolet radiation and the extent of dye penetration graded 0-3 at both the cervical 
and incisal margins of the restorations (Fig. 1). 

Results 
The mean tensile bond strengths of Adaptic Dental Restorative with and without 
Adaptic Bonding Agent to etched enamel surfaces are given in Table 1. Analysis 
of the results by means of the two-sample Student's t-test showed that the differences in 
bond strengths were not significant (P > 0 · 50). 

Three of the test specimens in which Adaptic only was applied to the etched enamel 
surfaces failed completely within the composite resin and the average fracture area 

• L. D. Caulk Company, Milford, DE, U.S.A. 
t 3M Co., St Paul, MN, U.S.A. 
t Blak-Ray, Ultra-Violet Products Inc., San Gabriel, CA, U.S.A. 
§Bio-Plastic, Ward's, Rochester, NY, U.S.A. 
II Buehler Ltd, Greenwood St., Evanston, IL, U.S.A. 
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I 
Cervical I lncisol 

I 

Fig. 1. Evaluation of microleakage at both the cervical and incisal margins of Class V restorations. 

Table 1. Tensile bond strength of Adaptic with and without bonding agent to 
etched enamel 

Specimens Mean tensile ±s.e. Coefficient of 
No. of bond strength bond strength variation 

(n) (N. mm-2) (N . mm- 2) ( %) 

Adaptic and 
bonding agent 10 18·34 0·85 14 ·7 
Adaptic 10 19 ·17 1 ·05 17·3 

within the resin comprised approximately 80 % of the total bond area (Fig. 2). All the 
Adaptic/bonding agent specimens failed partly within the material and at the resin/ 
enamel interface (Fig. 3). The average fractured surface area within the composite 
was approximately 45 % of the bonded surfaces (Table 2). 

Exposure of the composite/unetched enamel surface revealed a featureless surface 
topography (Fig. 4). The composite surface which had cured on an unetched enamel 
surface to which the bonding agent was applied showed remnants of the bonding 
agent adhering to the composite (Fig. 5). Dissolution of the underlying enamel showed 
numerous filamentous tags devoid of filler particles projecting from the composite 
surface (Fig. 6). Similar tags were observed when the bonding resin /etched enamel 
interface was exposed (Fig. 7). 

The mean± s.e of the microleakage scores at both the cervical and incisal margins 
of the restorations placed in preparations subjected to the various treatment procedures 
are given in Table 3. A one-way analysis of variance was run to determine whether there 
were differences between the microleakage scores at both the cervical and incisal 
margins respectively. The differences between the vahles obtained with the different 
procedures at both margins were significant (P<0·025). Duncan's Multiple Range 
test was used to determine which differences between groups were significant ( o: = 0 · 05). 
The differences between scores connected by straight lines in Table 3 were not sig
nificant. Acid etching and the use of the bonding agent (procedure D) significantly 
reduced the microleakage when compared to no etching and bonding agent (procedure 
B) at both the cervical and incisal margins of the restorations. The application of the 
bonding agent to etched preparations (procedure D) did not significantly reduce the 
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Fig. 2. Enamel aspect of fractured bond. Failure within the composite resin comprised approximately 
80 % of the bonding surface area ( x 20) . 
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Fig. 3. Partial failure within the composite resin and at the bonding agent/etched enamel interface 
( x 200). 
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Table 2. Relationship between tensile bond strength and percentage failµre within the composite 
resin 

Force (N .mm-2) 

23 ·65 
23 · 10 
21 ·99 
20 ·04 
19·76 
18·37 
18 ·37 
17·81 
15·83 
12·80 

Composite 

% Failure in composite 

100 
100 
70 
70 
80 

100 
80 
90 
40 
80 

Mean=81 % 
r=0-424 

Composite with bonding agent 

Force (N. mm- 2) % Failure in composite 

23 · 10 75 
20 ·87 70 
19·76 20 
19 ·20 .5 
19 ·20 10 
18 ·37 10 
16 ·97 50 
16 ·70 95 
14 ·75 60 
14·47 50 

Mean=45% 
r= -0·075 

Fig. 4. Featureless appearance of composite resin surface which had cured on unetched enamel 
(x 4000). 

microleakage recorded when no bonding agent was used on etched enamel walls 
(procedure C) at both margins of the restorations. 

The differences between the microleakage scores recorded at the cervical and 
incisal margins of the restorations for each procedure were evaluated statistically by 
the Student's paired t-test. None of the differences obtained were significant. 
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Fig. 5. Remnants of bonding agent adhering to composite surface ( x 4000). 

Fig. 6. Remnants of filamentous tags devoid of filler particles projecting from the composite surface 
( x 800). 
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Fig. 7. Dissolution of the enamel revealed the filamentous bonding resin tags which had penetrated 
into the etched enamel ( x 800). 

Table 3. Microleakage scores at the cervical and incisal margins of restorations 

Number of Cervical Incisal 
Procedure specimens mean±s.e. mean±s.e. 

A. No etching- no bonding agent 5 12·50±0·50 12·50+0·50 
B. No etching- bonding agent 5 2·40+0 ·40 1·55±0·411 
C. Etching- no bonding agent 5 I ·60±0 ·411 10 ·95±0·54 
D. Etching- bonding agent 5 0 ·60±0·32 0 ·25±0·19 

Note: the differehces between scores connected by straight lines are not significant. 

Table 4. Differences between cervical and incisal microleakage 

Procedure 

A. No etching- no bonding agent 
B. No etching- bonding agent 
C. Etching- no bonding agent 
D. Etching- bonding agent 

Note: Four degrees of freedom 

Differences 
mean±s.e. 

0 
0 ·85±0·33 
0·65±0 ·64 
0 ·35± 0·24 

x 
t= 

s.e. 

2·58 
I ·02 
I ·46 

p 

0 ·05<P<0·10 
O· l <P<0·5 
0 · l <P<0·5 
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Discussion 
When evaluating the _retention or bond strengths of composite resins to etched enamel, 
the site of failure of test specimens is often determined and classified as occurring 
completely within the resin, partly within the resin and the resin/enamel interface, 
completely at the interface or within the enamel. Failure at the interface should not be 
classified as such but rather as occurring partly within the resin and at the interface 
(Retief, 1974). Complete resin/etched enamel interfacial separation is not possible 
because filamentous resin tags will remain embedded in the enamel fragments within 
the resin after failure of an experimental bond. . 

Mitchem & Turner (1974) evaluated the retention of several resin systems to acid 
etched enamel. They were not able to show a significant increase in retentive strength 
when a bonding agent was applied prior to the application of composite resins. They 
did, however, establish a definite relationship between an increase in retentive strength 
and a decrease in the frequency of adhesive (entirely at the interface) failure. Although 
we were not able to establish a significant relationship between bond strength and 
percentage area fractured within the resin for both the composite (r = 0 · 424) and the 
combined resin systems (r= -0·075), the percentage of the area which failed within the 
composite decreased when the bonding agent was used (Table 2). In previous studies 
it was reported that failure occurred predominantly between the filled and unfilled 
resins in the proximity of the enamel (Rider et al., 1977) or at the interface between 
the enainel and resin (Raadal, 1978). It was concluded that the unfilled resin is the 
weakest point in the filled-unfilled resin systems during tensile testing (Low & Von 
Fraunhofer, 1976). Failure at this interface may be due to the lower tensile strength 
or the greater polymerization shrinkage of the low viscosity bonding resins. In the 
clinical situation contamination of the low viscosity resin prior to the application of 
the composite resin may further weaken this interface. 

The effect of temperature cycling on the tensile bond strength was not evaluated 
in the present study. Bishara, Khowassah & Oesterle (1975) reported that the bond 
strengths of some composite resins to etched enamel were significantly reduced by 
prolonged exposure of the test specimens to water or 48 °C cyclic temperature changes. 
This finding was confirmed by Ortiz et al. (1979). They also reported that no significant 
differences existed in values obtained for bond strengths of these composites with and 
without bonding agents when specimens were subjected to 2,500 thermal cycles. 

The findings of the present study confirm previous observations by other investi
gators that resin penetration into etched enamel is not dependent on the viscosity of the 
resin. The generally accepted concept, introduced by JOrgensen & Shimokobe (1975), 
is that a resin phase devoid of filler particles is present in sufficient amounts on the 
surface of composite resins to fill the microspaces in the etched enamel surface (Fig. 8). 
The inorganic filler particles are responsible for the high viscosity of composite resins 
and the settling out of the particles from the interfacial area will result in a low viscosity 
resin phase in apposition to the etched enamel surface. The increased free surface 
energy of the enamel surface resulting from the etching procedure should result in 
adequate wetting of the surface by the resin and penetration into the enamel surface 
microspaces. The viscosity of the resin component of composite resins increases with 
time as polymerization proceeds and a point will be reached where resin penetration 
will be adversely affected. To overcome this in the clinical situation the mixed compo
site resin should be placed in the preparation as soon as possible after mixing. 

Cavosurface design resulting in a butt or bevelled margin (Kopel, Grenoble & 
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Fig. 8. Settling out of filler particles results in an unfilled resin phase on the surface of composite 
resins. Resin penetration occurs into the microspaces in the etched enamel surface. 

Kaplan, 1975; Kempler et al., 1976) or extension of the resin to a featheredge on the 
enamel adjacent to the margins of the preparation (Eriksen & Buonocore, 1976; 
Hembree & Andrews, 1976) may affect margina1 leakage. The present study was 
therefore d~signed to evaluate marginal leakage in standardized preparations with 90° 
cavosurface angles resulting in restorations with butt joints. The microleakage was 
evaluated at both the cervical and incisal margins of the restorations because it was 
thought that the reduced enamel thickness at the cervical margins might not provide 
adequate protection against the ingress of the fluorescent dye during temperature 
cycling. The adaptation of the composite with and without the bonding agent to the 
etched enamel surfaces was such that no significant differences were recorded for 
microleakage at both these sites. 

The results of this in vitro study indicated that the use of a low viscosity bonding 
agent did not improve the bond strength to etched enamel, did not enhance the 
penetration of the resin into the microspaces in the etched enamel and did not sig
nificantly reduce microleakage. The question arises whether the use of a low viscosity 
bonding resin is a necessary step to improve the clinical performance of composite 
restorative resins or a time consuming additional step with doubtful advantages. 
Only extended clinical trials will provide the answer. 
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Effects of acid etch parameters on enamel topography 
and composite resin - enamel bond strength 
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Abstract 
The objective of this study was to evaluate the 

effects of methods of acid application, wash times, and 
saliva contamination on the tensile bond strength of a 
composite resin to enamel Ninety human maxillary 
central incisors were used and the tensile bond 
strength was determined for the composite resin to 
enamel surfaces subjected to the following acid etch 
parameters. In the control group (AJ the acid was 
applied by dabbing followed by a 30-second wash. The 
acid was similarly applied for 30 seconds (BJ and 120 
seconds (CJ, rubbed for 60 seconds (DJ, not agitated for 
60 seconds (EJ followed by 30 seconds wash 
respectively. Wash times of 5 seconds (FJ and 10 
seconds (GJ were used after 60 seconds of acid 
application by dabbing. Control procedures were 
followed by 30 seconds of saliva contamination and 5 
seconds wash (HJ or 5 seconds wash, 10 seconds re-etch 
and 30 seconds wash {I) were finally used Incisors 
treated with one of each of the procedures were viewed 
in the SEM. Method of acid application by dabbing, 
rubbing, or no agitation resulted in bond strengths 
that were not significantly different, a 5-second wash 
after acid etching was sufficient to maintain bond 
strength and saliva contamination was eliminated by a 
5-second wash. The effect of acid etch parameters on 
enamel topography was difficult to evaluate because of 
variable etch patterns. 

The acid etch procedure is essential for the 
establishment of the mechanical bond between com
posite dental resins and enamel. ' It consists of 
several steps which may affect the bond strength of 
the composite resin to etched enamel. 

The first step of the acid etch technique involves 
the application of the orthophosphoric acid (H3P04) 
etching solution to the enamel surface. Rubbing the 
enamel during conditioning adversely affects the 
bonding of composite resins to these surfaces. 2 Hor
mati and coworkers3 reported, however, that the 
shear bond strength of a composite resin to enamel 
surfaces which were etched by a dabbing or a rubbing 
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action were not significantly different despite the 
marked differences in etch patterns as observed by 
scanning electron microscopy (SEM). 

The duration of etch and subsequent wash times 
are also important factors which may affect the bond 
strength of composite resins to etched enamel. It has 
been reported that with a short etch time of 10 
seconds, the bond strengths increased as the wash 
time increased.• Other studies showed that the bond 
strengths of a composite resin to enarnel S\lrfaces 
etched with 50% H3P04 for five seconds or 60 
seconds were not significantly different if the enamel 
was washed with at least two ml of water after 
etching. 5·

6 Washing with quantities of water greater 
than this volume provided no additional benefit. On 
the other hand, it was reported that the tensile bond 
strength increased with a thorough 60-second wash 
time as opposed to a 15-second wash. 1 

Bond strength may also be adversely affected by 
saliva contamination of the etched enamel surface. 
Hormati and coworkers3 reported that etched e:p.amel 
surfaces which were air dried after a 60-second saliva 
contamination significantly reduced the shear bond 
strength of a composite resin when compared with 
bond strengths obtained on enamel surfaces which 
were re-etched, rewashed, and redried after similar 
saliva contamination. 

The objective of this investigation was to study 
further several of the parameters which may 
influence the bond strength of composite resins to 
etched enamel. Scanning electron microscopy (SEM) 
was used to determine the effects of the various pro
cedures on the etching pattern of enamel. 

Methods and Materials 
Ninety noncarious, extracted human maxillary cen

tral incisors were used to study the tensile bond 
strength of a composite resin to etched enamel sur
faces. The test method developed by Kemper and 
Kilian8 was used in this investigation. Subsurface 
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Group Etch Application 
(sec) Method 

A 60 dabbing 
Table 1. Acid etch B 30 dabbing 
procedures. c 120 dabbing 

D 60 rubbing 
E 60 no agitation 
F 60 dabbing 
G 60 dabbing 
H 60 dabbing 
I 60 dabbing 

enamel was exposed by lapping the facial surfaces 
of the crowns of the teeth on 600 grit silicon carbide 
paper in a polishing machine• under a continuous 
stream of water. The crowns were embedded in epoxy 
resin in the tooth specimen cups with the flat sur
faces parallel to and projecting just above the lip of 
the cup. The epoxy resin was allowed to cure at room 
temperature for 24 hours and the embedded 
specimens were then stored in water at 37°C for at 
least 24 hours. Immediately prior to the preparation 
of the bonded test specimens the crown surfaces were 
lightly polished by placing the tooth cup in a 
polishing block on 600 grit silcon carbide paper in the 
polishing machine. This provided a planar enamel 
surface perpendicular to the direction of force applica
tion during the bond strength testing procedure. The 
embedded teeth were subjected to one of the pro
cedures outlined in Table 1. A random distribution 
table was computer processed to determine the order 
in which the test specimens were to be prepared. 

The tooth surfaces were acid etched with 37% 
H3P04, washed and dried with an air-water syringe. 
Water was collected in a graduated cylinder to deter
mine the volume used in each washing procedure. 
Each timed collection was repeated 10 times and the 
average volume of water determined. A two paste 
composite resinb was mixed as directed, placed in the 
composite cup and assembled in the bonding align
ment block. A low viscosity bonding resin was not 
applied to the etched enamel surfaces. The composite 
cup was lowered to contact the flat enamel surface. 
The composite resin was allowed to cure against the 
enamel surface under a load of one pound for 15 
minutes at room temperature, after which the bonded 
specimens were carefully removed and stored in 
water at 37°C for 24 hours. Test specimens were 
mounted in the measurement alignment block and 
suspended in the jaws of an Instronc testing 
machine. The tensile load was applied at a rate of 0.02 

•Buehler Ltd., 2120 Greenwood St., Evanston, IL. 
bConcise, 3 M Co., St. Paul, MN, 

Wuh Contamination .... Saliva (eec) 

80 
80 
80 
30 
30 

5 
10 
30 30 5 
30 30 5 

inch/min until the bonded specimens failed. Ten$ile 
bond strengths were calculated and expressed in 
MN.m. -2 Statistical comparisons of the data were 
made by an analysis of variance at the 0.05 level of 
significance. 

Etch patterns for each treatment group were deter
mined by subjecting two maxillary central incisor 
crowns to one of the procedures listed in Table 1. The 
etched crowns were coated with gold/palladium in a 
high vacuum evaporator<! and examined in a Cam
bridge Mark 2A• scanning electron microscope 
operated at 20 kV. 

Results 
The mean(± SD) of the volumes of water used in 

each wash regimen were as follows: five seconds, 16.3 
± 1.0 ml; 10 seconds, 33.8 ± 2.0 ml; 30 seconds, 95.3 
± 1.6 ml. 

The Mean(± SD) of the tensile bond strengths of 
the composite resin to enamel subjected to the dif
ferent etching procedures are given in Table 2. 
Evaluation of the data by an analysis of varian<,:e 
showed that there were no statistically significant 
differences among the tensile bond strengths. 

When the acid was applied with a dabbing action 
for 60 seconds, typical Type 1 (Figure 1) Type 2 
(Figure 2) and Type 3 (Figure 3) etching patterns were 
observed on the same tooth surface with the Type 
3 pattern predominant in the cervical third of the 
crown. At a lower magnification all three etching pat· 
terns were frequently observed in the same field of 
vision (Figure 4). The etching produced by the ap
plication of the acid for 30 seconds could not be 
distinguished from that of a 60-second etch while a 
more pronounced etching effect was produced by a 
120-second etch. When the acid was applied with a 
rubbing action, the prism peripheries were obscured 
resulting in a more uniform etching (Figure 5). The 

<Jnstron Engineering Corp., 2500 Washington St., Canton, MA. 
dHitachi Ltd., Tokyo, Japan. 
•CambCidge Scientific Instruments Ltd., Cambridge, England. 
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Figure 1. Etching solution was applied Figure 2. Etching solution was applied Figure 3. Etching solution was applied 
for 60 seconds with a dabbing action. for 60 seconds with a dabbing action. for 60 seconds with a dabbing action. 
Type 1 etching pattern (2,500x). Type 2 etching pattern (2,500x). Type 3 etching pattern (2,500x). 

etching effect of nonagitated acid could not be 
distinguished from that produced by acid applied 
with a dabbing action. The reaction products of a 
60-second etching were not completely removed from 
the etched surfaces by a 5-second wash (Figure 6). 
The etched surfaces obtained after washing for 10 
seconds were similar to those described for 30-second 
wash times. Salivary contamination of 30 seconds 
was effectively removed by a 5-second wash, and re· 
etching of these surfaces for 10 seconds produced a 
similar etching effect. 

Discussion 
Under the experimental conditions defined in this 

in vitro study, it would appear that it is not necessary 
to adhere strictly to some of the generally accepted 
parameters associated with the acid etch technique 
in order to obtain comparable bond strengths of com· 
posite resins to etched enamel surfaces. The tensile 
bond strengths of test specimens prepared on enamel 
surfaces to which the acid was applied by a rubbing 

Table 2. Mean and SD of the tensile bond strengths of the 
composite resin to enamel subjected to the various etching 
procedures. 

Mean and SD of Coefficient of 
Tensile Bond Variation 

Strength 

Procedure MN.m-2 % 

A 16.8 ± 5.8 34.5 
B 17.8 ± 8.2 46.2 
c 16.1 ± 6.6 41.1 
D 20.7 ± 7.6 36.8 
E 19.8 ± 8.1 41.2 
F 13.8 ± 5.6 40.5 
G 19.6 ± 5.6 28.5 
H 16.4 ± 5.3 32.5 
I 15.4 ± 6.8 44.2 

Means are not significantly different. 
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action were not significantly different from those in 
which the acid was applied by dabbing as usually 
recommended. Similar findings were previously 
reported. s Although the etching pattern on enamel sur· 
faces exposed to acid applied by a dabbing action 
varied greatly from one tooth to another and even 
in adjacent areas of the same tooth, it resulted in 
clear delineation of the enamel prisms in the Type 1 
and Type 2 etching patterns (Figures 1 and 2). When 
the acid was applied by a rubbing action, the prism 
peripheries were obscured and the etched surface ap· 
peared more uniform (Figure 5). One would expect 
that this procedure would limit the extent of resin 
penetration into the etched enamel surfaces and thus 
adversely affect bond strength. This was not ob· 
served in this study however. A direct relationship 
between resin tag length and bond strength has not 
yet been demonstrated. Intimate interfacial contact 
between a dental resin and relatively smooth enamel 
surface without deep resin penetration may result in 
adequate bond strengths. 9 

The various parameters investigated in this study 
had no significant influence on tensile bond 
strengths. The high coefficients of variation in the 
tensile bond strengths ranging from 28% to 46% in 
the present study, are usual in this type of test. 10 If 
the number of specimens in each group had been ap· 
preciably larger, some of the nonsignificant dif
ferences may have been statistically significant. The 
test method used in this investigation reduces the 
introduction of forces other than tensile during the 
testing procedure. It is, however, impossible to 
eliminate these forces altogether. A slight malalign
ment of the test specimens in the bonding or 
measurement alignment blocks may introduce a 
shear component at the resin-enamel interface dur
ing the application of the tensile load. Examination 
of fractured test specimens by SEM revealed that the 
majority of test specimens failed partly within the 
resin and partly at the resin-enamel interface, and 
that air bubbles incorporated into the resin during 
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Figure 4. Etching solution was applied Figure 5. Etching solution was applied Figure 6. Enamel surface etched by 
for 60 seconds with a dabbing action. for 60 seconds with a rubbing action dabbing action for 60 seconds and 
Mixed etching pattern (l,250x). (2,500x). washed for 5 seconds (2,500x). 

the mixing procedure were distributed within the 
resin along the fracture lines. 11 Stress concentration 
may arise at these sites (which develop during 
polymerization of the resin) and fractures may be 
propagated along the defects during the application 
of the tensile load. Test specimens may fail 
prematurely as a result of the well-known zipper 
effect. 12 

The phosphoric acid solutions used as etching 
agents in clinical dentistry contain more than 27% 
H3P04 . Hydroxyapatite dissolution during 
phosphoric acid application proceeds rapidly ini
tially, but is eventually impeded by the precipitation 
of monocalcium phosphate monohydrate 
[Ca(H2P04)2.H20] on the enamel surface. 13 Thismay 
be another reason for the recommendation of acid ap
plication by dabbing. It is believed that the agitation 
resulting from the dabbing action will disrupt the 
precipitate and continually expose the underlying 
enamel to dissolution. The test specimens which were 
prepared on enamel surfaces to which the acid was 
applied but not agitated were expected to yield lower 
bond strengths than those specimens prepared on 
enamel surfaces to which the acid was applied by a 
dabbing action. This however, was not observed in 
the present study and may be explained by the fact 
that nonagitated acid also produced a well-defined 
etching pattern. 

Unlike Soetopo and his colleagues, 1 no increases 
were found in bond strengths as wash times after 
etching were increased. Beech5 and Beech and J alaly6 

reported that two ml were adequate for washing 
etched enamel surfaces. The volume of water used 
with a 5-second wash in the present study (16.3 ml) 
exceeded this volume greatly. Monocalcium 
phosphate monohydrate is readily soluble in water 
and would be completely washed away in the clinical 
situation. 13 Although some precipitate may remain in 
isolated areas as shown in Figure 6, this did not af
fect bond strength adversely. 

Contamination of etched enamel surfaces by saliva 

can readily occur in the clinical situation - par
ticularly if rubber dam is not used. The results of the 
present study indicated that tensile bond strengths 
were maintained by washing salivary contaminated 
etched enamel surfaces for 5 seconds with an air
water spray and that it was not necessary to re-etch 
contaminated surfaces. It is not possible to ex
trapolate the results of this in vitro study directly 
to the clinical situation. The authors believe that 
salivary contamination of etched enamel surfaces 
prior to the application of composite resins should 
be avoided at all costs. This can readily be achieved 
by the use of rubber dam. 

The great variation in etching patterns on enamel 
surfaces etched with H3P04 has previously been 
demonstrated. 1• ·

16 The reason for this is not known but 
the Type 1 and Type 2 etching patterns may be due 
to variations in crystallite orientation in the enamel 
prisms. 11· The Type 3 etching pattern is produced on 
prismless enamel, that is enamel surfaces in which 
the enamel prisms do not reach the surface. 18 

No significant differences were observed in tensile 
bond strengths of test specimens prepared on enamel 
surfaces etched with 37% phosphoric acid for 30, 60, 
or 120 seconds respectively. The tensile bond 
strengths were determined on enamel surfaces in 
which the superficial enamel had been removed by 
the polishing procedure prior to the preparation of 
the test specimens. Enamel fluoride concentration is 
greatest in superficial enamel. 19 Etchingtimeslonger 
than 30 seconds may be required in the clinical situa
tion as high fluoride concentrations have an adverse 
effect on bond strength20 and decrease the surface free 
energy of enamel. 2 1 

Conclusions 
The results of this in vitro study indicate that the 

method of acid application by dabbing, rubbing, and 
no agitation had no significant effect on the tensile 
bond strength of a composite resin to etched enamel. 
The tensile bond strengths to enamel surfaces etch-
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ed for 30, 60, and 120 seconds were not significantly 
different. A 5-second wash after acid etching was ade
quate to maintain bond strength. Saliva contamina
tion of etched enamel surfaces was effectively 
eliminated by a 5-second wash without resorting to 
re-etching of . the enamel surface. 
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SUMMARY 

The acid etch technique with orthophosphoric acid 
(H3P04) is used extensively in clinical dentistry. The op
timal concentratio11 of H3P04 as an etching agent is con
troversial. The object of this study was to determine the 
variation in enamt;l etching patterns produced by differ
ent concentrations of H3P04• Phosphoric acid solutions 
containing 10, 20, 30, 40, 50, 60 and 70 per cent mlm 
H3P04 were prepared. The concentrations were con
firmed by chemical analysis. Fourteen extracted nonca
rious human permanent maxillary central incisors were 

·pumiced lightly and the facial surfaces of two teeth 
etched with each one of the H3P04 solutions for 1 
minute. The acids were applied with co?ton pellets using 
a dabbing action. The teeth were washed well in running 
water to remove all reaction products, dried, coated with 
gold-palladium in a high vacuum evaporator and 
viewed in the SEM. Eight photo-micrographs were ob
tained from each tooth. Typical Type 1, 2 and 3 etching 
patterns were observed on all the etched surfaces. The 
distribution of these patterns varied greatly and was not 
dependent on acid concentration. SEM is an excellent 
tool for evaluating the etching action of H3PO 4 qualitati
vely. Because of the great variation in etching patterns, 
the SEM cannot be used to quantitate the etching action 
of different H3P04 concentrations. 

INTRODUCTION 

Selfcuring acrylic resins were introduced to the Ameri
can dental profession as direct anterior restorative ma
terials after the publication of the Blumenthal report 
(1947). These direct filling resins were enthusiastically 
received by the profession, but laboratory and clinical 
evaluations of them soon revealed their shortcomings. 
The marginal seal proved to be inadequate and their 
abrasive resistance was inferior to that of the silicate 
cements (Nelsen, Wolcott and Paffenbarger, 1952). 
Buonocore (1955) was the first to report that the bond
ing of acrylic restorative materials to tooth surfaces 
could be increased substantially by conditioning the 
enamel surface with 85 per cent orthophosphoric acid 
(H3P04). 
A new resin system, a dimenthacrylate monomer CO!ll-

OPSOMMING 

In kliniese tandheelkunde word die glasuur van tande 
dikwels met fosforsuur (H3P04) gei!ts, maar outoriteite 
verskil nog oor die optimale konsentrasie fosforsuur wat 
vir die doe/ nodig is. In hierdie studie word die glasuu
retspatrone van 10, 20, 30, 40, 50, 60 en 70 persent fos
forsuur ondersoek. Veertien kariesvrye maksillere per
manente sentrale snytande is met 'n puimsteenmengsel 
gepoleer en die tandkrone afgesny. Daarna is twee labi
ale tandvlakke elk met een van die sewe konsentrasies 
fosforsuur vir 1 minuut gei!ts, deeglik onder lopende 
water gewas om alle etsprodukte verwyder, gedroog en 
voorberei vir ondersoek met 'n aftaselektronmikroskoop 
(AEM). Agt fotomikrograwe is van elke tandoppervlak 
verkry. Die gei!tste tandvlakke het alma[ tipiese Tipe l, 2 
en 3 etspatrone getoon. Die verspreiding van die etspa
trone het wyd verskil en geen verband gehou met die 
konsentrasie van die fosforsuuretsmiddel nie. Die AEM 
kan doeltreffend benut word vir die kwalitatiewe eva
luering van die etseffek van fosforsuur, maar weens die 
groot verskeidenheid in etspatrone kan dit nie benut 
word om die etseffek van verskillende konsentrasies f os
forsuur kwantitatief te bepaal nie. 

monly known as Bis-GMA, was developed for use as a 
direct anterior restorative material (Bowen, 1962). The 
monomer consists of the reaction product of 4, 41 

-

isoprophylidenephenol and glycidylmethacrylate. 
Bowen (1963) showed that the incorporation of vinylsi
lane-treated silica powder into the organic matrix im
proved the physical properties of the material. Bowen 
(1965) subsequently obtained quantitative evidence 
that y-methacryloxy - propyl-trimethoxy silane was 
preferable to vinylsilane as a coupling agent. The filler 
content of the conventional composite resins ranges 
from 70 to 80 per cent (rn/m). The incorporation of the 
glass or quartz fillers reduces the coefficient of thermal 
expansion and polymerization shrinkage, and increases 
the abrasive resistance and compressive and tensile 
strength uf the composite resins when compared with 
the acrylic restorative resins (Buonocore , 1968). The 
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composite restorativ,e resins do not adhere to tooth 
stn1cture (Phillips, 1970) . 
The concept of altering the tooth surfaces by acid 
conditioning as suggested by Buonocore (1955) was ig
nored for many years in clinical dental practice. Pio
neer studies by Gwinnett and Matsui (1967) and Buo
nocore , Matsui and Gwinnett , (1968) in which the 
physical relationship between acrylic restorative resins 
and etched enamel · surfaces was clarified, paved the 
'!'ay for the acceptance of the acid etch technique as an 
inte_gral p_art of re~torative procedures involving com
pos1t~ resins. Etching the enamel surface is now an ac
cepted and widely applied technique to improve bond
ing_ of. dental resi~s to ena~el in restorative dentistry 
(Hinding, 1973) , m preventive dentistry (Buonocore, 
1970), for the direct bonding of orthodontic attach
men_t~ (l~etief, Dr~yer and G~vron , 1970) and for the 
stab1lq;at1on of penodontally involved teeth (Evans and 
Shaff, 1977). It is now accepted that mechanical bond-

. ing is the major factor responsible for the increased 
bond strength of composite resins to etched enamel 
surfaces (Retief, 1978). 
Despite the extensive application of the acid etch tech
nique in clinical dentistry, the optimal concentration of 
H 3P04 as an etching agent is still highly controversial 
(Williams and Von Fraunhofer , 1977). Gwinnett and 
Buonocore (1965) studied the extent and nature of the 
surface changes produced on enamel surfaces etched 
with H3P04 solutions ranging in concentrations from 
10-50 per cent H3P04• Ground sections prepared 
through areas treated with the etching solutions were 
examined by reflected and transmitted light micros
copy. Numerous studies have subsequently been car-

. ried out in an attempt to define the optimal concentra
tion of H3P04 for intraoral use as an etching agent. 
Tensile bond strength studies of dental resins to enamel 
surfaces etched with diferent concentrations H3P04 
were used for this purpose (Miura , Nakagawa and Ma
shura, 1971 ; Ohsawa, 1972; Rock , 1974, Mitchem and 
Turner, 1974; Nelson , Till and Hinding, 1974; Retief, 
1975; Otsuki and Takeuchi , 1976; Reynolds and Von 
Fraunhofer, 1976; Williams and Von Fraunhofer, 1976; 
Soetopo, Beech and Hardwick, 1978). The optimal con
centrations of H3P04 recommended by these investiga
tors ranged from 8 per cent to 65 per cent H3P04. 

Scanning electron microscopy (SEM) was used by Sil
verstone (1974) to determine the effect of H3P04 in the 
concentration range 20-70 per cent on enamel surfaces. 
He reported that the most retentive conditions for a 
se_alant were obtained by using 20-30 per cent H3P04 
with a 30 per cent solution proving to be the most efec
tive single agent. Moin and Dogon (1977) examined the 
effects of different concentrations of H3P04 gels and 
solutions on enamel surfacs by SEM. They found that 
phosphoric acid solutions produced superior etched 
surfaces when compared with the gels and the most 
cons~stently uniform and suitable etching patterns were 
obt~uned by the application of solutions with 30-40 per 
cent H3P04. 

The objective of this study was to determine the varia
tions in enamel etching patterns produced by H3P04 
solutions containing from 10-70 per cent H3P04• 

MATERIALS AND METHODS 
Phosphoric acid solutions containing approximately 10, 

20, 30, 40, 50, 60 and 70 per cent m/m H3P04 were 
made up from 85 per cent H3P04• The concentrations 
of H3P04 in these solutions were determined by chemi
cal analyses and the results are given in Table I. 

Table I. Concentrations of H3PO, in solutions used. 

Approximate H3PO, H3P04 concentration 
concentration determined by 

m/m % chemical analysis 

10 
20 
30 
40 
50 
60 
70 

m/m % 

9.59 
18.52 
31.66 
39.95 
49.65 
59.78 
70.91 

Noncarious extracted human permanent central maxil
lary incisors were used in this study. The teeth were ex
tracted because of severe periodontal disease, cleaned 
with pumice on a dental lathe , and stored in 70 per cent 
ethanol. Fourteen teeth were randomly selected from 
the pooled teeth for this study. The roots of the teeth 
were removed with a diamond disc and the facial sur
faces of the crowns of the teeth cleaned with a rubber 
cup and a water slurry of flower of pumice . Two teeth 
were etched with each one of the H3P04 solutions for 
one minute . The acid was applied with cotton pellets 
and the enamel surfaces were gently dabbed with the 
etching solutions to ensure adequate agitation. The 
crowns of the teeth were washed well in running tap 
water to remove the reaction products and were dried 
with compressed air. The crowns were stored in a des
iccator overnight and coated with gold-palladium in a 
high-vacuum evaporator. • The etched surfaces were 
examined in a Cambridge Mark 2A • • scanning electron 
microscope operated at 20 kV with a beam-specimen 
angle of 45° . The etched surface of each tooth was 
scan~ed , so that the location and extent of each type of 
etchmg pattern could be observed and/or recorded. 
Eight sites on each pair of teeth were photographed 
and the sites from which the photographs were ob
tained recorded. 

RESULTS 

Four photomicrographs of enamel surfaces etched with 
each acid concentration were selected to illustrate the 
etching effects. The results of the enamel surfaces 
etched with the different H3P04 solutions and the sites 
on the tooth surfaces from which these etching patterns 
were obtained are shown in figs 1-7. Because of the 
great variations in the distribution of the different 
etching patterns, it was not possible to quantitate the 
distribution. 

DISCUSSION 
The . great variation in etching patterns produced by 
etchmg enamel surfaces with phosphoric acid is well 
documented (Gwinnett, 1967, 1971; Sheykholeslam anci 
Buonocore, 1972; Retief, 1973; JOrgensen , 1975; Sil
vertone et al, 1975; Ferreira , 1976; Retief, Bischoff and 
Van ~er M.e~e, 1976). Three basic etching types have 
bee_n 1d~nt1f1e? . In the Type 1 etching patterns prefer
ential d1ssolut1on of the prism cores occurs resulting in 
a "honeycomb" appearance . The Type 2 etching pat-

•HUS--4. I litachi Lid .• Japan. 
.. Cambridge Scientific Instruments Ltd .. Cambridg~. England. 
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Fig. I. Tooth surface etched with 10 per cent H3PO,. The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram . 
A. Type 1 etching pattern (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Mild Type 1 etching pattern (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 

Fig. 2. Tooth surface etched with 20 per cent H3P04• The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram . 
A. Type 1 etching pattern (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Mild Type 1 etching pattern (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 

Phosphoric acid etching of enamel 

Fig. 3. Tooth surtace etched with 30 per cent H3P04. The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram. 
A. Type 1 etching patterns (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Mild type 1 etching pattern (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 

Fig. 4. Tooth surface etched with 40 per cent H3PO,. The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram . 
A. Type 1 etching pattern (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Mild Type 2 etching pattern (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 
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Fig. 5. Tooth surface etched with 50 per cent H3PO,. The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram. 
A . Type 1 etching pattern (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Type 2 and 3 etching patterns (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 

tern arises from the preferential dissolution of the 
prism peripheries resulting in a "cobblestone" apear
ance. In the Type 3 etching pattern dissolution of the 
enamel occurs without delineation of enamel prisms. 
The latter pattern occurs in areas where the enamel 
prisms do not reach the surface, the so-called "prism
less" enamel (Gwinnett, 1967). 
The distribution of the different etching patterns has 
been investigated previously. Ripa , Gwinett and Buo
nocore , (1966) reported that prismless enamel was 
found to be present in more than 70 per cent of perma
nent teeth and covered the gingival third in 57 per cent 
of the teeth examined. Arakawa, Takahashi and 
Sebata, (1979) examined enamel surfaces etched with 
30 per cent H3P04 and reported that the Type 3 etching 

Fig. 6. Tooth surface etched with 60 per cent H~PO, . The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram. 
A. Type I etching pattern (SEM X 1500) 
B. Type 2 etching pattern (SEM X 1500) 
C. Type 1 and Type 2 etching patterns (SEM X 1500) 
D . Mixed etching pattern (SEM X 150) 

Fig. 7. Tooth surface etched with 70 per cent H3PO,. The different 
sites from which the photomicrographs were obtained are in
dicated on the diagram. 
A. Mixed etching pattern (SEM X 1500) 
B. Mild type 1 etching pattern (SEM X 1500) 
C. Type 3 etching pattern (SEM X 1500) 
D. Type 3 etching pattern (SEM X 1500) 

pattern in which no prism delineation was evident was 
confined to the cervical areas on the buccal surfaces. In 
the present study the Type 3 etching pattern was mainly 
observed in the cervical third of the facial surfaces of 
the etched maxillary incisor teeth but the Type 1 and 
Type 2 etching patterns were also seen at these sites. 
Prismless enamel also occurred in the middle and in
cisal thirds of the tooth surfaces. 
Arakawa et al (1979) also determined the extent of 
resin penetration into etched enamel at the cervical, 
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central and incisal margins of premolar teeth and re
ported that the tag lengths were considerably less at the 
cervical margins. They concluded that bond failure at 
the cervical region might also be attributed to the 
characteristics of etched cervical enamel. A direct rela
tionship between tag length and bond strength has not 
yet been demonstrated. We accept that .the bonding of 
dental resins to etched enamel is· mechanical in nature 
but we believe that adequate superficial roughness and 
increased .wettability of the etched enamel surfaces are 
more important in the bonding mechanism than resin 
penetration into the deeper porous zone. It has recently 
been reported that high bond strengths were obtained 
on enamel surfaces etched with 2 per cent H3P04 with
out tag formation (Soetopo et al 1978). It is therefore 
also not possible to define an etched enamel surface as 
retentive to dental resins purely on the distribution of 
the etching patterns and the qualitative evaluation of 
the extent of acid etching. 
The scanning electron microscope is an excellent tool 
for evaluating the etching action of H3P04 qualitati
vely. Because of the great variation in etching patterns, 
it cannot be used to quantitate the etching action of dif
ferent H3P04 concentrations. The present study 
showed that the overall etching effect of different con
centrations H3P04 was similar. As a consequence it was 
not possible to define the optimal concentration of 
H3PQ4 as an etching agent for intraoral use by scanning 
electron microscopy. Other methods such as tensile 
bond strength tests, microleakage stuclies and the de
termination of the amount of superficial enamel re
moved by the etching procedures should be employed 
for this purpose. 

ACKNOWLEDGEMENT 
This study was supported by USPHS Grant No. DE 
02670 from NIH-NIDR. The authors are indebted to 
Ms. Shirely Nolen for typing the manuscript. 

REFERENCES 

Arakawa, Y., Takahashi, Y. & Sebata, M. (1979) The Effect of Acid 
Etching on the Cervical Region of the Buccal Surface of the 
Human Premolar, with Special Reference to Direct Bonding. 
American Journal of Orthodontics, 76 201-208. 

Blumenthal, L.M. (1947) Recent German Developments in the Field 
of Dental Resins. Office of the Military Government for 
Germany (U.S.) . Fiat Report No. 1185. 

Bowen, R .L., (1962) Dental Filling Material . Comprising Vinyl 
Silane-treated Fused Silica and Binder Consisting of the Reaction 
Product of Bisphenol and Glycidyl-acrylate. U.S . . Patent No. 
3,066,112. 

Bowen, R.L. (1963) Properties of a Silica-reinforced Polymer for 
Dental Restorations . Journal of The American Dental Associa
tion, 66:57-64. 

Bowen, R.L. (1965) Development of an Adhesive Restorative Dental 
.Material. In: Adhesive Dental Restorative Materials - 11 , ed. 
Austin, R .H . et al, pp. 225-231. Washington: Public Health Ser
vice Publication No . 1494. 

Buonocore, M.G. (1955) A Simple Method of Increasing the Adhe
sion of Acrylic Filling Materials to Enamel Surfaces. Journal of 
Dental Research, 34:849-853. 

Buonocore, M.G . (1968) New Anterior Restorative Materials. Inter
national Dental Journal, 18:406-420. 

Buonocore, M.G . (1970) Adhesive Sealing of Pits and Fissures for 
Caries Prevention, with Use of Ultraviolet Light . Journal of The . 
American Journal of Orthodontics, 76: 201-208. 

Buonocore, M.G. , Matsui , A . & Gwinnett, A .J . (1968) Penetration of 
Resin Dental Materials Into Enamel Surfaces with Reference to 
Bonding. Archives of Oral Biology, 13:61-70. 

Evans, C.A . & Shaf, H .A . (1977) Acid-etch Technique Adopted for 
Splinting of Anterior Teeth: A Report of Marked Root Resorp
tion. American Journal of Orthodontics, 71 :317-319. 

Phosphoric acid-etching of enamel 

Ferreira, M. (1976) The Effects of Etching the Occlusal Surfaces of 
Human Permanent Teeth. A Scanning Electron Microscope 
Study. Journal of The Dental Association of South Africa, 31:391-
400. 

Gwinnett, A .J . (1967) The Ultrastructure of the " Prismless" Enamel 
of Permanent Human Teeth. Archives of Oral Biology, 13:381-
387. 

Gwinnett , A .J . (1971) Histologic Changes in Human Enamel Follow
ing Treatment with Acidic Adhesive Conditioning Agents, Arch
ives of Oral Biology, 16:731-738. 

Gwinnett , A .J. & Buonocore, M.G. (1965) Adhesives and Caries Pre
vention. A Preliminary Report . British Dental Journal, 119:77-80. 

'Gwinnett, A .J . & Matsui , A . (1967) A Study of Enamel Adhesives. 
The Physical Relationship Between Enamel and Adhesive, Archives 

of Oral Biology, 12:1615-1620. 
Hinding, J . (1973) The acid-etch Restoration: A Treatment for Frac

tured Anterior Teeth. Journal of Dentistry for Children, 40:21-24. 
Jorgensen , K.D. (1975) Congralateral Symmetry of Acid Etched 

Enamel Surfaces. Scandinavian Journal of Dental Research, 
83:26-30. 

Mitchem, J .C. & Turner , L.R. (1974) The Retentive Strength of 
Acid-etched Retained Resins. Journal of the American .Dental 
Association, 89:1107-1110. 

Miura, F ., Nakagawa, K. & Masuhara, E . (1971) New Direct Bonding 
System for Plastic Brackets. American Journal of Orthodontics, 
59:350-361. 

Moin , K. & Dogon, I.L. (1977) Indirect Bonding of Orthodontic.At· 
tachments . American Journal of Orthodontics, 72:261-275. 

Nelsen, R.J ., Wolcott , R .B. & Paffenbarger , G.C. (1952) Fluid Ex
change at the Margins of Restorations . Journal of The American 
Dental Association 44:288-295. 

Nelson , S.R ., Till , MJ . & Hinding, J .H . (1974) Comparison of Ma
terials and Methods Used in Acid Etched Restorative Procedures. 
Journal of The American Dental Association, 89:1123-1127. 

Ohsawa, T . (1972) Studies on Solubility and Adhesion of the Enamel 
in Pretreatment for Caries Preventive Scaling. Bulletin of Tokyo 
Dental College, 13:65-82. 

Otsuki, A. & Takeuchi , M. (1976) A Simple Fissure Sealant and its 
Tensile Bond Strength to Etched Bovine Enamel. Caries Re
search, 10:463-472. 

Philips ,' R. W. (1970) Composite Restorative Resins . Journal of T!Je 
American Dental Association, 80:357-358. 

Retief, D .H . (1973) Effect of Conditioning the Enamel Surface with 
Phosphoric Acid. Journal of Dental Research, 50:333-341. 

Retief, D.H. (1975) The Use of 50 Per Cent Phosphoric Acid as an 
Etching Agent in Orthodontics: A Rational Approach. American 
Journal of Orthodontics, 68:165-178. 

Retief, D.H. (1978) The Mechanical Bond. International Dental Jour
nal, 28:18-27. 

Retief, D.H ., Dreyer, C.J . & Gavron, G. (1970) The Direct Bonding 
of Orhtodontic Attachments to Teeth by Means of an Epoxy 
Resin Adhesive. American Journal of Orthodontics, 58:21-40 . . 

Relief, D .H ., Bischoff, J . & Van der Mel"l\'.e , E .H .M. (1976) Pyruvic 
Acid as an Etching Agent . Journal of Oral Rehabilitation, 3:245-
265. 

Reynolds , LR.and Von Fraunhofer, J .A. (1976) Direct Bonding of 
Orthodontic Brackets - a Comparative Study of Adhesives. 
British Journal of Orthodontics, 3:143-146. 

Ripa , L.W., Gwinnett, A.J . 9 Buonocore, M.G. (1966) The " Prism
less" Outer Layer of Deciduous and Permanent Enamel. Archives 
of Oral Biology, 11:41-48. 

Rock , W.P. (1974) The Effect of Etching of Human Enamel Upon 
Bond Strengths with Fissure Sealant Resins. Archives of Oral 
Biology, 19:873-877. 

Sheykholeslam, Z . & Buonocore, M.G. (1972) Bonding of Resins to 
Phosphoric Acid-Etched Enamel Surfaces of Permanent and De
ciduous Teeth. Journal of Dental Research, 51:1572-1576. 

Silverstone, L .M. (1974) Fissure Sealants. Laboratory Studies. Caries 
. Rese.arch . .8:2-26. 

Silvers'tone, L.M., Saxton , C.A., Dogon, I.L. & Fejerskov, O. (1975) 
Variation in the Pattern of Acid Etching of Human Dental 
Enamel Examined by Scanning Electron Microscopy. Caries Re
search 9:373-387. 

Soetopo, Beech, D .R. & Hardwick, J.L. (1978) Mechanism of Adhe
sion of Polymers to Acid-etched Enamel. Journal of Oral Rehabi
litation, 5:69-80. 

Williams, B. & Von Fraunhofer, J .A. (1977) The Influence of Time 
of Etching and Washing on the Bond Strength of Fissure ~alants 
Applied to Enamel. Journal of Oral Rehabilitation, 4:139-543. 

Williams, B., Von Fraunhofer, J.A. & Winter, G.B. (1976) Etching of 
Enamel Prior t!) Application of Fissure Sealants. Journal of Oral 
Rehabilitation, 3185-188. 

Tydskrifvan die T .V.S.A . -Maart 1982 

189 
http://etd.uwc.ac.za/ 
 



38 

An optimal concentration of phosphoric acid as an 
etching agent. Part I: Tensile bond strength studies 

E. W. Gottlieb, D.M.D., B.D.S., H. Dip. Dent.,• D. H. Retief, M.Sc., B.D.S., Ph.D. (Dent.), 0 

and H. C. Jamison, D.D.S., Dr. P.H.0
• 

University of Alabama, School of Dentistry, Birmingham, Ala. 

Etching enamel surfaces with phosphoric acid 
(H3P04) is an accepted and widely applied technique 
to improve bonding of dental resins to enamel in 
restorative dentistry, 1 in preventive dentistry,2 and for 
the direct bonding of orthodontic attachments.3 The 
concentrations recommended for clinical use range 
from 30% to 60%. Numerous in,vestigations have been 
carried out to define the optimal concentration of 
H 3P04 for use as an enamel etching agent. Tensile 
bond strength studies of dental restorative resins to 
enamel surfaces etched with different concentrations of 
H 3P04 have been used for this purpose.4

•
15 The optimal 

concentrations of H 3P04 recommended by these inves
tigators have ranged from 8% to 65%. 

This study was designed to determine an optimal 
concentration of H 3P04 as an enamel etching agent by 
means of tensile bond strength tests. 

MATERIAL AND METHODS 

Phosphoric acid solutions containing 10, 20, 30, 40, 
50, 60, and 70 w / w% H 3P04 were prepared, and the 
concentrations were confirmed by chemical analyses. 
Seventy human maxillary central incisors were used in 
this study. The facial surfaces of the crowns of the teeth 
were polished with 600 grit silicone carbide disks on a 
polishing machine (Buehler Ltd., Evanston, Ill.) with 
adequate water lubrication. The roots of the teeth were 
cut off, and undercut wedge-shaped grooves were 
prepared on the lingual aspects of the crowns with a 
diamond separating disk. This procedure provided for 
mechanical retention of the teeth in the embedding 

This study was supported by U.S. Public Health Service Grants No. 
02670 and 2 S07 RR05300. 

• i\ssistant Professor, Department of Operative Dentistry. 
**Professor, Department of Biomaterials. 
***Professor, Department of Community Dentistry. 
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medium during the testing procedures. The test system 
used to determine tensile bond strength kept the 
specimens properly align~d throughout. all the phases 
of testing: mounting, aging, ·and loading to failure. 16 

The apparatus consisted of: (1 ) two alignment blocks, 
(2) the bonding alignment block that ensured proper 
alignment during mounting, and (3) the measurement 
alignment block that ensured the proper alignment of 
the test specimens during loading to failure. Two types 
of specimen cups were available: one for the teeth and 
the other for the composite restorative material. The 
cups were held in the alignment blocks with mounting 
rods. An incisor crown was mounted in a tooth 
specimen cup with epoxy resin and the polished facial 
surfaces projected above the lip of the cup. The 
mounted specimens were stored in water. Final wet 
polishing of the exposed enamel surfaces was done just 
before the preparation of the test specimens with a 600 
grit silicone carbide polishing disk on the polishing 
machine. · 

Ten test specimens were prepared for each acid 
concentration, making a total of 70 specimens. A 
random distribution table was computer-processed to 
determine the order in which the specimens were to be 
prepared. The etching solutions were applied to the 
enamel surfaces with a cotton pledget and dabbed 
gently on the enamel surface for 1 minute to ensu're 
agitation of the etching solution. The etched enamel 
surfaces were washed well in running tap water for 15 
seconds to remove the reaction products , after which 
the tooth specimen cup was mounted in the bonding 
alignment block. The etched tooth surfaces were dried 
with a chip syringe, and the comp0site restorative 
system (Concise Composite, 3M Co., St. Paul, Minn.) 
was mixed according to the manufacturer's instructions 
and transferred to the composite cups with plastic 
instruments. The composite cups had . their necks 
tapered on the outside to a knife edge to ensure that the 
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PHOSPHORIC ACID AS AN ETCHING AGENT 

Table I. Phosphoric acid concentrations in etching solutions and mean tensile bond strengths of 
composite resin to enamel surfaces etched with different concentrations of phosphoric acid 

Phosphoric acid 
concentration No. of 

Procedure (W/l';i%) specimens 

A 9.6 10 
B 18.5 10 
c 31.7 10 
D 40 10 
E 49.7 10 
F 59.8 10 
G 70.9 10 

bonding surface of the composite in the cup remained 
constant. A unit was assembled in the bonding align
ment block, the composite was brought down to contact 
the enamel surface, and the composite cup was locked 
in position. The test specimens were allowed to cure at 
room temperature for 15 minutes under a load of 1 
pound. The bonded units were removed from the 
mounting block and immersed in 37°C water for 7 
days. 

The test specimens were mounted in the measure
ment alignment block, which was suspended in an 
Instron testing machine (Instron Corp., Canton, 
Mass.) . A tensile load was applied at a speed of 0.02 
inch/ min, and the force required to break an experi
mental specimen was recorded. The tensile bond 
strength was expressed in MN.m-2. The data were 
subjected to analysis of variance and Tukey's test for 
multiple contrasts at the 5% level of significance. 

RESULTS 

The H 3P04 concentrations of the various etching 
solutions expressed as w / w% H 3P04 and the means 
±SD of the tensile bond strengths are shown in Table 
I. The latter results are presented diagrammatically 
(Fig. 1 ). The results of the analysis of variance of the 
data are presented in Table II and indicate that there 
were statistically significant differences among the 
tensile bond strengths. The results obtained with 
Tukey's test for multiple contrasts are given in Table 
III. The mean tensile bond strengths are listed in 
descending order of magnitude, and bracketed means 
are not significantly different. The results indicated 
that the mean tensile bond strength of the composite 
resin to enamel etched with 70 w / w% H 3P04 was 
significantly lower than the mean tensile bond 
strengths obtained on enamel surfaces etched with the 
other concentrations of H 3P04• 
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Mean tensile 
bond strength 

(MN.m-2) 
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3.21 26 
2.53 15.5 
4.26 27.5 
3.43 31.7 
2.15 55 
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B C D E F G 
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Fig. 1. Mean ± SD of tensile bond strengths of com
posite resin to enamel surfaces etched with different 
qmcentrations of H3P04• 

DISCUSSION 

In this study there were no significant differences 
found in the tensile bond strengths of a composite resin 
to enamel surfaces etched with 10 to 60 w /w% H 3P04, 

but the tensile bond strength to enamel etched with 70 
w / w% H 3P04 was significantly lower. Similar findings 
were reported in a previous study in which the tensile 
bond strength of an epoxy resin adhesive was eval
uated.10 Ohsawa5 found that the optimal tensile bond 
strength of a cyanoacrylate resin was obtained on 
enamel surfaces etched with 3M H 3P04 ( ± 24 w /w3 
H 3P04) . The retentive strengths of acrylic resin Class 
IV restorations were not significantly different when 
253 and 50% H 3P04 etching solutions were used but 
decreased significantly with 75% H 3P04•8 The tensile 
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Table II. Analysis of variance of the tensile bond strength data 

Sum of Degrees of 
Source squares freedom 

Procedure 1,387.13 6 
Residual 963.39 63 
Total 2,350.52 69 

Table III. Tukey's test for multiple contrasts 

Phosphoric acid 
concentration 

Procedure (w/w%) 

A 9.6 
D 40 
E 49.7 
B 18.5 
c 31.7 
F 59.8 
G 70.9 

*Bracketed means are not significantl y different. 

bond strengths of a polymeric fissure sealant to enamel 
surfaces etched with 30%, 50%, and 70% H 3P04 were 
not significantly different. 14 In another study H 3P04 

concentrations ranging from 0.5 w / w% to 88 w /w% 
were evaluated and maximum tensile bond strengths of 
a composite resin to enamel surfaces etched with 20 
w/ w% H 3P04 recorded.15 

Etching of enamel surfaces with H 3P04 results in 
total loss of superficial enamel and preferential dissolu
tion of the underlying enamel. The latter process 
produces the qualitative and quantitative porous 
zones17 into which the curing resin flows to produce the 
resin tags that bond the resin mechanically to the 
etched enamel. The depth of etch or the amount of 
superficial enamel removed during the etching proce
dure is dependent on the acid concentration and the 
duration of etch. The depth of etch produced by a 
1-minute application of different concentrations of 
H 3P04 was measured with a surface roughness testing 
machine. 10 The depth of etch ranged from 10 to 12 µm 
with 10 to 45 w / w% H 3P04, dropped to 7 µm with 50 
w / w% H 3P04, and decreased to 3.5 µm with 60 w /w% 
H 3P04• Similar results were recorded when the depths 
of etch obtained with a 1-minute application of H 3P04 

ranging in concentrations from 20% to 70% were 
measured microscopically .18 When an optimal concen
tration of H 3P04 as an etching agent is advocated, the 
depth of etch should also be considered. 

50 

Critical value of 
variance ratio at 

Mean Variance 5% level of 
squares ratio significance 

231.19 15.12 3.12 
15.29 
34.07 

Mean• Low limit 

["~ 
13.05 

16.38 II.OS 

:::;]]] 10.2 
9.78 

[12.35 7.02 
10.82 5.49 
3.91 -1.42 

Scanning electron microscopy has also been used to 
determine the optimal concentration of H 3P04 as an 
etching agent. It was suggested that 30% H 3P04 was 
the most satisfactory conditioning agent. 18 Etching of 
enamel surfaces with H 3P04 produced great variations 
in etching patterns not only from one tooth to another 
but also in adjacent areas of the same tooth. Although 
the scanning electron microscope is an excellent tool to 
examine tooth surfaces qualitatively, it should not be 
used to quantitate the etching action of conditioning 
solutions. 19 

Another factor that should be considered when 
proposing an optimal concentration of H 3P04 as an 
etching agent is the reaction products that are formed 
on the enamel surfaces during the etching procedure. 
Phosphoric acid concentrations greater than - 27% 
produce monocalcium phosphate monohydrate as the 
main reaction product, while dicalcium phosphate 
dihydrate is formed with H 3P04 concentrations less 
than - 27% H 3P04•

20 The former product is readily 
soluble and would be completely washed away in the 
clinical situation, while the latter product is less 
soluble. The products, if not completely removed after 
the etching procedure, may interfere with the bonding 
of composite resins to etched enamel surfaces. 

Although similar tensile bond strengths of a compos
ite resin to enamel structures etched with 10 to 60 
w /w% H 3P04 were obtained in this study, the higher 
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concentrations are advocated as etching agents. The 
higher concentrations will remove less superficial 
enamel during the etching procedure and produce 
reaction products that are readily soluble. 

CONCLUSIONS 

The tensile bond strengths of a composite resin to 
enamel surfaces etched with 10 to 60 w / w3 H 3P04 

were not significantly different. Etching with 70 w / w3 
H 3P04 resulted in significantly lower tensile ·bond 
strengths. 
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1 

Etching of enamel surfaces with orthophosphoric acid (H
3

Po
4

) 

is an accepted and widely applied technique to improve the bonding of 

dental resins to enamel in restorative and preventive dentistry, in 

orthodontics for the direct bonding of orthodontic attachments and in 

periodontics for the stabilization of loose teeth. The optimal 

concentration of phosphoric acid as an etching agent for intraoral use 

. . 1 1 is controversia • This situation is demonstrated by the fact that 

the concentration of H
3

Po
4 

supplied with commercial dental 

products range from 30 % to 60 %. Various laboratory techniques have 

been used to estimate the optimal concentration of H
3

Po
4

• These 

2-4 techniques included tensile bond strength tests scanning 

electron microscopy
5 

and the determination of the depth of etch or 

the amount of superficial enamel removed by the etching 

2 5 procedure. ' 

The purpose of this in vitro study was to determine the total 

amount of calcium removed, the depth of etch or amount of superficial 

enamel dissolved and the amount of subsurface calcium dissolved by 

different concentrations H
3

Po
4

• 

MATERIAL AND METHODS 

Phosphoric acid solutions containing approximately 10, 20, 30, 

40, 5 0, 6 0 and 7 0 ml m % H
3 

PO 
4 

were made up and the concentrations 

determined by chemical analysis. The actual concentrations of the 

phosphoric acid solutions are given in Table I. 

One hundred twenty-six noncarious human maxillary central incisor 

teeth were used in this investigation. The teeth were cleaned on a 
http://etd.uwc.ac.za/ 
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dental lathe with a water slurry of pumice after extraction and stored 

in 7 0 % ethanol at room temperature. The facial surfaces of the teeth 

were cleaned with a cotton pellet soaked in acetone and then dried 

with compressed air. 1 . . 6 f d Ename Biopsies were per orme on the middle 

third of the facial surfaces. Annular adhesive disks with an outer 

diameter of 5 mm and inner diameter of 3 mm were punched from adhesive 

tape (No. 471, 3M Company, St. Paul, MN) with microtrephines (Roboz 

Surgical Instrument Co., Washington, D.C.). A disk was placed on the 

middle third of the facial surface of a tooth and burnished carefully 

to ensure good marginal adaptation of the disk to the tooth surface. 

Special filter paper disks (Millipore Corporation, Bedford, MA) with 

an adhesive tape backing were prepared and handled with a fine-pointed 

dissecting tweezers. Onto each of the disks 10 µl of H
3

Po
4 

were 

pipetted and the exposed area on each tooth etched for 1 minute. 

Intermittent pressure, timed with a metronome, was exerted on the disk 

with the tweezers to ensure controlled agitation of the etching 

solution. Immediate 1 y aft er etching, the exposed area was swabbed 

with a second filter paper disk, 5 mm in diamter, to absorb residual 

etching solution. The filter paper disks were transferred to 2 ml of 

deionized water. Eighteen teeth were etched with each specific acid 

concentration. 

Calcium was determined in the etching solutions with a calcium 

analyzer (No. 940, Corning Medical, Medfield, MA). This procedure is 

based on the fluorescence of calcein in the presence of calcium ions. 

Calcium in the samples was chelated by EGTA [ethyleneglycol-bis 

(B-amino ethyl ether) N, N1 tetraacetic acid] in the titration 
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solution and the fluorescence was read against a predetermined 

7 
level. 

Eight of the 18 teeth from each group was embedded in a polyester 

casting resin (Bio-Plastic, Ward's Natural Science Establishment, 

Inc., Monterey, CA). These serial sections, approximately 250 µm 

thick, were cut through each etched area with a low speed saw (Isomet, 

Buehler Ltd., Evanston, IL). The depth of etch on the sections was 

measured by polarized light microscopy (Ortholux, Leitz, Wetzlar, West 

Germany) using a calibrated eyepiece. The data were subjected to an 

analysis of variance, Tukey's test for multiple contrasts ~d 

Scheffe's test at the 5 % level of significance. 

RESULTS 

The total calcium dissolved by each phosphoric acid concentration 

2 was calculated and expressed as µg Ca/mm of tooth surface. The 

results are presented diagrammatically in Fig. 1. Analysis of 

variance of the data showed that there were significant differences in 

the total amount of calcium dissolved for the various concentrations. 

The results obtained with Tukey's test for multiple contrasts are 

given in Table II. The means of the total calcium dissolved are 

listed in descending order of magnitude and the means bracketed by 

vertical lines are not significantly different. The 40 % H
3

Po
4 

solutions dissolved the greatest amounts of total calcium. 

The measured depth of etch resulting from exposure to the 

different concentrations of phosphoric acid is given in Table III and 

the results presented diagrammatically in Fig. 2. Analysis of the 
http://etd.uwc.ac.za/ 
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data by Scheffe' s test showed that the only significant differences in 

etch depth were between 10 % and 40 %, 30 % and 70 %, and 40 % and 

70 % (Table IV). 

The amount of calcium dissolved from the subsurface enamel by 

each acid concentration was calculated as follows: 

Total calcium 

dissolved 

-2 
µg Ca • nm 

Calculated calcium 

in measured etch depth 

-2 
µg Ca • mm 

= 
Subsurface calcium 

dissolved 

µg Ca • 
-2 

mm 

The results are presented diagrammatically in Fig. 3. 

DISCUSSION 

The total calcium dissolved represents calcium derived from the 

superficial enamel and the subsurface enamel. The superficial enamel 

dissolved is equivalent to the depth of etch and is of clinical 

importance because this enamel loss is permanent. The depth of etch 

produced by different concentrations of phosphoric acid has been 

measured previously by means of a surface roughness measuring 

. 2 b 1 . d l' h . 5 d machine or y po arize ig t microscopy. In the present stu y 

the mean measured depths of etch were greater than those previously 

reported for a 1 minute etch time. In the latter studies a single 

measurement was used to record the depth of etch produced by a 

specific H
3

Po
4 

concentration. Measurement of the etch of depth by 

polarized light microscopy is difficult because the margins of the 

etched areas are often ill-defined. This explains the wide range of 

etch depths recorded in this study (Table III). 
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In addition to the superficial enamel lost, etching of enamel 

with H
3

Po
4 

produces preferential dissolution of the underlying 

en a me 1. A quantitative imbibition technique was used to evaluate the 

subsurface porous zones produced in enamel surfaces etched with 30 % 

H
3

Po
4 

for 1 minute.
8 

Qualitative and quantitative porous zones 

were identified deep to the superficial etched zone. Penetration of 

dental resins into the subsurface porous zones is responsible for the 

mechanic a 1 bonding of the res in sys terns to etched enamel. Res in tags 

up to 50 µm in length have been shown to extend into etched 

9 enamel. Whether this extent of resin penetration into etched 

enamel is necessary for the successful retention of dental resins to 

etched enamel in the clinical situation is debatable. A direct 

relationship between tag length and bond strength of dental resins to 

etched enamel has not yet been demonstrated. 

In the clinical situation it is extremely difficult to confine 

the etching agent to a specific site. Loss of fluoride-rich enamel 

from areas adjacent to the intended application sites and not sub-

sequently covered by the dental resin could be detrimental. Subsur-

face enamel demineralization is not as serious because evidence has 

been produced by electron microprobe analysis that acid demineralized 

enamel was successfully remineralized in vitro when exposed to a 

. f . . 10 d . . calci ying solution an in~ when exposed to the oral 

. 11 
environment. 

Other factors such as the reaction products which are formed on 

the enamel surfaces during the etching procedure and the effect on the 

dental resin-etched enamel bond strength should also be considered 
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before proposing a specific concentration of tt3Po4 as an etching 

agent for intraoral use. These were discussed fully in a recent 

bl
. . 4 

pu 1cat1on. 

CONCLUSIONS 

The total amount of calcium dissolved increased with an increase 

in H3Po 4 concentration and reached a maximum with 40 % H3Po4 . 

A further increase in acid concentration resulted in a decrease in the 

total calcium dissolved. The measured depth of etch followed a 

similar pattern. The amounts of subsurface calcium dissolved with 

phosphoric acid concentrations ranging from 10 % to 60 % were not 

significantly different. 
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Table I. H3Po4 concentrations in etching solutions 

Solution 

A 
B 
c 
D 
E 
F 
G 

m/m % 

9.59 
18.52 
31.66 
39 .95 
49 .65 
59. 78 
70.91 

9 
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Table II. Total calcium dissolved by different concentrations 
phosphoric acid 

Approximate Number Mean calcium 
acid concentration of dissol~Zd 

m/m % specimens µg.mm 

* 40 18 132. 59 
30 18 30.18 
50 18 28.95 
20 18 123 .96 
60 18 22.56 
10 18 13.94 
70 18 9.90 

* 

±SD 

2.42 
3.44 
3.84 
2.12 
3.24 
2 .09 
1.99 

Means bracketed by vertical lines are not significantly different. 

10 
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Table III. Measured depth of etch of enamel etched with various concentrations H
3

Po
4 

for 1 minute 

Approximate Number Number Mean depth Range of 
acid concentration of of specimens of etch depth of etch 

m/m % specimens measured ± µm SD µm 

10 8 4 10.3 4.3 5-15 
20 8 7 18.3 3.2 12-22 
30 8 8 21.5 5.8 12-30 
40 8 8 22.3 6.3 17-37 
50 8 8 18.0 3.3 14-22 
60 8 6 12.8 6.3 7-25 
70 8 6 8.3 6.2 6-19 

1-4 
1-4 http://etd.uwc.ac.za/ 
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Table IV. Analysis of the measured depth of etch data 

[ACID] 10 20 30 40 50 60 70 

10 NS NS NS NS NS NS 

20 NS NS NS NS NS NS 

30 NS NS NS NS NS ID 
40 m NS NS NS NS ID 
50 NS NS NS NS NS NS 

60 NS NS NS NS NS NS 

70 NS NS NS NS NS NS 

NS Not Significant 
m Significant 

http://etd.uwc.ac.za/ 
 



N 

'E 
E 

8 
Cl 

30 

T-20 c 
0 ·-s 
0 en en 
i:5 
Q) 

E 10 
0 
c w 

J±so 

20 30 40 50 60 70 
H3P04 Concentration-m/m 0/o 

Fig. 1. Mean ± SD of total calcium dissolved by different H3Po4 
concentrations. 

13 

http://etd.uwc.ac.za/ 
 



E 
::::i.. 
I 

..c 

25 

G]20 -0 
..c -Q. 
Q) 

0 
"'O 
Q) 
"-
=3 

~ 10 
~ 

I ±S.D. 

10 20 30 40 50 60 70 
Hl'04 Concentration - mlm% 

Fig. 2. Measured depth of etch of enamel etched with various 
concentrations of H3Po4 for 1 minute. 

14 

http://etd.uwc.ac.za/ 
 



N 

E 
E 

' 

15 

10 

CJl 5 
:i. 

I ± S.D. 

20 30 40 50 60 70 H3P04 Cone. 
mlm% 

Fig. 3. Mean ± SD of subsurface calcium dissolved by different 
tt

3
Po

4 
concentrations. 

15 

http://etd.uwc.ac.za/ 
 



Journal of Prosthetic Dentistry (In press) 

An optimal concentration of phosphoric acid as an etching agent. 
Part II: Microleakage studies 

J.D. Gross, B.S., D.R. Retief, MSc., B.D.S., Ph.D. (Dent.)* and 
E.L. Bradley, Ph.D~** 

40 

University of Alabama School of Dentistry and Department of Biostatistics**, 
University of Alabama in Birmingham, Birmingham, AL. 

This study was supported by NIH Grant #T35 HL07473-03. 

Undergraduate Dental Student. 
*Professor, Department of Biomaterials. 
**Associate Professor, Department of Biostatistics. 

http://etd.uwc.ac.za/ 
 



1 

Etching of enamel surfaces with orthophosphoric acid (H
3

Po
4

) is an 

accepted and widely applied technique in dentistry to improve the bonding . of 

dental resins to enamel in restorative and preventive dentistry, in 

orthodontics for the direct bonding of orthodontic attachments and in 

periodontics for the stabilization of loose teeth. 

The optimal concentration of H
3

Po
4 

as an etching agent for intraoral 

use . . 1 1 is controversia • This situation is demonstrated by the fact that the 

concentrations of H
3

Po
4 

etching solutions supplied with commercial dental 

res ins range from 30 % to 60 %. Various laboratory techniques have been used 

to determine the optima 1 concentration of H
3

Po
4

• These techniques included 

2-4 
tensile bond strength tests . 1 . 5 6 d scanning e ectron microscopy, ' an the 

determination of the depth of etch or the amount of superficial enamel removed 

2 7 8 
by the etching procedure. ' ' The effect of different concentrations 

H
3

Po
4 

on microleakage at the dental restorative resin - etched enamel 

interface has not previously been studied. 

The objectives of this in vitro study were to determine the effect of 

etching solutions containing different H
3

Po
4 

concentrations on marginal 

leakage of a composite restorative resin placed in Class V cavity preparations. 

MATERIAL AND METHODS 

Phosphoric acid solutions containing approximately 10, 20, 30, 40, 50, 60 

and 70 m/m % H
3

Po
4 

were prepared and the exact chemical composition 

determined by chemical analysis. The phosphoric acid concentrations are given 

in Table I. 

Noncarious human premolar teeth free from defects were used in this 

http://etd.uwc.ac.za/ 
 



2 

investigation. The extracted teeth were cleaned on a dental lathe with a water 

slurry of flour of pumice and stored in 70 % ethanol at room temperature. 

Class V cavities were prepared in the middle third of the facial surfaces of 90 

teeth. All preparations were made as uniform as possible with regard to 

instrumentation, outline and retentive form, and depth. The cavities were 

prepared with 4F 56 plain tungsten carbide burs in a high speed handpiece 

equipped with a water spray. A bur was discarded after the preparation of 5 

cavities. The outline form of the preparations was rectangular and the 

preparations extended 4 mm mesio-distally with a width of 3 Ilml. The 

preparations extended into dentin to a total depth of 2.5 mm. Butt 

preparations with 90° cavosurface margins were prepared and the margins 

finished with a 4F 10-11 hatchet (American Dental Manufacturing Co., Missoula, 

MT). 

A random-distribution table was computer-processed to determine the order 

in which the restorative procedures were to be performed. It was designed so 

that each of the nine restorative procedures was represented in each 

consecutive group of nine restorations. Each tooth was restored immediately 

after cavity preparation. The preparations were washed well with water and 

dried with compressed air. The floors of the cavities were lined with a thin 

layer of Dycal (L.D. Caulk Company, Miford, DE) to simulate pulp protection in 

the clinical situation. In the control group of 10 teeth the cavities were not 

etched, while in the 70 experimental teeth, 10 were etched with a specific 

H
3

Po
4 

concentration. An etching solution was applied for 60 seconds with 

endodontic paper points to the cut enamel within the preparations. In another 

10 teeth 40 % H
3

Po
4 

was also applied to the enamel surfaces adjacent to the 

margins of the preparations. The preparations were washed well with water to 
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ensure complete removal of the reaction products and the cavities dried with 

compressed air. The composite resin (Concise Composite, Dental Products/3M, 

St. Paul, MN) was mixed according to the manufacturer's instructions and 

transferred to the cavity preparations with plastic instruments. The 

preparations were slightly overfilled and the composite resin allowed to cure 

under Mylar strips held with firm finger pressure for 5 minutes. Gross excess 

of the composite resin was removed after 15 minutes with a coarse Sof-Lex disc 

(Dental Products/3M, St. Paul, MN). The restored teeth were placed in 

distilled water at 37°C for 48 hours and the restorations then finished with a 

graded series of Sof-Lex discs. The restorations in the 10 teeth in which the 

enamel adjacent to the preparations was etched with 40 % H
3

Po
4

, were 

finished to produce 1 11llll wide featheredge extensions of the resin. 

The restored teeth were coated with two applications of clear nail varnish 

leaving 1 mm around the restorations free of nail varnish. Aluminum foil was 

adapted to the teeth leaving the restorations exposed and a final coat of nail 

varnish was applied. The teeth were subjected to 200 complete temperature 

. 45 1 . ( 1 . ·1 ) . . cycles in a Ca so ution aqueous CaC 
2 

solution, 0.1 mCi ml in a cycling 

machine (Transtemp, W.B. O'Neal, Birmingham, AL). The teeth were cycled 

between baths at 5°C ± 1°C and 55°C ± l°C, respectively, and the dwell time 

in each bath was 30 seconds. The aluminum foil and the underlying nail varnish 

were removed and the teeth thoroughly scrubbed with a brush and soap. Each 

tooth was sectioned longitudinally in a bucco-lingual direction through the 

middle of the Class V restoration. One half of a sectioned tooth was scrubbed 

free of debris and dried with compressed air. Autoradiographs were prepared 

with A.N. Standard Speed Group D dental X-ray film (Eastman Kodak Co., 

Rochester, NY) sandwiched between the sectioned surface of a tooth and a 
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glass microscope slide. The prepared specimens were individually stored in 

light-proof envelopes for 18 hours. The teeth were then briefly exposed to 

X-ray irradiation while still in the envelopes. The envelopes were placed at 

the tip of a General Electric 1000 X-ray machine (General Electric Co., 

Milwaukee, WI) and exposed to 60 kVp, 10 mA for 4 impulses. The X-ray films 

were developed by conventional methods. 

Microleakage was scored at the occlusal and the cervical margins of the 

restorations and the number of restorations with no leakage, leakage in the 

ename 1 and leakage extending beyond the amelo-dentinal junction recorded. The 

data were analyzed by Chi-square test for contingency tables and Duncan's 

multiple range test. 

RESULTS 

Analysis of the microleakage data showed that cervical microleakage was 

significantly greater than occlusal microleakage with all the H
3

Po
4 

concentrations. When the enamel margins of the preparations were not etched, 

all the restorations leaked at both the cervical and occlusal margins (Table 

II). Microleakage at the cervical margins of butt restorations when 40 % 

H
3

Po
4 

was used as the etching agent was significantly reduced when the 

composite resin was extended 1 mm beyond the margins of the preparations to 

produce featheredge restorations. Microleakage at the occlusal margins, 

however, was not significantly different (Table III). 

The results of the analysis of the data by Duncan's multiple range test 

are given in Table IV. Micro leakage is listed in descending order of 

magnitude. Means which are bracketed by vertical lines are not significantly 
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different. Et ch ing with all the H
3

Po 
4 

concentrations did not significantly 

reduce cervical microleakage when compared to restorations where the enamel 

margins were not etched. Microleakage at the occlusal margins was 

significantly reduced with all the acid concentrations when compared to the 

unetched restorations. Microleakage at the occlusal margins of restorations 

placed in une t che d preparations or preparations etched with 70 % H
3

Po
4 

was 

not significantly different. Etching with 40 % H
3

Po
4 

produced the greatest 

re duet ion in oc c 1usa1 micro leakage al though not significantly different than 

with acid concentrations ranging from 10 to 60 %. 

DISCUSSION 

The microleakage observed at the cervical margins of restorations was more 

severe than the occlusal microleakage. Similar findings were obtained in 

recent d . . d . 1 b . 9- 11 
stu ies carrie out in our a oratories. Despite the fact that 

the cavity preparations were made in the middle third of the facial surfaces of 

the premo 1 ar teeth, the enamel thickness was considerably less at the cervical 

than at the oc c lusal margins of the preparations. It has been suggested that 

the thinness of enamel at the cervical margins of Class V restorations could be 

an important factor determining the more extensive penetration of dyes and 

radioisotopes at the cervical margins of Class V restorations.
12 

Acid 

etching of the enamel margins of the preparations with any of the H
3

Po
4 

concentrations did not significantly reduce cervical microleakage when compared 

to the unetched restorations. When using 40 % H
3

Po
4

, extension of the 

composite resin to 1 mm beyond the margins of the preparations to produce 

featheredge restorations significantly reduced cervical microleakage. Similar 
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. . b . d b . . 13-15 findings were o taine y other investigators. Acid etching of butt 

preprations so effectively reduced microleakage at the occlusal margins of the 

restorations that ex tension of the resin to produce featheredge restorations 

had no additional beneficial effect on occlusal microleakage. 

In a recent study it was reported that the tensile bond strengths of a 

composite resin to enamel surfaced etched with 10 to 60 m/m % H
3

Po
4 

were 

not significantly different but that etching with 70 m/m % H
3

Po
4 

resulted 

4 in significantly lower tensile bond strengths. It was also found that the 

contact angle of a low viscosity bonding resin to enamel surfaces polished on 

600 grit silicon carbide paper was significantly greater than on polished 

enamel surfaces etched with 10 to 70 m/m % H
3

Po
4

• The contact angle of the 

resin on polished enamel surfaces etched with 70 % H
3

Po
4 

was, however, 

significantly greater than on polished enamel surfaces etched with the other 

acid concentrations (unpublished data). The etching effect of different 

concentrations H
3

Po
4 

ranging from 10 - 70 m/m % on enamel surfaces was 

. d b . 1 . 6 studie y scanning e ectron microscopy. It was not possible to distinguish 

between the etching effects produced by the different acid concentrations. 

These findings suggest that H
3

Po
4 

solutions from 10 to 60 m/m % may be 

suitable for intraoral use. 

Other findings shou 1 d be cons ide red before advocating the optimal 

concentrations H
3

Po
4 

for intraoral use. Etching of the enamel surfaces 

with H
3

Po
4 

results in total loss of superficial enamel and preferential 

dissolution of the underlying enamel. The depth of etch or the amount of 

superficial enamel removed during the etching procedure is dependent on the 

acid concentration and the duration of etch. The depth of etch produced by a 

1- minute app 1 i cat ion of different concentrations H
3

Po
4 

was measured with a 
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surface roughness 
. . 2 

testing machine. The depth of etch ranged from 10 to 20 

µm with 10 to 45 m/m % H
3

Po
4

, decreased to 7 µm with 50 m/m % H
3

Po
4

, 

and further decreased to 3.5 µm with 60 m/m % H
3

Po
4

• Similar results were 

recorded when the depths of etch obtained after a 1- minute application of 

H
3

Po
4 

ranging in concentrations from 20 % to 70 % were measured 

. . 11 7 
microscopica y. The more concentrated H

3
Po

4 
solutions produced less 

superficial enamel dissolution than the less concentrated solutions • 

. The reaction products that are formed on enamel surfaces exposed to 

different concentrations H
3

Po
4 

should also be considered. Phosphoric acid 

concentrations greater than - 27 % produce monocalcium phosphate monohydrate 

(MCPM) as the main reaction product, while dicalcium phosphate dihydrate (DCPD) 

is formed with acid concentrations less than - 27 % H
3

Po
4

•
16 

MCPM is 

readily soluble and would b ·e completely washed away from the etched enamel 

surface in the clinical situation. DCPD is less soluble than MCPM and if it is 

not comp 1ete1 y washed from an etched enamel surface it may interfere with the 

bonding of the dental resin to the etched enamel surface. The more 

concentrated H
3

Po
4 

solutions are advocated for intraoral use. 

CONCLUSIONS 

Under the experimental conditions used in this study, the following 

conclusions may be drawn: 

1 • Microleakage at the cervical margins of restorations was significantly 

greater than at the occlusal margins. 

2. Micro leakage of featheredge restorations when compared to butt 

restorations was significantly reduced at the cervical margins only. 
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3. Ac id et ch ing with all acid concentrations except 70 % significantly 

reduced marginal leakage at the occlusal margins of restorations. Acid etching 

had no significant different effect on microleakage at the cervical margins. 
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Table I. Approximate and exact phosphoric acid 
concentrations in the etching solutions 

Approximat: H3Po
4 concentration m/m % 

10 

20 

30 

40 

50 

60 

70 

Exact H
3

Po
4 concentration m/m % 

10 .1 

20.2 

30 .3 

40.4 

50.5 

60 .3 

70.9 

11 
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Table II. Microleakage at the cervical and occlusal margins of the restorations 

H3Po4 . 
Concentration 

NO ETCH 

10 

20 

30 

40 

50 

60 

70 

Number of 
specimens 

10 

10 

10 

10 

10 

10 

10 

10 

Cervical microleakage 

Number of specimens 
with no leakage 

0 

0 

2 

0 

2 

1 

0 

0 

Occlusal microleakage 

Number of specimens 
with no leakage 

0 

6 

6 

7 

8 

5 

5 

3 

p value 

1 

< 0.001 

< 0.005 

< 0.001 

< 0.01 

< 0.001 

< 0.001 

< 0.001 

I-' 
N 
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Table III. Microleakage at the cervical and occlusal margins of butt and featheredge restorations 

Procedure 

Butt 
restorations 
40 % H

3
Po

4 

Featheredge 
restorations 
40 % H

3
Po

4 

Number of 
specimens 

10 

10 

Cervical microleakage 

Number of specimens 
with no leakage 

2 

7 

p value 

0.02 

Occlusal microleakage 

Number of specimens 
with no leakage 

8 

7 

p value 

0.35 

f-' 
w 
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Table IV. Duncan's multiple range test of cervical and occlusal microleakage data 

Number of 
specimens 

10 

10 

10 

10 

10 

10 

10 

10 

Cervical microleakage 

Number of specimens 
with no leakage 

* 2 

2 

1 

0 

0 

0 

0 

I o 

H3Po4 . 
concentration 

40 

20 

50 

70 

60 

30 

10 

NO ETCH 

Occlusal microleakage 

Number of Specimens 
with no leakage 

* 8 

7 

6 

6 

5 

5 

I : 

H3Po4 . 
concentration 

40 

30 

10 

20 

50 

60 

70 

NO ETCH 

*Means which are bracketed by vertical lines are not significantly different. 

t-' 
.i::-

http://etd.uwc.ac.za/ 
 



41 

Journal of Prosthetic Dentistry (In press). 

An optimal concentration of phosphoric acid as an etching agent. Part III. 
Enamel wettability studies. 

D.H. Retief, M.Sc., B.D.S., 

*** Jamison, D.D.S., Dr. P.H. 

* ** Ph.D. (Dent.) , J.C. Middleton, B.S. and H.C. 

University of Alabama School of Dentistry, University of Alabama in Birmingham 
and Southern Research Institute, Birmingham, AL 35294. 

* Professor, Department of Biomaterials. 
** Assistant Chemist, Southern Research Institute. 
*** Professor, Department of Community Dentistry. 

http://etd.uwc.ac.za/ 
 



1 

The concept of conditioning enamel surfaces with orthophosphoric acid 

(H
3

Po
4

) to increase the bonding of dental restorative resins to enamel was 

1 
first proposed by Buonocore. Pioneer studies in which the physical relation-

ship between acrylic restorative resins and etched enamel surfaces were clarifi-

ed paved the way for the acceptance of the acid-etch technique as an integral 

part of restorative and preventive procedures involving composite and unfilled 

dental . 2 '3 resins. The curing dental resins flow into the microspaces created 

in the enamel surface by the etching agent. These resin tags bond the resins 

me ch an ic a 11 y to the etched enamel. 4 For this to occur the curing resin must 

establish intimate interfacial contact with the etched enamel surface. The 

process whereby interfacial contact is established is called wetting. 5 The 

extent to which a dental resin will wet a surface depends on the viscosity of 

the res in, 
6 

the shape of the irregularities on the surface of the adherend, 

and the contact angle, e, at which the surface of the resin drop meets the 

7 
surface of the adherend or substrate. Since the tendency for a liquid to 

spread on a solid surface increases as 8 decreases, the contact angle is a 

useful inverse measure of wettability and hence cosine 8 is a useful direct 

7 
measure. 

In the clinical situation the retention of composite restorative resins and 

pit and fissure sealants is achieved by acid etching enamel with H
3

Po
4 

prior to the application of the resins. As a result of the increased 

wettability of the etched enamel by the curing resins, the retention of the 

cured resins to etched enamel is mechanical in nature. 

Enamel is a heterogeneous anisotropic material and contact angle 

determinations performed on teeth showed that plane ground but otherwise 

untreated enamel surfaces were covered with low energy materials which are 

proba b 1 y derived from the organic phase of enamel. 8 The wettability of enamel 
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surfaces by resin systems was considerably improved by treating the enamel 

. . . .d9 . . 10,11 0 12-15 
surfaces with citric aci , lactic acid and H

3
P 

4
• 

The optimal concentration of H
3

Po
4 

as an etching agent for intraoral 

use . . 1 16 is controversia • This situation is demonstrated by the fact that the 

concentrations of H
3

Po
4 

etching solutions supplied with commercial dental 

res ins range from 30% to 60%. Various laboratory procedures have been used to 

determine the optimal concentration of H
3

Po
4

• These techniques included 

tensile bond strength 
1 7 19 

tests ' , 
. 20 21 

scanning electron microscopy ' , the 

determination of the depth of etch or amount of superficial enamel removed dur-

22 23 24 
ing the etching procedure ' , and microleakage studies. 

The purpose of this in vitro study was to determine the wettability of 

enamel surfaces etched with different concentrations H
3

Po
4 

by a low 

viscosity dental resin. 

MATERIAL AND METHODS 

Phosphoric acid solutions containing approximately 10, 20, 30, 40, 50, 60 

and 70 m/m % H
3

Po
4 

were prepared and the exact chemical composition 

determined by chemical analysis. The phosphoric acid concentrations are given 

in Table I. 

Extracted noncarious human maxillary central incisors with flat, smooth sur-

faces were selected for this study. After extraction the teeth were cleaned on 

a dental lathe with a water slurry of flour of pumice and stored in 70 % ethanol 

at room temperature. The experimental design is shown in Figure 1. Two hundred 

and ten teeth were used in this study. The facial surfaces of 80 teeth were 

cleaned with a rubber cup and flour of pumice. Ten of these teeth were not etch-

ed while a specific H
3

po
4 

concentration was used to etch the facial surfaces 
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of 10 teeth. The facial surfaces of another 80 teeth were ground wet on 600 

grit silicon carbide discs in a polishing machine (Buehler Ltd., Evanston, IL). 

Ten of these teeth were not etched and a similar number were etched with a 

specific tt
3

Po
4 

concentration. The facial surfaces of another 50 teeth were 

ground wet on 60, 180, 240, 320 and 400 grit silicon carbide discs, 

respectively, on the polishing machine. The surfaces of these teeth were not 

etched. The polishing and grinding procedures were done just prior to the con-

tact angle measurements. The tt
3

Po
4 

solutions were applied to the tooth sur-

faces for one minute with cotton pellets using a dabbing action. The etched 

surfaces were washed well in running deionized water and the surfaces dried with 

a chip syringe. The etching of a tooth surface was done immediately prior to 

the contact angle measurement on that surface. 

The resin system used was Resin A of Concise Enamel Bond System (Dental 

Products/3M, St. Paul, MN). It is a low viscosity bis-GMA resin diluted with 

a 1 i p hat i c diacrylates and contains the initiator. A Gilmont micrometer syringe 

(Gilmont Instruments, Inc., Great Neck, NY) was filled with the resin and fitted 

to the microsyringe attachment of a NRL Contact Angle Goniometer (Rame - Hart, 
I 

Inc., Mountain Lakes, NJ). A tooth was mounted on the adjustable stage of the 

instrument and the stage adjusted to present a horizontal tooth surface. The 

sessile drop method was used to determine the contact angles of the resin on the 

tooth surfaces. A volume of 5 µl of the resin was deposited on the tooth sur-

face and the contact angle of the drop measured after 5 minutes. The tempera-

ture of the room was controlled at 22°C and the humidity at 50%. The contact 

angles at the left and right boundaries of a drop were measured at 0° tilt. 

The data were analyzed by an analysis of variance and by Tukey's test for multi-

ple contrasts at the 5% level of significance. 
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RESULTS 

The contact angles at the left and right boundaries of a resin drop were 

not significantly different. The average of the two recordings was used in the 

analysis of the data. 

Analysis of variance of the contact angle data obtained on unground enamel 

surfaces showed that the contact angles differed significantly. The means ±SD 

of the contact angles of Concise Enamel Bond on unground enamel surfaces etched 

with the different H
3

Po
4 

concentrations are given in Table II. The contact 

angles are listed in descending order of magnitude and means bracketed by a ver

tical line were not significantly different. Etching of the unground enamel sur

faces with all of the H
3

Po
4 

solutions reduced significantly the contact 

angles of the resin on the etched enamel surfaces when compared to the unground, 

unetched surface. The contact angles on the etched enamel surfaces, however, 

were not significantly different. 

Analysis of variance of the contact angle data obtained on enamel surfaces 

ground with 600 grit silicon carbide discs revealed that the contact angles dif

fered significantly. The means ± SD of the contact angles of the bonding resin 

on ground enamel surfaces etched with the various H
3

Po
4 

concentrations are 

given in Table III. The contact angles obtained on the various substrates are 

1 is ted in descending order of magnitude. The contact angles on ground unetched 

enamel surfaces were significantly greater than on the ground etched surfaces. 

Etching the ground surfaces with 70% H
3

Po
4 

significantly reduced the contact 

angles while etching with the other H3Po
4 

concentrations produced a further 

significant reduction in the contact angles. The contact angles obtained on 

ground enamel surfaces etched with 10 to 60% H
3

Po
4 

were not significantly 

different. 
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Analysis of variance of the contact angle data obtained on enamel surfaces 

ground with different grades of silicon carbide paper showed that the contact 

angles varied significantly. The means SD of the contact angles obtained on 

the various substrates are listed in descending order of magnitude (Table IV). 

The contact angles on the ground enamel surfaces were significantly lower than 

on the unground surfaces. Although not always significantly different, the 

contact angles decreased with increasing surface roughness. 

DISCUSSION 

The contact angles recorded on ground enamel surfaces etched with the vari-

ous H
3

Po
4 

concentrations (Table III) were significantly lower than the con

tact angles obtained on unground enamel surfaces etched with a corresponding 

acid concentration (Table II). In restorative dentistry the cutting instruments 

produce rough enamel surfaces. No attempt should be made to smooth the cut 

enamel surfaces prior to acid etching because the wetting of rough, etched 

enamel surfaces is better than that of smooth, etched enamel. It has been 

reported previously that the contact angles of distilled water on intact enamel 

were significantly greater on intact enamel surfaces than on enamel surfaces 

with 3 - 7 µm of the outer surface removed by polishing. The contact angles on 

the latter surfaces were, in turn, significantly greater than on enamel surfaces 

f h . h th t 100 200 db l' h' 25 rom w ic e ou er - µm were remove y po is ing. These 

investigators suggested that the differences in the contact angles could be 

explained by, amongst others, the chemical gradients which exist in enamel. It 

is a we 11 established fact that the fluoride concentrations in enamel decrease 

. . . f f 26 with increasing depth rom the sur ace. The increased fluoride content of 

the adherend reduces the wettability of the adherend.7,8 
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In the present study it was found that the contact angles of Concise Enamel 

Bond decreased as the surface roughness increased (Table IV). A relation 

between the macroscopic roughness of a solid surface and the contact angle was 

27 
developed. The roughness factor r was defined as the ratio of the true area 

of a solid to the apparent area, and the relation to the apparent or measured 

contact angle, e
1

, between the liquid and the solid surface and to the true con-

tact angle, e , between the liquid and the surface at the liquid - solid contact 

boundary was derived as follows: 

r = cos e1 

cos e 
In practice r is significantly greater than 1.0. When e < 90°, as in the pre-

e1 < e. sent study, The effect of roughening the substrate or adherend surfaces 

is to make the apparent contact angle, e
1

, less than the true contact angle, e 

In other words, a liquid will appear to spread more when the adherend surface is 

roughened. The decreased contact angles observed on increasingly rough surfaces 

(Table IV) can, therfore, be explained on the basis of Wenzel's 27 derivation. 

A controversial issue in contact angle studies is whether the equilibrium 

angle, e , the advancing angle, 8A, or the receding contact angle, eR, is the 

more appropriate angle to measure. On a theoretical basis it can be argued that 
A. 

the equilibrium contact angle, e is not accessible to experimental determina-

tion due to the effect of surface roughness and heterogeneity of the substra-

te s. 
28 

In the present study the equilibrium or static contact angles at 0° 

ti 1 t we re determined. The equilibrium contact angles of Concise Enamel Bond on 

clean glass microscope slides at 0° tilt were recorded and a mean ±sn of 25.6° 

± 3.1° obtained. The advancing and receding contact angles of the resin on 

clear glass microscope slides at 24° tilt were determined and values of 34.0° 

±3.6° for eAand 28.4° ±5.3° for eR obtained. Theequilibriumcontact 

angles of the resin on etched unground and etched ground surfaces were so small 
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that it was not possible to determine the advancing and receding contact angles 

on these surfaces. It is appropriate, therefore, to determine the equilibrium 

contact angles of resin systems to enamel surfaces etched with H
3

Po
4 

and to 

utilize these recordings to predict the retention of the resins in the clinical 

situation. 

Other factors should also be considered before advocating an optimal 

concentration of H
3

Po
4 

for intraoral use. These were fully discussed in a 

recent publication. 

CONCLUSIONS 

Under the experimental conditions used in this in vitro study, the fol low

ing conclusions may be drawn: 

1. The contact angles at the left and right boundaries of a resin drop were 

not significantly different. 

2. Etching of the unground enamel surfaces with all of the H
3

Po
4 

concentra

tions significantly reduced the contact angles of the resin on the etched enamel 

surfaces when compared to the unground, unetched surface. The contact angles on 

the etched unground enamel surfaces, however, were not significantly different. 

3. The contact angles of the resin on ground unetched enamel surfaces were sig

nificant 1 y greater than on the ground etched surfaces. Etching the ground sur

faces with 70% H
3

Po
4 

significantly reduced the contact angles while etching 

with the other H
3

Po
4 

concentrations produced a further significant reduction 

in the contact angles. The contact angles obtained on ground enamel surfaces 

etched with 10 to 60% H
3

Po
4 

were not significantly different. 

4. The contact angles of the resin on the ground enamel surfaces were signifi

cantly lower than on the unground enamel surfaces. Although not always signifi-
http://etd.uwc.ac.za/ 
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cantly different, the contact angles decreased with increasing surface 

roughness. Rough enamel surfaces produced by cutting instruments during cavity 

preparation will enhance the wettability of these surfaces by restorative resins 

after acid etching of the rough surfaces. 

Acknowledgements 

The authors are indebted to Ms. S. Nolen for typing the manuscript. 

http://etd.uwc.ac.za/ 
 



9 

REFERENCES 

1. Buonocore, M.G.: A simple method of increasing the adhesion of acrylic 

filling materials to enamel surfaces. J Dent Res 34: 849, 1955. 

2. Gwinnett, A.J., and Matsui, A.: A study of enamel adhesives. The physical 

relationship between enamel and adhesive. Arch Oral Biol 12: 1615, 

1967. 

3. Buonocore, M.G., Matsui, A., and Gwinnett, A.J.: Penetration of resin 

dental materials into enamel surfaces with reference to bonding. Arch 

Oral Biol _!l: 61, 1968. 

4. Retief, D.R.: The mechanical bond. Int Dent J 28: 18, 1978. 

5. Huntsberger, J.R.: Wetting and adhesion. Chem Eng News 42: 82, 1964. 

6. De Bruyne, N.A.: The action of adhesives. Scient Amer 206: 114, 1962. 

7. Zisman, W.A.: 

19, 1963. 

Influence of constitution on adhesion. Ind Eng Chem 55: 

8 • Glantz, P.-0.: On wettability and adhesiveness. Odont Revy 

20(Supplement 17): 32, 1969. 

9. Uy, K. C. , and Chang, R. : An approach to the study of the mechanism of 

adhesion to teeth. In Austin, R.H., Wilsdorf, H.G.F., and Phillips, 

R. W. , edit ors: Adhesive Restorative Dental Materials. II. Washington, 

D.C. 1966. U.S. Department of Health, Education, and Welfare 

(Publication No. 1494), pp 103-131. 

10. Glantz, P.-0.: 

281, 1971. 

The adhesiveness of teeth. J Colloid Interface Sci 37: 

11. Glantz, P.-0.: Adhesion to teeth. Int Dent J 27: 324, 1977. 

http://etd.uwc.ac.za/ 
 



10 

12. Newman, G.V., and Sharpe, L.R.: On the wettability of tooth surfaces. J 

New Jersey State Dent Soc 37: 289, 1966. 

13. Retief, D.R.: Effect of conditioning the enamel surface with phosphoric 

acid. J Dent Res 52: 333, 1973. 

14. Retief, D.R. A comparative study of three etching solutions. Effects on 

contact angle, rate of etching and tensile bond strength. J Oral Rehabil 

! : 381 ' 19 7 4 • 

15. Breakspeare, R.J., and Wilton, A.: The variation in contact angle of a 

fissure sealant on enamel surfaces. J Oral Rehabil ~: 77, 1977. 

16. Wi 11 iams , B., and von Fraunhofer, J .A.: The influence of time of etching 

and washing on bond strength of fissure sealants. J Oral Rehabil 4: 

139' 1977. 

17. Retief, D.R.: The use of 50 per cent phosphoric acid as an etching agent 

in orthodontics. A rational approach. Am J Orthodont 68: 165, 1975. 

18. Beech, D.: Adhesion in the oral environment: biophysical and biochemical 

considerations. Inter Dent J 28: 338, 1978. 

19. Gottlieb, E.W., Retief, D.R., and Jamison, R.C.: An optimal concentration 

of phosphoric acid as an etching agent. Part I. Tensile bond strength 

studies. J PROSTRET DENT 48: 48, 1982. 

20. Silverstone, L.M., Saxton, C.A., Dogan, I.L., and Fejerskov, 0.: Variation 

in the pattern of acid etching of human dental enamel examined by 

scanning electron microscopy. Caries Res~: 373, 1975. 

21. Denys, F.R., and Retief, D.R.: Variations in enamel etching patterns 

produced by different concentrations phosphoric acid. J Dent Assoc S Afr 

lZ_: 185, 1982. 

22 • Si 1 ve rs tone , L.M.: Fissure sealants. Laboratory studies. Caries Res 8: 

2, 1974. 

http://etd.uwc.ac.za/ 
 



11 

23. Mansson-Rahemtulla, B., Retief, D.H., and Jamison, H.C.: Effect of 

different concentrations phosphoric acid on enamel dissolution. J 

PROSTHET DENT (In press). 

24. Gross, J.D., Retief, D.H., and Bradley, E.L.: An optimal concentration of 

phosphoric acid as an etching agent. Part II. Microleakage studies. J 

PROSTHET DENT (In press). 

25. de Jong, H.P., van Pelt, A.W.J., and Arends, J.: Contact angle 

measurements on human enamel - an in vitro study of influence of pellicle 

and storage period. J Dent Res.§.!_: 11, 1982. 

26. Brudevold, F., Gardner, D.E., and Smith, F.A.: The distribution of 

fluoride in human enamel. J Dent Res 35: 420, 1956. 

2 7. Wenze 1, R. N.: Resistance of solid surfaces to wetting by water. Ind Eng 

Chem 28: 988, 1936. 

2 8 • Bus s ch e r , H • J • , de Jong , H • P • , van Pe 1 t , A. W • J • , and Arends , J. : 

Dispersive and polar surface free energies from contact angle 

measurements. In Frank, R.M., and Leach, S.A., editors: Surface and 

Colloid Phenomena in the Oral Cavity: Methodological Aspects. London. 

1982. IRL Press Ltd., pp 91-103. 

Reprint requests to: 
Dr. D.H. Retief 
Department of Biomaterials 
University of Alabama School of Dentistry 
University Station 
Birmingham, AL 35294 

http://etd.uwc.ac.za/ 
 



Table I. Approximate and exact phosphoric acid 
concentrations in the etching solutions 

Approximate H
3

PO 
concentration m1m% 

10 

20 , 

30 

40 

50 

60 

70 

Exact H
3

Po
4 concentration m/m % 

10 .1 

20 .2 

30 .3 

40.4 

50 .5 

60 .3 

70.9 

12 

http://etd.uwc.ac.za/ 
 



Table II. Contact angles of Concise Enamel Bond on unground 
enamel surfaces etched with different concentrations H

3
Po

4 

Surface Number of Contact angle 

treatment teeth Mean ± S D 

Unetched 10 20.2 6.4 

* 70% H3Po4 
10 10.1 1.1 

10% H3Po4 
10 8.7 2.0 

30% H3Po4 
10 8.2 1.9 

60% H3Po4 
10 8.0 2.4 

20% H3Po4 
10 7.7 1.4 

40% H3Po4 
10 7.4 1.6 

50% H
3

Po4 
10 7.2 1.0 

*Bracketed means are not significantly different. 

13 
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Table III. Contact angles of Concise Enamel Bond on ground enamel 
(600 grit Sic) etched with different concentrations H

3
Po

4 

Surface Number of Contact angle 

treatment teeth Mean ± S D 

Unetched 10 11.4 2.4 

70% H3Po
4 

10 6.5 0.7 

* 10% H3Po4 
10 3.2 0.5 

30% H3Po4 
10 3.0 0.7 

20% H3Po4 
10 3.0 0.5 

40% H3Po
4 

10 2.6 0.7 

50% H3Po4 
10 2.5 0.6 

60% H3Po4 10 2.3 0.6 

* Bracketed means are not significantly different 

14 
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Table IV. Contact angles of Concise Enamel Bond on enamel surfaces 
ground with different grades Sic 

Surface Number of Contact Angle 

treatment teeth Mean ± S D 

Ung round 10 20 .2 6.4 

* Ground - 600 grit SiC 10 11.4 2.4 

Ground - 400 grit Sic 10 10 .o 0.8 

Ground - 320 grit SiC 10 9.1 1.5 

Ground - 240 grit SiC 10 8.6 0.9 

Ground - 180 grit SiC 10 7.1 1.2 

Ground - 60 grit Sic 10 6.1 0.8 

*Bracketed means are not significantly different. 

15 
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Pumice 600 grit SiC 

[r 
grit SiC 

I I 80 grit SiC 

t 
Et,hed 

t t 40 grit SiC 
20 grit SiC 

unetched Unetched Etched 00 grit SiC 

10-70 m/m ' 10-70 m/m ' J B3P04 B3P04 
Unetched 

10 70 10 70 50 

210 

Fig. 1. Experimental design. 
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Pulpal response to a new composite 
dental restorative material 

D. H. RETIBF, P. E. CLE.ATON-JONES AND J. C. AUSTIN 

Dental Research Unit of the University of the Witwatersrand and the South African 
Medical Research Council, Johannesburg, Republic of South Africa 

Abstract. A new composite restorative material, Enamelite, has recently been introduced for the 
conservative treatment of cervical erosion and hypoplastic enamel surfaces. The pulpal response 
elicted by the restorative material was investigated in teeth of the vervet monkey and compared to 
a modified zinc oxidt>eugenol cement. 

Buccal or labial Oass V cavities were prepared in 128 teeth in six vervet monkeys. The teeth in 
contralateral segments were restored with the restorative and control ·materials, respectively. The 
experimental anhnals were killed at 4, 14 and 42 days. 

The restorative and control materials exhibited about the same minimal degree of cellular dis
placement and inflammatory response at each of the three postoperative time intervals. 

The percentage of specimens with reparative dentin increased progressively with time. At all 
three intervals the restorative material elicited a greater response than the control zinc oxide--eu
genol cement. 

The results suggest that the clinical application of the restorative material on cervical eroded or 
hypoplastic enamel surfaces without a protective lining is a safe procedure. 

Received 2 July, accepted for publication 7 August 1973 
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The satisfactory restoration of cervical ero
sion with its frequently associated pulpal 
hypersensitivity is a perplexing problem. In 
severe cases of cervical erosion, pulpal ex
posure during cavity preparation is not un
common. Furthermore, the treatment of 
endemic enamel fluorosis or gross hypo
plastic enamel surfaces usually involves radi
cal removal of tooth structure and the fitting 
of full crowns. The recent introduction of a 
new composite restorative material, Ename
lite*, has made possible the conservative 
treatment, without cavity preparation, of 
these lesions. 

small amount of an aliphatic diacrylate. The 
catalyst is benzoyl peroxide, and a tertiary 
amine accelerator is employed. The filler is 
a microfiber pretreated with a silane coup
ling agent and the filler-resin ratio is lower 
than that of other commercial composite 
restorative materials. A cleanser, consisting 
of 50 % phosphoric acid, is used to condi
tion the tooth surface prior to the applica
tion of the restorative material (Lee 1973). 

The monomer in the resin matrix of En
amelite consists of the reaction product of 
diglycidyl ether of bis phenol A and meth
acrylic acid, a molecule originally synthe
sized by Bowen (1962). It is diluted with a 

Enamelite has been subjected to clinical 
trials (Ibsen 1972) and to clinical and labo
ratory evaluation (Friedman & Retief 1973). 
The purpose of the present investigation was 
to examine the biologic effects of Enamelite 

• Lee Pharmaceuticals, South El Monte, Calif. 
91733, U.S.A. 
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216 RETIEF, CLEATON-JONES AND AUSTIN 

on the pulps of teeth in the vervet monkey 
(Cercopithecus aethiops). 

Materials and Methods 

Six adult monkeys in which the third molars 
had erupted were used in this study. The 
operative procedures were carried out under 
general anesthesia induced with ether and 
maintained with sodium cyclonal®• admini
stered intravenously at a dosage of 22 mg/kg 
bodyweight. 

Labial or buccal Class V cavities were 
prepared in 20 teeth in each animal. The 
incisors, premolars and first molar teeth in 
each quadrant were used, but the canine 
teeth were omitted because it is extremely 
difficult to extract these teeth. The cavities 
were cut by a single operator with a No. 2 
inverted cone tungsten carbide bur (l. S.0. 
Size 010) run at a low speed with adequate 
water cooling. A Kavo Supra-combi Contra 
Angle Shank 98 handpiece connected to a 
W & H mobile dental engine capable of a 
maximum speed of 12,000 rev/min was used. 
The cavity preparations were done under 
light pressure and at a speed of approx
imately 5,000 rev/min. Cavities prepared in 
the upper jaw of one quadrant were filled 
with Enamelite without prior acid etching, 
and those in the contralateral quadrant were 
filled with a modified zinc oxide-eugenol 
cement, Nobetec®**. The order of placement 
of the restorations was reversed in the lower 
jaw of each animal. 

The monkeys were killed at three specific 
time intervals after the operative procedures, 
namely 4 days, 2 weeks and 6 weeks. The 
primates were anesthetized and the thoracic 
cavity opened by incising the abdominal 
muscles and diaphragm along the margin of 
the costal arch. The thoracic aorta was dis
sected free from its vertebral attachment, 
clamped proximally and then sectioned just 
cranial to the diaphragm. The cranial sec
tion of the aorta was cannulated, the supe-

rior vena cava sectioned, the aortic clamp 
released and approximately one liter of 
warm (37°C) physiological saline perfused 
until a clear venous perfusate drained from 
the sectioned superior vena cava. The jaws 
of the monkeys were opened maximally and 
maintained in this position by means of a 
gag to facilitate extraction of the teeth after 
fixation by perfusion. The cannulated vas
cular system was then perfused with a buf
fered 10 % formol saline solution. Finally 
the buccal and lingual alveoiar plates were 
removed from the upper and lower jaws 
with an osteotome and the teeth gently ele
vated from their sockets. 

The extracted teeth were each allocated 
individual random numbers obtained from 
a table of random numbers (Scientific Tab
les 1962) and suspended in buffered 10 % 
formol saline at room temperature in a 
shaking water bath for 3 days. The teeth 
were decalcified in 5 % formic acid and 
fresh decalcifying solutions were added at 
intervals of 3 days for 2 weeks. The mesial 
and distal surfaces of the crowns of the 
teeth were then carefully trimmed and the 
teeth further decalcified until radiographic 
examination confirmed that the process had 
been completed. This usually required an 
additional week. Any restorations still pre
sent in the teeth were carefully dislodged 
with a needle. The teeth were dehydrated in 
serial ethanols and finally embedded in 
Paraplast®*** under vacuum. Transverse buc
co-lingual serial sections were cut at 7 µm 
and stained with hematoxylin and eosin. 

The coded sections were evaluated inde
pendently by three observers according to 
the method of Stanley (1968). Pulpal re
sponses were graded 0-3 ° according to the 

®* Cyclonol, Maybaker (S.A.) (Pty.) Ltd., Port 
Elizabeth, Republic of South Africa. 

®** Bofors, Nobel-Pharma, Sweden. 
®*** Sherwood Medical Industries, St. Louis, Mis

souri 63103 U.S.A. 
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Table 1. Pulpal response of restorative and control materials 

Mean 
Average 

Average Average % of 
Material and remaining superficial deep inflam- specimens 

Postoperative number of dentin thick- cellular dis- inflamma- matory with 
time interval teeth ness±s.d. placement tory response response reparative 

(mm) 

4days 
Enamelite 18 0.64±0.22 
Nobetec 19 0.63 ±0.21 

14 days 
Enamelite 16 0.60±0.26 
Nobetec 17 0.52±0.26 

42 days 
Enamelite 16 0.54±0.20 
Nobetec 19 0.54±0.24 

cellular displacement into the dentinal tubu
les and the concentration of inflammatory 
cells in the superficial and deep layers of 
the pulp. The narrowest remaining dentin 
thickness in each specimen was determined 
with a calibrated eyepiece. Reparative den
tin formation was recorded and measured 
in the same way. 

Of the 120 teeth in this study, 15 were 
discarded because of pulp exposure, poor 
histological preparation or failure of the 
plane of section to involve the cavity and 
pulp. The remaining 105 teeth were fairly 
evenly distributed between the test restora
tive and control materials at the three speci
fic time intervals. 

After all the specimens had been examin
ed and graded according to the above cri
teria, the results were arranged into sub
groups according to the appropriate post
operative time intervals. These results, which 
r(fpresent the average scores of the three 
investigators, are presented in Table 1. 

Results 

The mean remaining dentin thickness was 
very similar in both the restorative and con
trol materials at the three postoperative time 
intervals. 

Enamelite and Nobetec exhibited about 

(0-3 0) (0-3 0) (0-30) dentin 

0.1 0.2 0.1 5.0 
0.2 0.3 0.1 0 
0.1 0.4 0.2 25.0 
0.1 0.4 0.3 11.8 
0.0 0.6 0.5 50.0 
0.1 0.4 0.4 26.3 

the same minimal degree of cellular dis
placement and inflammatory response at the 
three postoperative time intervals. The data 
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Fig. 1. Specimen 62551. Pulpal response to En
amelite after 3 days. Remaining dentin thick
ness 0.33 mm. 1° of superficial inflammatory 
response. X500. In all the photomicrographs 
the cavities are on the left hand side. 
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Fig. 2. Specimen 72137. Pulpal response to No
betec after 3 days. Remaining dentin thickness 
0.59 mm. 1 ° of deep inflammatory response. 
X400. 

did not demonstrate a statistically significant 
difference among the materials tested. 

At the 3-day interval, none of the speci
mens exhibited a response of 2 ° or more. 
After 14 days, the inflammatory respom:e 
in one tooth restored with Enamelite and 
one restored with Nobetec was graded 2° or 
more. After four postoperative weeks the 
inflammatory response in three Enamelite 
and two Nobetec specimens showed a simi
lar inflammatory response. 

The percentage of specimens with repara
tive dentin increased progressively with time. 
At all three time intervals Enamelite elicited 
a higher reparative dentin response than the 
control zinc oxide-eugenol cement. These 
results, taken over the three postoperative 
time intervals, are statistically significant at 
the 5 % level. The inflammatory reaction to 

both restorative materials was insufficient to 
prevent the initiation of reparative dentin 
formation. At the 4-day time interval, only 
one of the 18 specimens resto:-ed with En
amelite showed reparative dentin formation. 
The possibility that this could be due to oc
clusal function in a posterior tooth cannot 
be ruled out. 

Examples of typical response elicited by 
the restorative and control materials at the 
three postoperative time intervals are shown 
in Figs. 1 to 6. 

Discussion 

The anatomy and histology of the dentition 
of the vervet monkey (Cercopithecus aetlzi
ops) have been fully described (Ockerse 
1959, 1963). The similarity of the dental 

Fig. 3. Specimen 86135. Pulpal response to 
Enamelite after 14 days postoperative interval. 
Remaining dentin thickness 0.39 mm. 1 ° of 
superficial inflammatory response. X250. 
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Fig. 4. Specimen 30953. Pulpal response to No-
betec after 14 days postoperative interval. Re
maining dentin thickness 0.54 mm. 1 ° of super
ficial inflammatory response. X600. 

morphology and histology of this primate 
and man prompted a previous investigation 
in which it was reported that the vervet 
monkey is an excellent experimental model 
for the initial evaluation of pulpal responses 
elicited by restorative materials (Retief & 
Austin 1973). 

In the present study intra-individual com
parisons between contra1ateral pairs of teeth 
were made. The cavities were prepared and 
restored at the same sessions by a single 
operator and the teeth subsequently surgic
ally removed at the same time after a speci
fic time interval. The variables inherent in 
a study of this nature were thus reduced to 
a minimum (Brannstrom & Nyborg 1969, 
Baume et al. 1971). 

The most important single factor in de
termining pulpal response to a restorative 

material is the remaining dentin thickness 
between the floor of the cavity preparation 
and the pulp chamber (Stanley & Swerdlow 
1964). The effective depth, a term suggested 
by Shroff (1952) for this measurement, was 
controlled within acceptable limits in this 
study. 

The vascular response of the pulp was not 
evaluated in this investigation. This was not 
possible as the perfusion technique used 
washed out the blood in the pulp vessels. A 
few instances of focal hemorrhage were ob
served at all three time intervals, but it is 
felt that these were probably due to extra
vasation of blood during the perfusion . 
Stanley et al. (1972) noted focal hemorrhage 
only at the 3-day posfoperative interval and 
stated that this phenomenon required fur-

, I \ I 

' ... 
\' ' . 

Fig. 5. Specimen 17643. Pulpal response at 42 
days following placement of Enamelite. Re
maining dentin thickness 0.68 mm. 0.5° of 
superficial inflammatory response. Note marked 
reparative dentin formation (0.15 mm). X400. 
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220 RETIEF, CLEATON-JONES AND AUSTIN 

Fig. 6. Specimen 83761. Pulpal response at 42 
days following placement of Nobetec. Remain
ing dentin thickness 0.23 mm. No tissue re
sponse. X600. 

ther evaluation. The advantage of much im
proved pulpal fixation following perfusion 
outweighs the lack of vascular response eva
luation. 

The comparable biologic response of En
amelite and zinc oxide-eugenol cement in 
the vervet monkey suggest that the clinical 
application of Enamelite on cervical eroded 
or hypoplastic enamel surfaces without a 
protective lining is a safe procedure. This 
conclusion should be substantiated by bio
logic pulp studies in human teeth. 
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Finishing of Enamel Surfaces after 
Debonding of Orthodontic Attachments 

D. H ; RETIEF, M .Sc., B.D.S., Ph.D. 

F. R. DENYS, M .S. 

The trend in orthodontics, as m 
other spheres of human activity, is to 
sirfiplify technical procedures so the 
objective can be achieved with a mini
mum of effort. The bonding of ortho
dontic attachments directly to· etched 
enamel surfaces is an example of the 
clinical application of a simplified pro
cedure. The direct bonding technique 
has di'stinct advantages over the con
ventional method of cementing pre
formed bands to teeth.1 

Sadler2 tested nine commercial ad
hesives to determine the possibility of 
bonding metal attachments directly to 
tooth surfaces. None of the adhesives 
evaluated were capable of bonding 
metal attachments directly to the teeth 
with a stability required for clinical 
orthodontics. Buonocore3 introduced 
the concept of acid etching with ortho
phosphoric acid which involved the al
teration of the tooth surface by chemi
cal-treatment to provide a modified sur
face to which dental resins might ad
here. A cyanoacrylate resin,• epoxy res
ins5·6• 7 and acrylic resins8

•
9

•
10 were used 

in conjunction with phosphoric acid 
etching to bond orthodontic attach
ments directly to tooth surfaces. 

The synthesis of the bis-GMA resins 
by Bowen11 and the subsequent devel
opment of the composite restorative res
ins based on this matrix made the di
rect bonding of orthodontic attach
ments an acceptable clinical procedure. 
Curing of these filled or unfilled bis
G MA resins is carried out either chemi
cally with benzoyl peroxide-tertiary 

From the Department of Biomaterials 
and Institute of Dental Research, School 
of Dentistry, University of Alabama. 

This investigation was supported by 
NIDR Grant #DE 02670-11. 

amine or by irradiation with short 
wave length ultraviolet light. Numer
ous reports on the retention rates of 
bonded attachments have appeared in 
the literature . 1 • 10 •12~20 

With modifications of the acid etch 
technique and improvements of the 
physical and mechanical properties of 
the resin systems, the removal of di
rectly bonded attachments and the fin
ishing of the underlying enamel have 
become an acute clinical problem. 
Whereas previously a major considera
tion was the retention of bonded at
tachments, the emphasis has . recently 
shifted to the de bonding of o~thodontic 
attachments and the removal of resid
ual resin from tooth surfaces. 21

-
25 

The object of this investigation was 
to evaluate the efficacy of recently in
troduced instrumentation and tech
niques to dislodge bonded attachments, 
remove residual resin, and restore the 
affected enamel surfaces to an accept
able clinical condition. 

MATERIALS AND METHODS 

Noncarious human maxillary central 
incisor teeth which were extracted be
cause of severe periodontal disease 
were used in this investigation. The ex
tracted teeth were stored in 70 percent 
ethanol prior to use. Mesh-backed 
stainless steel brackets were bonded to 
the facial surfaces of the teeth with 
Dynabond Adhesive System. The bond
ing system consisted of a bis-GMA resin · 
with a low filler content, a low viscosity 
sealant, and 37 percent w/w orthophos
phoric acid. 

The crowns of 38 teeth were cleaned · 
with a rubber cup and a water slurry 
of pumice, washed well and dried. The 
etching solution was applied for 60 sec .. 
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onds with a cotton pledget using a gen
tle dabbing action. The crowns of the 
teeth were washed well in running wa
ter and the surfaces dried with a chip 
syringe. The Catalyst and Universal 
Sealant liquids were mixed thorough
ly and applied to the etched enamel 
surf aces with a brush. Equal portions of 
the Catalyst Adhesive and the Univer
sal Adhesive were mixed well for 20 
seconds on a mixing pad with a dispos
able plastic spatula. The mixed resin 
was transferred to the base of a mesh
backed bracket and the bracket seated 
with firm pressure on the enamel sur
face. The pressure was . maintained un
til the resin had set. The slight excess of 
resin which had extruded around the 
~dges of the bracket was carefully re
moved after five minutes with Stand
ard Ceramiste wheels operated at ap
proximately 10,000 rpm. The teeth with 
the bonded attachments were stored in 
distilled water at 37°C for 24 hours. 

The bonded attachments were re
moved with a # 346 direct bonding 
bracket remover. The edges of the 
brackets were engaged mesiodistally and 
the brackets dislodged by exerting gen
tle pressure. Two of these teeth and the 
brackets dislodged from them were pre
pared for viewing in the scanning elec
tron microscope ( SEM) . The residual 
resin on the enamel surfaces of the re
maining 36 teeth was removed by one 
of the seven procedures outlined in 
Table I. This was carried out under a 
dissecting microscope and no attempt 
was made to remove the resin com
pletely. Resin removal with the burs, 
discs and wheels was done in a dry 
field with air cooling. 
Procedure A 

The remaining resin from four of 
the teeth was removed with a # 349 
direct bonding bracket remover. The 
plastic pad of the instrument was po
sitioned against the incisal edge of a 
tooth and the remaining resin removed 

with the sharp beak of the bracket re
mover. The crowns of two of the teeth 
were . then polished with a rubber cup 
and a water slurry of pumice at a speed 
of approximately 10,000 rpm for two 
10 second intervals. This final polishing 
procedure was used as indicated in 
Table I. 
Procedure B 

The residual resin on the surfaces of 
four of the teeth was removed with a 
# 1 YS Starlite scaler. The crowns of 
two of the teeth were polished as pre
viously described. 
Procedure C 

A superfine finishing diamond #lDT
SF was used to remove the remaining 
resin from the facial surfaces of four 
incisors. The diamond was operated at 
high speed without water cooling. Two 
of the teeth were polished with pumice. 
Procedure D 

A #FG-7406 12-bladed finishing car
bide bur operated at high speed was 
used to remove the bonding resin from 
four t'ooth surfaces; Half the number 
of teeth were polished with pumice. 
Procedure E 

The residual resin from 4 teeth was 
removed with a #242 stainless steel 
finishing bur operated at approximate-: 
ly 10,000 rpm. The surfaces of two of 
the teeth were polished with pumice. 
Procedure F 

Medium ( # 1958M), fine ( # 1958F), 
and superfine ( # 19585F) Sof-lex fin
ishing and polishing discs were used to 
restore the enamel surfaces of 8 teeth. 
The finishing protocol used is given in 
Table I. Only the surfaces of two of 
the teeth that were treated with all 
three discs were polished with pumice. 
Procedure G 

Ceramiste wheels from an enamel
adjustment kit were used to finish the 
surfaces of 8 teeth. The Standard Ul-, 
tra and Ultra II wheels were used as 
outlined in Table I. The wheels were 
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Direct Bondihg Bracket Remover 

i 
Excess resin removed 

i 
Procedure Procedure 

A B 
Procedure 

c 
Procedure 

D 
Procedure 

E 

#349 
Bonding ! bracket 

Scaler 

1 
Finishing 

Diamond 
Bur 

Finishing 
Carbide 

Bur 

Finishing 
Stainless 

Steel 
remover SEM Pumice "' .. Bur 

n por SEM Pumice "' ~ polish SEM Pumice 

SEM Pumice l 
polish 

! 
polish SEM SEM SEM 

+ SEM 

Procedu're Procedure 
F G 

Finishing and Finishing and 
polishing discs polishing wheels 

J 1 l l i i l i 
Disc 1 Disc 1 Disc 1 Disc 1 Wheel 1 Wheel 1 Wheel 1 Wheel 1 

J i ! ! J J i * SEM Disc. 2 Disc 2 Disc 2 SEM Wheel 2 Wheel 2 Wheel 2 

i i ! ! ! ~ 
SEM Disc 3 Disc 3 SEM Wheel 3 Wheel 3 

l i ! ~ 
SEM Pumice SEM Pumice 

polish polish 

i ~ 
SEM SEM 

TABLE I 

operated at approximately 10,000 rpm 
without water cooling and with light 
pressure. 

The crowns of the teeth and speci
mens of the finishing and polishing 
discs and wheels were mounted on 
aluminum stubs and coated with gold 
palladium in a high vacuum evapora
tor. Orthodontic brackets and one of 
each of the burs used in this investiga
tion were cemented on aluminum 
stubs with a silver adhesive. The speci
mens were viewed in a Cambridge 
Stereosean Mark 2A SEM operated at 
20 kV. 

RESULTS 

The base of a mesh-backed orthodon
tic bracket is shown in Figure 1. The 
brackets were readily dislodged from 
the teeth with the bracket remover. 
Remnants of the resin embedded in the 
mesh of the bracket after removal are 
demonstrated (Fig. 2). Failure oc
curred mostly at the bracket-resin in
terface but occasionally areas where 
the failure had occurred at the resin
enamel interface were seen (Fig. 3). 

The removal of the remaining resin 
with the # 349 bracket remover re
sulted in severe gouging of the enamel http://etd.uwc.ac.za/ 
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Fig. 1 Base of mesh-backed stainless 
steel orthodontic bracket (x 25). 

Fig. 2 Remnants of bonding resin em
bedded in mesh of bracket bases (x 25). 

Fig. 3 Failure at the resin-bracket in
terface (left) and at the resin-enamel 
interface (ri~ht) (x 25). 

Fig. 4 Gouging of the enamel surface 
produced by removal of resin with a 
#349 bracket remover (x 700). 

Fig. 5 Excess resin removed with brack
et remover and enamel surface polished 
with rubber cup and pumice (x 700). 

Fig. 6 Grooves produced on enamel sur. 
face by hand scalera (x 700). http://etd.uwc.ac.za/ 
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Fig. 7 Enamel surface polished with 
pumice after removal of remaining resin 
with scalers (x 700). 

Fig. 8 Grooves and superimposed abra
sion marks produced on enamel surface 
by diamond finishing bur (x 700). 

Fig. 9 Polishing did not remove serra
tions produced by diamond finishing bur 
(x 700). 

Fig. 10 Parallel grooves produced by 
carbide finishing bur (x 700). 

Fig. 11 Polished surface after removal 
of residual resin with carbide bur (x 
700). 

Fig. 12 Gouging of enamel surface pro
duced by stainless steel finishing bur 
(x 700). 

http://etd.uwc.ac.za/ 
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Fig. 13 Etched enamel-polished resin 
interface. Remaining resin removed with 
steel bur prior to polishing (x 700). 

Fig. 14 Remaining resin removed with 
medium Sof-lex disc (x 700). 

Fig. 15 Residual resin removed with 
medium followed by fine Sof-lex discs 
(x 700). 

Fig. 16 Remaining resin removed with 
the three grades Sof-lex discs (x 700). 

Fig. 17 Surface polished with pumice 
after removal of residual resin with the 
three grades of Sof-lex discs (x 700) . 

Fig. 18 Resin-enamel interface obtained 
with a Standard Ceramiste wheel (x 
700). http://etd.uwc.ac.za/ 
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Fig. 19 Residual resin removed with 
Standard followed by Ultra Ceramiste 
wheels (x 700). 

Fig . 20 Remaining resin removed with 
the three grades Ceramiste wheels (x 
-;-nn1. 
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Fig. 21 Surface polished with pum ice 
after removal of residual resin with the 
three grades Ceramiste wheels (x 700). 

surface (Fig. 4). Polishing with the 
rubber cup and water slurry of pumice 
failed to produce an acceptable enamel 
surface (Fig. 5). Removal of the resin 
with scalers produced prominent 
grooves in the enamel surface (Fig. 6). 
Polishing also did not yield a satisfac
tory surface (Fig. 7) . 

The diamond particles embedded in 
the superfine finishing diamond pro
duced grooves with superimposed abra
sion marks on the resin-enamel surfaces 
(Fig. 8). The serrated surfaces per
sisted after the polishing procedure 
(Fig. 9 ) . 

The residual resin was readily re
moved with the 12-bladed carbide fin
ishing bur. It produced parallel grooves 
on the resin-enamel surface (Fig. 10). 
Final polishing with pumice failed to 
restore the surface satisfactorily (Fig. 
11) . 

The stainless steel finishing bur re
moved the remaining bonding resin 
with difficulty. These burs had to be 
replaced frequently because they be
came blunt. The stainless steel burs 
produced gouges on the resin-enamel 
surface (Fig. 12 ) which were not eff ec
tively removed by the polishing proce
dure (Fig. 13 ) . 

Surfaces produced by removing the 
residual resin with the medium Sof-lex 
aluminum oxide finishing and polish
ing discs (Fig. 14 ) , medium followed 
by fine (Fig. 15 ) , and medium fol
lowed by fine and superfine discs (Fig . 
16 ) showed a progressive decrease in 
surface irregularities. Final polishing 
with pumice resulted in a satisfactory 
surface profile (Fig. 17) . 

Surfaces produced by the Standard 
(Fig. 18 ) , Standard followed by Ultra 
(Fig. 19) , and Standard followed by 
Ultra and Ultra II (Fig. 20 ) Ceramistc 
wheels showed a progressive decrease in 
abrasive marks on the resin-enamel sur
faces. Final polishing with a rubber cup 
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and pumice produced a smooth surface 
profile (Fig. 21) . 

DISCUSSION 

The bonding system used in this in
vestigation consists of a low viscosity 
sealant followed by a bis-GMA resin 
with low filler content. The authors 
support the view of Gwinnett and 
Gorelick24 that the use of lightly . filled 
resins is indicated for the bonding of 
orthodontic attachments. Removal of 
attachments bonded with a lightly 
filled resin should result in cohesive 
failure within the resin rather than at 
the resin-etched enamel interface. Fail
ure at the latter interface may result 
in fractures occurring in the etched 
enamel surface. 20 A reduction in the 
filler content of the bonding resin 
should decrease the abrasive resistance 
of the resin and consequently make the 
polishing and finishing of the enamel 
surface easier. 

Apart from the site of failure of the 
bonding resin, the amount of resin that 
will remain on the enamel surface after 
debonding will depend on the adapta
tion of the bracket base to the under
lying enamel. Attachments should be 
carefully selected to follow the contour 
of the tooth. Sufficient resin to cover 
the bracket base should be used, the 
attachment seated on the tooth surface 
with firm pressure, and the excess resin 
removed after the resin has set. Thick 
adhesive layers are contraindicated as 
thick layers give weaker joints than 
thin. 27 

Removal of the bulk of the remain
ing resin prior to finishing will speed 
the restoration of the enamel surface. 
Although the debonding pliers are ex
tremely useful to remove the bonded 
attachments by the application of a 
peel force, the use of the modified pliers 
for residual resin removal is not rec
ommended. Gouges on the enamel sur
face were readily produced and these 

persisted after polishing with pumice. 
The hand scaling instruments are also 
not advocated for resin removal. Sharp 
scratches were inadvertently made on 
the enamel surface which could not be 
removed with the polishing procedure. 
Diamond finishing burs should not be 
used to remove the remaining resin. It 
was extremely difficult to control the 
resin removal without damaging the 
underlying enamel and to eliminate the 
abrasion grooves produced on the 
enamel surface. A 12-bladed carbide 
finishing bur is recommended for the 
removal of the bulk of the remaining 
resin provided that no attempt is made 
to remove the resin completely with the 
bur. The stainless steel finishing bur 
did not effectively remove the remain
ing resin. Resin removal was slow and 
the bur had to be replaced frequently 
because of bluntness. 

The graded (medium, fine and su
perfine ) finishing and polishing discs 
produced surfaces which could readily 
be restored satisfactorily with pumice. 
If an appreciable · amount of resin was 
left, however, finishing with the Sof-lex 
discs was a slow procedure and re
sulted in the formation of facets on the 
resin-enamel surface. Removal of the 
remaining resin with the three graded 
Ceramiste wheels produced a smooth 
surface profile after polishing with 
pumice. This finishing procedure 
should only be used after the bulk of 
the residual resin has been removed 
with a carbide finishing bur. Light pres
sure and adequate air cooling should 
be employed when using the Ceramiste 
wheels. 

It is necessary to work in a dry field 
when removing the remaining resin 
with the rotary instruments. It is diffi
cult to clearly define the resin-enamel 
interface and the use of water cooling 
will make this well-nigh impossible. It 
is therefore essential that the rotary in
struments should be applied with light http://etd.uwc.ac.za/ 
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pressure and adequate air cooling. In 
this investigation no attempt was made 
to remove all of the remaining resin. 
The main objective was to produce an 
aesthetically and clinically acceptable 
surface while at the same time minimiz
ing damage . to the enamel. 

CONCLUSIONS 

The finishing of . enamel surfaces af
ter removal of directly bonded attach
ments is essential. The following proce
dures are suggested: 

1. The bonding of mesh-backed 
stainless steel brackets with a lightly 
filled resin system. 

2. Debonding of attachments with a 
direct bonding bracket remover. 

3. Removal of the bulk of the re
maining resin with a 12-bladed tung
sten carbide bur operated at high speed . 
with adequate air cooling. 

4. Finishing of the residual resin and 
underlying enamel with graded polish
ing discs or Ceramiste wheels used with 
light pressure and adequate air cooling. 

5. Final finishing with a rubber cup 
and a water slurry of pumice. 

School of Dentistry 
University of Alabama 

Birmingham, Alabama 35294 
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Effect of cavity design on retention of 

Class IV composite resin restorations 

J. B. Black, DMD, MS 
D. H. Retief, MSc, BDS, PhD (Dent) 
J. E. Lemons, PhD 

Three types of cavity preparation, the featheredge, the chamfer, and 
the bevel, were evaluated in a study that assessed the effect of the 
desisn on the retention of Class IV composite resin restorations. 

The restoration of fractured perma
nent anterior teeth is often required in 
clinical practice. Grundy1 reported a 
5% frequency of fracture of permanent 
incisors in children between the ages 
of5and 15years, whereasMarcus2 and 
Gutz3 reported considerably higher 
frequencies: 16% in children between 
the ages of 8 and 17 years and 20% in 6-
to 13-year-old children, respectively. 

·The teeth most frequently involved are 
the maxillary central incisors. Boys are 
more likely to sustain fracture of per
manent anterior teeth than girls; and 
children aged 9 and 10 are most sus
ceptible to this type of injury.4 

Until recently, conventional 
methods for the treatment of coronal 
fractures of ~mterior teeth included in
tracoronal gold inlay restorations, 
compacted gold or gold foil , fused 
ceramic porcelain, full coverage 
crowns, or pin-retained composite or 
acrylic restorations. The choice of pro
cedure was dictated by the severity of 
the fracture and the age and esthetic 
needs of the patient. These treatments 
were associated with the removal of 
healthy tooth tissue to obtain adequate 
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mechanical retention of the restora
tions. Operative procedures may lead 
to traumatic injury to the pulp, par
ticularly in young children. 

An adhesive restorative material 
could considerably reduce or elimi
nate the need for mechanical reten
tion. The glass ionomer cements , 
which bond chemically to enamel and 
dentin structure, are not suitable for 
the restoration of fractured incisal 
edges,· because of their brittleness. 5 

Buonocore6 showed that the bonding 
of acrylic resins to enamel could be 
greatly increased by etching the 
enamel with phosphoric acid before 
resin application. The composite 're
storative resins were introduced in the 
late 1960s. The superior physical and 
mechanical properties of the compos
ite resins, compared with the acrylic 
resins, 7 suggested that th~se materials 
could be used for the restoration of 
fractured incisal edges of anterior 
teeth. It was only after the composite 
restorative resins were used in con
junction with the acid-etch technique, 
however, that the conservative restora
tion of fractured incisal edges became 

44 

an accepted clinical procedure. 8•9 The 
mechanical nature of the bond of the 
composite resins to etched enamel sur
faces provided the required retention 
necessary for clinical applications.10 

Many papers dealing with the in 
vitro and in vivo restoration of incisal 
coronal fractures have been published. 
Three major restotativE) techniqu.es 
have been used in these laboratory and 
clinical studies: 

-Featheredge restoration. The 
enamel is etched adjacent to the frac
ture line, and the restoration is ex. 
tended over the etched enamel.t.tl-13 

-Chamfer restoration. A definite 
finishing line is established by remov
ing approximately half the enamel 
thickness from ~ to 2 mm cervically 
from the edge of the fracture.1<4-16 

-Bevel restoration. A 45° bevel is 
produced in the enamel around the 
fracture line.17·18 

The objective of this study was to 
determine the retentive strength of a 
composite restorative resin to maxil
lary central incisors with standardized 
coronal fractures restored by the feath
eredge, chamfer, and bevel restora
tions , respectively. 

Materials and methods 

Thirty extracted, caries-free, human 
maxillary central incisors were sepa
rated into ten groups of three teeth. 
The teeth in each group were selected 
for uniformity of crown size and 
shape. With epoxy resin, the · roots 
were embedded to the labial cervical 
line in stainless steel tubes 2 cm long 
and 12 mm in outside diameter. 
Transparent resin crown forms, 
trimmed to standard lengths of 11 irun, 
were used as matrixes for the restora
tive material. Holes were placed in the 
mesial and distal incisal comers to 
prevent entrapment of air and allow 
the escape of excess resin. All crowns 
were cleaned using a rubber cup 
charged with a mixture of flour of 
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pumice and water. The following 
method was used for preparing simu
lated Class IV fractures . 

The incisal portions of the crowns 
were reduced perpendicular to their 
long axes on a 240-grit , rotating, 
water-cooled, silicon carbide disk. To 
ensure uniformity. of crown
restoration ratios, the incisal reduc
tions were terminated 7 mm incisal to 
the labial cervical lines. As the ma
trixes were 11 mm long, the resulting 
restorations were 4 mm long and the 
final crown lengths were 11 mm. 

One tooth from each group of three 
teeth was randomly selected, and the 
cavosurface angle was treated in one of 
three ways: 

-The cavosurface angle was left at 
90°, and the restorative material was 
featheredged over an acid-etched , 
2-mm circumferential zone (Fig 1). A 
thin cir.cumferential line of colored 
nail lacquer was applied to the enamel 
surface 2 mm gingival to the cavosur
face angle to confine the etchant to Uie 
2-mm zone and to provide a reference 
point during the finishing procedure. 

-With a fine finishing diamond 
stone, the thickness of the enamel was 
reduced by half to produce a 2-mm 
circumferential chamfer cervical to the 
cavosurface angle (Fig 2). 

-With a fine finishing diamond 
stone, a 45° circumferential bevel was 
placed on the cavosurface angle. The 
bevel included the entire thickness of 
enamel and extended from the den
toenamel junction to the enamel sur
face (Fig 3). 

A calcium hydroxide liner was 
placed over the dentin of all speci
mens. The enamel was etched for a 
minute with 3 7% phosphoric acid, 

· thoroughly rinsed with tapwater, and 
dried with compressed air. A low vis
cosity resin (Concise Enamel Bond) 
was applied to the etched enamel sur
faces with root canal paper points. The 
incisal portions were then restored 
with composite resin (Concise). Gross 
excess was removed with 12-bladed 
burs at high speed, after which the 
specimens were placed in water at 3 7 C 
for 48 hours and then finished with 
flexible abrasive disks. At that point, 
all crowns were remeasured to ensure 
that they were 11 mm long. With a 
mounting template, the. incisal edges 
of the restorations were embedded 2 
mm deep into elliptical, 1-cm long, 
stainless steel tubes filled with epoxy 
resin. After overnight polymerization, 

I 
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4mm 

2mm 
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Dycal liner -----------. 
Composite resin 
restoration -----,<---

Bonding agent -/'--/I"}~~ 

Feathere~~g;e==J=Jllr Conditioned 
enamel 

Enamel ----->,,--#0--===1 

Fig 1 • Butt preparation with featheredge composite resin extension. 

I 
11 mm 

I 
Fig 2 • Chamfer preparation. 

11 mm 

Fig 3 • Bevel preparation. 

the completed specimens were placed 
in water at 37 C for a week. 

A specifically fabricated stainless 
steel holder containing the specimen 
was secured to a 5- to 200-lb compres
sion load cell mounted in a universal 
testing machine (Instron) . A loading 
force was applied along the lingual as
pect of the specimen by a 6-inch stain
less steel rod with a 3/32-inch constant 
radius, at a rate of 0.02 inches per min
ute, until the specimen fractured . The 
force was applied perpendicular to the 
longitudinal axis of the tooth in a lin
gual to labial direction along a mesial 
to distal centerline position 9 mm from 
the incisal edge. 

The specimens were examined 
under a dissecting microscope at X15 

Dycal liner ------~-~ 

Composite resin 
restoration------.~-

Bonding agent-~f---

Chamfer -----+-
Conditioned 
enamel----+--

Composite resin 
restoration - ---+---

450 bevel 

Bonding agent--+--

Conditioned 
enamel -----''<---I 

Enamel ------>~~===/ 

magnification. The types of fracture on 
the labial and lingual surfaces were 
categorized according to whether the 
fracture occurred within the restora
tive material, or at the interface be
tween the enamel and the restorative 
material , . or within both restorative 
material and enamel-restoration inter
faces . 

Specimens representing each type 
of fracture mode were selected for ex
amination in the scanning electron 
microscope. Each fractured specimen 
consisted of a gingival (tooth) portion, 
from which the root had been previ- · 
ously cut, and an incisal (resin) por
tion. Each specimen half was mounted 
on aluminum stubs and coated with 
gold palladium. The specimens were 
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examined and photographed by scan
ning electron microscopy. 

Results 

Retentive forces at fracture of the inci
sal edge restorations for each of the 
three procedures are shown in Table 1. 
The significant levels of the dif
ferences among the retentive forces of 
the restorations were determined by 
means of the independent t test. For 
the featheredge vs chamfer, t=l.38 
(P>.100); for the featheredge vs bevel , 
t=2.66 (P<.025) ; and for the 
chamfer vs bevel, t=l.27 (P>.200). 
The retentive force of the featheredge 
restorations was . significantly lower 
than that of bevel restorations. The dif
ferences in retentive forces among 
featheredge and chamfer and chamfer 
and bevel restorations, respectively, 
were not significant. 

The distribution of the types of frac
tures observed at the labial and lingual 
surfaGes of restorations for each of the 
three procedures is shown in Table 2 . 
For each of the three types of cavosur
face preparation, there was a charac
teristic pattern of specimen fracture 
relative to the labial and lingual sur
faces. In the butt joint preparation 
(featheredge), the interface between 
enamel and restoration on the labial 
aspect fractured at the interface be
tween the etched enamel and resin 
near the cavosurface angle, leaving 
most of the restoration attached to the 
etched enamel zone (Fig 4 , left). In 
some instances, the restorative mate
rial fractured completely, level with 
the cavosurface angle. The lingual as
pect fractured completely through the 
restorative material, level with the 
cavosurface angle (Fig 4, right). 

The chamfer preparation failed pre
dominantly at the interface between 
the chamfered· enamel and resin on the 
labial aspect (Fig 5, left). There was 
also fracture through the restorative 
material, leaving a small increment of 
the material attached to the chamfered 
enamel, just above the gingival mar
gin. On the lingual aspect, there was 
complete fracture through the restora
tive material, level with the cut dentin 
surface (Fig 5, right). 

The bevel preparations fractured 
completely at the interface between 
the beveled enamel and resin on the 
labial aspect (Fig 6, left). On the lin
gual aspect, there was complete frac
ture through the restorative material, 
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Table 1 • Retentive forces at fracture of incisal edge restora
tions. 

Procedure 

Featheredge 
Chamfer 
Bevel 

No. of 
restorations 

10 
10 
10 

•SD Indicates standard deviation. 
tKgf lndicstes kilogram force. 

Mean load 
(kgf)t 

31 .11 
38.49 
46.65 

SD* 
(kgf)t 

10.32 
13.34 
15.32 

Coefficient of 
variation (%) 

33 .2 
34.6 
32.8 

Table 2 • Nature of failure on labial and lingual surfaces. 
Within restoration Enamel-restoration interface Combination 

No. of 
Procedure specimens Labial Lingual Labial Lingual Labial Lingual 

Featheredge 10 4 10 1 0 5 0 
Chamfer 10 4 9 0 0 6 1 
Bevel 10 0 4 5 1 5 5 

Fig 4 • Scanning electron micrographs of fractured featheredge restoration (origin•) m•gnifica
tion x 25). Left, tooth aspect; right, resin aspect. 

Fig 5 • Scanning electron micrographs of fractured chamfer restoration (original magnification 
x 25). Left, tooth aspect; ri!jht, resin aspect. 

Fig 6 • Scanning electron micrographs of fractured bevel restoration (original magnification x 25). 

Left, tooth aspect; right, resin aspect. http://etd.uwc.ac.za/ 
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Fig 7 • Distribution of tension and compression forces at the interface between composite 
resin and tooth. 

level with the cut dentin surface (Fig 6, 
right). 

Discussion 

In this study, the retentive forces at 
fracture of the featheredge incisal edge 
restorations were significantly lower 
than those of restorations placed . on 
beveled preparations. However, the re
tentive forces of restorations in each of 
the three procedures were of the same 
order of magnitude. The ease of per
forming the clinical procedures, there
fore, is a major consideration when 
advocating a specific operative proce
dure for the restoration of fractured in
cisal edges. In the absence of a definite 
finish line, it is difficult to finish feath
eredge restorations. Also, the thin 
featheredge resin extension may frac
ture, resulting in a defective interface 
between resin and enamel. Further
more, the bulk necessary to provide 
strength for the featheredge restora
tion results in an overcontoured resto
ration, which may compromise the 
esthetic appearance on the labial as
pect and may also create an occlusal 
interference on the lingual aspect of a 
maxillary anterior tooth. 

Attempts to eliminate the interfer
ence may weaken the restoration and 
increase the risk of fracture through 
the material. It is often easier to bevel 
the full thickness of the enamel than to 
prepare a chamfer to an estimated 
depth of half the enamel thickness. 
Beveling seems the simplest and most 
efficient means of removing crazed or 
disrupted enamel at the cavosurface 
angle, which is often caused by high
speed instrumentation or fracture . In 
addition, the bevel allows for a gradual 
transition of resin to tooth and at the 
same time provides bulk across the 
cavosurface angle. A 45° bevel, extend-

ing the full enamel thickness, is rec
ommended for accessible cavosurface 
angles to retain fractured incisal edge 
restorations. 

A simple mechanical model was de
veloped to demonstrate the forces gen
erated at the interface between restora
tion and tooth. The application of force 
from the lingual aspect would load the 
tooth in a cantilever fashion (Fig 7). 
The lingual surface would be exposed 
to tension, whereas the labial surface 
would be exposed to compression, if 
the neutral axis were located within 
the tooth. Therefore, fracture should 
begin along the lingual surface and 
proceed across the interface between 
resin and tooth to the labial surface. 
After initiation of fracture, the inter
face would open and subject the labiai 
surface to a complex bending load. 
Within the specimen, the tension and 
compression regions would produce 
shear components at approximately 
45° to the axis of the major forces. 
These shear components would be re
solved in directioiis specific to the res
toration interfaces (featheredge , 
chamfer, or bevel) . This is illustrated 
schematically for the labial surfaces in 
Figure 8. Another factor is the quantity 
of the cross-sectional area of restora
tive material along the lingual surface 
that would resist fracture during the 
initial loading. The smaller the cross 
section, such as in a featheredge resto
ration, the lower the fracture force 
magnitude that would be expected. As 
the fracture occurred through the re
storative material on the lingual sur
faces for all three restorative proce
dures, the tensile strength of the re
storative material is the limiting factor. 

On the labial surfaces offeatheredge 
restorations, fractures occurred pre
dominantly within the restorative ma
terial at or near the cavosurface angles 
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-- Neutral axis--------

Featheredge 

- - Neutral axis --- -- -~ 
Shear 

Chamfer 

;h~ No• ... ul• -------

Compression ;c11:~~:i~;:r,mrer,rnll 
Bevel 

Fig 8 • Resolution of shear components at the 
interfaces between restoration and tooth on the 
labial surfaces. 

(Fig 4 , left). Compressive forces gener
ated during loading caused fracture 
through the restorative material before 
shear components of these forces 
could operate at the interface between 
resin and enamel (Fig 8) . The bevel 
restorations fractured along the inter
face between resin and enamel (Fig 6, 
left) because of the greater bulk of re
storative material associated with a 
bevel preparation and because a 
maximum shear component would 
exist across the interface (Fig 8). Frac
tures on the labial aspects of chamfer 
restorations followed an intermediate 
pattern. The simplified mechanical 
models represented in Figures 7 and 8 
disclose that the actual fracture paths 
through the restorative material and 
through the interfaces between enamel 
and restoration follow predictable pat
terns. This finding may explain why 
clinical studies of these three restora
tive procedures, extending up to three 
years, showed similar failure rates, 
ranging from 2% to 7%.12.16.18 

Summary 

In this study, all of the fractured 
specimens were examined under a 
dissecting microscope, and the frac
ture sites were classified as occurring 
either at the interface between the 
resin and enamel or within the resin. 
Selected specimens, representing each 
type of restorative procedure, were ex
amined in the scanning electron mi-
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Fig 9 • Scanning electron micrographs of interfacial fracture site (original magnification x 5,000). Left, tooth aspect; right, resin aspect. 

Fig 10 • Scanning electron micrograph of Class I etching pattern of 
polished enamel swface etched with phosphoric acid (original mag
nification x 5,000). 

croscope; particular attention was 
given to the interfacial fracture sites. 
The tooth (enamel) aspect of a frac
tured specimen shows the characteris
tic Class I etching pattern, which is 
obscured by resin remnants (Fig 9, 
left) . The corresponding area on the 
resin aspect of the fractured specimen 
shows rounded projections of resin 
tags that had extended before fracture 
into preferentially etched enamel 
cores (Fig 9, right) . It has been 
suggested that failure between a resin 
and etched enamel should not be clas
sified as interfacial failure, but rather 
as failure occurring partly within resin 
and partly within enamel. 19 A typical 
Class I etching pattern of a polished 
enamel surface etched with phos
phoric acid is shown in Figure 10. This 
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distinct etching pattern is not ob
served when interfacial fracture sites 
are examined because fractured resin 
remnants that are retained in the 
etched enamel surface obscure the 
etching pattern (Fig 9, left). 

Dr. Black is assciciate professor, department of 
operative dentistry; Dr. Relief is professor; and Dr. 
Lemons is professor and chairman, department of 
biomaterials , University of Alabama School of 
Dentistry, Birmingham, 35294. Address requests 
for reprints to Dr. Black. 
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Denture retention has been defined as the resistance of a denture to verti-

cal and torsional stresses, or the resistance to the removal of a denture in a 

d . . . h f . . . 1,2 irection opposite to tat o its insertion. The retention of a complete 

denture may be influenced by a number of variables classified as physical, phys

iologic, mechanical and surgical in nature. 3 The physical forces operate in 

the salivary film between the denture and the surrounding tissues and involve 

factors such as adhesion, cohesion, capillarity, atmospheric pressure, surface 

. d . . 4-8 tension an viscosity. 

To produce adequate adhesion of a denture to the supporting tissues, sali-

va must flow easily over the entire surface thereby ensuring the wetting of the 

adherend surface. The fundamental requirement for good adhesive performance is 

intimate molecular contact between the adhesive and the adherend. 9 The ex-

tent to which an adhesive will wet a surface depends on the viscosity of the 

adhesive, the shape of the irregularities on the surface of the adherend, and 

on the contact angle (8) at which the adhesive meets the adherend 

10 11 
surface. ' Since the tendency for the liquid to spread increases as 8 de-

creases, the contact angle is a useful inverse measure of spreadability or 

b 'l' 11 wetta i ity. 

The contact angle observed when a liquid boundary advances for the first 

time over a dry, smooth surface is called the advancing contact angle (8A) 

while the contact angle observed when a liquid boundary recedes from a previous-

ly wetted surface is called the receding contact angle (8R). These contact 

12 angles are characteristic constants of liquid/ solid systems. When determin-

ing contact ang-les, the liquid and solid surfaces must be uncontaminated by 

extraneous impurities and the liquid and solid must be mutually insoluble and 

. 11 12 not react chemica y. Cleaning methods are needed for contact angle mea-

surements which are extremely effective in removing foreign contaminants. 
http://etd.uwc.ac.za/ 
 



2 

The objective of this in vitro study was to determine the wettability of 

selected denture base materials by synthetic saliva and distilled water. 

MATERIAL AND METHODS 

The denture base materials which were used in this study are listed in 

Table I. Flat surfaces of the test materials were prepared as follows. For 

the acrylic denture base resins a wax layer was adapted to a flat glass 

surface, the wax invested in a flask and subsequently boiled out. The acrylic 

resin was compression molded and finished as in clinical practice. The metal 

samples were cast and finished as for the tissue surface of a denture base. 

The polyurethane resin was ordered directly from the manufacturer and used 

without modification. Three test specimens were prepared for each of the 

denture base materials. A standardized method was used to clean the test 

13 samples. 

For determining the wettability of the denture base materials, the static 

contact angles of synthetic saliva and distilled water were recorded at 0° 

ti 1 t on three specimens of each denture base material. The composition of the 

synthetic saliva is given in Table II. Ten microliters of synthetic saliva or 

distilled water were deposited with a micrometer syringe (Gilmont Instruments, 

Inc., Great Neck, N.Y.) on the denture base materials and the contact angles at 

the left and right boundaries of a drop measured after 5 minutes. The contact 

angles were measured with a goniometer (Rame'-Hart, Inc., Mountain Lakes, .J.) 

in a controlled environment (22°C, 50 % humidity). The advancing and receding 

contact angles of synthetic saliva and distilled water were measured also on 

three test specimens of each of the six denture base materials by tilting the 

goniometer at 24°. Three measurements were made on each test surface. http://etd.uwc.ac.za/ 
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Th d 1 d b f 1 . f . 14 d T k I e ata were ana yze y a two actor ana ysis o variance an u ey s 

f 1 . 1 15 test o mu tip e contrasts. All statistical tests were computed at the 5 % 

level of significance. 

RESULTS 

The contact angles at 0° tilt are presented in Table III. Analysis of 

the data revealed that there were no significant differences between the 

contact angles measured at the left and right boundaries of saliva, and water, 

respectively, for each specific denture base material. All of the contact 

angle data for saliva and water were pooled and analyzed using a two factor 

analysis of variance. The two factors were fluid (saliva and water) and 

denture base material. The difference between the two fluids was statistically 

significant as were the differences amongst the materials. Tukey's test of 

multiple contrasts was used to isolate the significant differences among the 

means for the denture base materials (Table IV). The mean static contact 

ang 1 es for s a 1 i va on Fut ron, Tic oni um, and Vital lium were statistically 

comparable and significantly different from the means on the other materials. 

The static contact angles for saliva on Flash, Estron, and Aluminum were 

statistically significantly different from one another as well as from the 

other denture base materials. The mean static contact angles for water on 

Ticonium and Vitallium were statistically comparable and significantly greater 

than the contact angles for the other materials. The static contact angles for 

water on the other materials were statistically significantly different from 

one another as well as less than on Ticonium and Vitallium. 

The advancing and receding contact angles at 24° tilt are given in Table 

V. Ana 1 y sis of variance showed that both the denture base material and fluid 
http://etd.uwc.ac.za/ 
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type (water and saliva) significantly affected contact angles. Both the 

advancing and receding contact angles for saliva and water were the smallest on 

Aluminum. Contact angles connected by vertical lines were not significantly 

different. The differences between the advancing and the receding contact 

angles for both saliva and water were significantly different for each denture 

base material, with the advancing contact angles being greater than the 

receding contact angles. 

DISCUSSION 

The static contact angles of saliva at the left and right boundaries of 

the drop of saliva were not significantly different for a specific denture base 

material. Similarly, the static contact angles at the left and right bounda-

ries of the drop of water were not significantly different for a specific den

ture base material. These results indicated that the test surfaces for each 

denture base material were homogenous. The standardized method for cleaning 

the test surfaces as suggested by Patton and his coworkers 13 effectively re

moved contaminants from the test surfaces. Analysis of variance of the combin

ed static contact angle data for saliva and water showed that the difference 

between the two fluids was statistically significant. This does not imply that 

the static contact angles of saliva and water were significantly different on 

all of the denture base materials. 

The advancing contact angles of saliva at 24° tilt were significantly 

greater than the receding contact angles for a specific denture base material. 

Similarly, the advancing contact angles of water at 24° tilt were significant

ly greater than the receding contact angles for a specific denture base materi-

al. These findings are in accord with those previously reported.
12 

It was 

\ 
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suggested that the differences between advancing and receding contact angles 

(hysteresis) were due to the presence of pores or crevices on the adherend sur-

faces which resulted in the entrapment of the fluid as it flowed over the solid 

11 
surfaces. A surface which had previously been wetted by a fluid will exhib-

it a 1 owe r cont act angle of the fluid than a surface which had not previously 

been wetted by the same fluid. 

The question arises which of the static, advancing and receding contact 

angles are the most appropriate to measure when evaluating the wettability of 

denture base materials? . d . . 16 d d . Craig an his associates measure the a vancing 

and receding contact angles of saliva and water on polystyrene and polymethyl 

methacrylate denture base materials and reported that the receding contact an-

gles were smaller than the corresponding advancing angles. They suggested that 

the decrease resulted from the difference in adhesion between the liquid drop 

and the solid and the liquid drop and the liquid film on a previously wetted su-

rface. They concluded that from the standpoint of denture retentive force 

measurements, the receding contact angle was more important because the film of 

saliva between a denture base and the tissues recedes over these surfaces dur-

ing the dislodgement of a denture. 

Another factor which would effect the magnitude of the contact angle of 

a fluid on a solid surface is the roughness of the adherend surface. 

17 
Wenzel showed that the roughness of a solid surface is related to the ap-

parent (measured) contact angle e1 between the liquid and the solid surface and 

the true contact angle e as follows: 

r (roughness factor) = .Cos e1 

Cos e 
Carefully machined or ground surfaces have values of r > 1.5. Since r is al-

ways greater than unity, when e < 90°, e1 < e. On a rough adherend surface 

e1 
• 1 h h t t 1 e the apparent contact angle is ess tan t e true con ac ang e • In the http://etd.uwc.ac.za/ 
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present study the fitting surfaces of the denture base materials were finished 

as in clinical practice. The surface roughness even in test specimens of the 

same denture base material was an uncontrollable variable. The variability in 

surface roughness of denture base materials must be considered when evaluating 

contact angle data. 

CONCLUSIONS 

1. The static contact angles at the left and right boundaries of drops of 

saliva and water, respectively, were statistically comparable for a 

specific denture base material. 

2. The advancing contact angles of saliva and water were significantly 

greater than the corresponding receding contact angles for a specific 

denture base material. 

3. The static and advancing contact angles of saliva and water, respective

ly, were of the same order of magnitude for a specific denture base 

material. 

4. The receding contact angle is the more appropriate contact angle to 

measure when evaluating the wettability of denture base materials. 

5. The variability in surface roughness of denture base materials must be 

considered when evaluating contact angle data. 

http://etd.uwc.ac.za/ 
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Table I. Selected denture base materials 

Trade Name 

Es tr on 

Flash 

Futron 

Ticonium 

Vitallium 

Aluminum 

Manufacturer 

Teledyne Dental, 
Chicago, IL 60007 

Yates and Bird, Inc., 
Chicago, IL 60610 

Polythetics, Inc., 
St. Louis, MO 63101 

Ticonium Corp., 
Albany, NY 12201 

How Medica Corp., 
Chicago, IL 60632 

Alcoa 
Badin, NC 28009 

Composition 

Heat-cured acrylic 
resin 

Cold-cured acrylic 
resin 

Polyurethane resin 

Low-heat chrome
cobal t alloy 

High-heat chrome
cobalt alloy 

Aluminum alloy 

9 
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Table II. Composition of synthetic saliva 

H20 500 ml 

Xylitol 20g 

Potassium Chloride (KCl) 

Sodium Chloride (NaCl) 

Magnesium Chloride (Mgcl 2) 

Tricalcium Phosphate (TCP) 
(Stock Solution) 

Peppermint Food Flavoring 

Carboxylmethylcellulose 

Sodium Hydroxide, 0.05 M (NaOH) 

Made up to: 

1.2g 

0.843g 

0 .05 lg 

20 ml 

5 ml 

10 g 

20 ml (for pH 6.8) 

1000 ml 

10 
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Table III. Static contact angles of saliva and water 

Saliva Water 

Denture 
Base Material Left Right Left Right 

Ticonium *79 .6 ± 3.0 78.0 ± 3.8 76.3 ± 3.9 77. 7 ± 5.7 

Futron 79 .3 ± 4.0 78.6 ± 3.0 72 .4 ± 2.1 71.2 ± 3.0 

Vitallium 76.8 ± 4.8 76 .5 ± 4.4 71.9 ± 4.3 73.6 ± 5.3 

Flash 74.8 ± 3.1 75 .8 ± 4.2 69. 7 ± 2.2 70 .3 ± 1.9 

Estron 65. 7 ± 4.4 67.6 ± 6.5 63.6 ± 6.5 64.3 ± 3.8 

Aluminum 54.9 ± 3.7 54.9 ± 4.8 53.2 ± 3.4 51.4 ± 5.0 

*Means ±SD of 3 measurements on each of 3 samples. 

http://etd.uwc.ac.za/ 
 



Table IV. Static contact angles of the pooled data 

Denture Base Material Saliva Water 

Futron * 79 .o ± 3 .4 71.8 

Ticonium 78 .8 ± 3 .4 * 177 .o 
Vitallium 76.6 ± 4.4 72. 7 

Flash 75 .o ± 3 .6 70.0 

Estron 66.6 ± 5 .5 64 .1 

Aluminum 54.9 ± 4.2 52.5 

*Means which are connected with vertical lines are not 
significantly different. 

12 

± 2.6 

± 4.5 

± 4. 7 

± 2.0 

± 3.6 

± 4.2 
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Table V. Advancing and receding contact angles of saliva and water 

Advancing Reced i ng 

Denture 
Base Material Saliva Water Saliva Water 

Ticonium * 83.3 ± 2.4 * 80 .o ± 4.3 * 69 .6 ± 4.2 * 171.9 ± 5.0 

Futron 82 .1 ± 3.8 75 .3 ± 2.7 69 .1 ± 2.3 ± 2.1 63 .4 

Vitallium 83.3 ± 2.4 75.5 ± 4.6 68.6 ± 4.2 67.0 ± 4.9 

Flash 77 .4 ± 2.2 74.0 ± 2.4 66.7 ± 4.5 164. 7 
± 2.7 

Estron 68.3 ± 5.6 65 .1 ± 3.4 61.1 ± 5.6 57.7 ± 4.8 

Aluminum 56.7 ± 4.4 55.9 ± 3.8 47.2 ± 6.3 44.3 ± 4.6 

Means ± SD of 3 measurements on each of 3 samples. 

*Means which are connected with vertical lines are not significantly different. 
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Pyruvic acid as an etching agent 

D. H. RETlEF, J. BISCHOFF and E. H. M. VAN DER MER WE 
Dental Research Unit of the South African Medical Research Council, and the University 
of the Witwatersrand, Johannesburg 

.Summary 
Phosphoric acid at different concentrations has been extensively used as an etching 
agent to improve bonding of dental materials to enamel surfaces. Recently attention 
has been drawn to the possible use of polyfunctional organic acids as conditioning 
agents. 

The object of this investigation was to determine the optimal concentration of 
pyruvic acid as an etching agent. A commercial composite resin with an intermediary 
bonding system supplied with 37 % H3P04 as an etching agent was used as the control 
system. In addition, a comparative study was carried out to evaluate 37 % HaP04, 
20 % lactic acid and the optimal concentration of pyruvic acid as conditioning solutions; 

Etching enamel surfaces with· 10 % pyruvic acid resulted in the optimal tensile bond 
strength of the resin to etched ·enamel surfaces. The use of 10 % py;ruvic acid did not 
adversely affect the bond strength of the resin system when coJl1pared to enamel 
surfaces etched with 37 % HaP04 for the same time period. Significantly lower tensile 
bond strengths were recorded on enamel surfaces etched with 20 % lactic acid. The 
rate and depth of etching obtained with 37 % H3P04 can be considerably reduced by 
using 10 % pyruvic acid as the conditioning agent. 

Introduction 
An acute problem in dentistry is that the available restorative materials lack adhesion 
to tooth structure (Phillips, 1973). To overcome the disadvantages associated with this 
lack of adhesion, extensive research into ·the development of materials which will 
adhere to enamel and dentine is consequently being undertaken by numerous research 
workers. Some measure of success has been achieved in the development of the 
carboxylate cements by Smith (1968). According to Smith (1971), the carboxyl groups 
in the long chain polyacrylic acid molecules have the ability to chelate to calcium in 
the mineral phase of tooth structure thus establishing an adhesive bond. Direct 
evidence of this chemical interaction at the interface has been presented by the infrared 
spectroscopic studies of Beech (l 9.7J, 1973). . 

The chemical treatment of teeth to provide a modified surface, offers an attractive 
alternative approach for the improvement of bonding between tooth structure and 

Correspondence: Profossor D. H. Retief, Dental Research Unit, University of the Witwatersrand, 
Johannesburg 2001, Republic of South Africa. 
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dental materials. Buonocore (l 955) was the first to report that bonding of acrylic 
restorative materials to enamel could be substantially increased by conditioning the 
enamel surface with 85 % orthop_hosphoric.acid (HaP04). Subsequently the efficacy of a 
great number of organic and inorganic acids and chelating agents such as ethylene
diamine tetra-acetic acid (EDTA) at different concentrations has been evaluated in a~ 
effort to obtain increased bond strengths of dental materials to tooth structure. 

The results of these laboratory evaluations have shown that etching enamel 
surfaces with 50% HaP04 (Newman, 1965 ; Lee, Phill ips & Swartz, 1971), 50% H3P04 

attenuated with 7 % zinc oxide by weight (Gwinnett & Buonocore, 1965; Wright & 
Beck, 1973) and 50 % citric acid (Lee & Swartz, 1971 ; Cadwell & Johannessen, 1971) 
produced a marked increase in the bond strengths of a great variety of dental materials 
to conditioned enamel. 

Conditioning of the enamel surface is now an accepted and widely applied 
technique to improve bonding to enamel in restorative dentistry (Hinding, 1973; 
Buonocore & Davilla, 1973; Friedman & Retief, 1973), in preventive dentistry 
(Buonocore, 1970; Ripa & Cole, 1970 ; Parkhouse & Winter, 1971) and for the direct 
bonding of orthodontic attachments (Retief, Dreyer & Gavron, 1970; Newman, 1971; 
Cohl, Green & Eick, 1972). 

Several acids,_including mineral and organic acids, and chelating agents have been 
evaluated as conditioning agents. Brauer & Termini ( 1972) reported that the adhesion 
of acrylic resins to polished bovine enamel surfaces was markedly increased by 
etching the enamel surfaces separately with a large number of organic acids, parti
cularly those that contained polyfunctional groups. They found that a 20 % aqueous 
lactic acid solution was an effective adhesion promoter and that treatment of enamel 
with this acid resulted in adhesion values greater than those obtained with a 50 % 
phosphoric acid solution that contained 7 % zinc oxide by weight. 

Ohsawa (1972) determined the bond strength between an ethyl-2-cyanoacrylate and 
polymethylmethacrylate sealant and polished human enamel surfaces etched with 
fifteen different water soluble acids at seven different molar concentrations respectively. 
He found that the adhesive strength of the sealant to enamel surfaces etched with 
any of the acids, irrespective of their concentrations, was greatly improved when 
compared to the bond strength obtained on unetched polished enamel surfaces. The 
adhesion also improved with an increase in acid concentration but reached a peak 
at a concentration level which varied from one acid to the other. Ohsawa (1972) 
found that the highest tensile bond strength of the sealant was obtained on enamel sur
faces etched with 2 M pyruvic acid. 

Recently an enamel bond system* has been introduced commercially for use as an 
intermediary liner between composite restorative materials and etched enamel sur
faces. The system consists of two liquid components, a Universal resin and a Catalyst 
resin. Both components consist of unfilled BIS-GMA resin diluted with an aliphatic 
dimethacrylate. Benzoyl peroxide is incorporated in the Catalyst resin and an amine 
accelerator in the Universal resin. The etching liquid is a 37 % by weight HaP04 
solution (3M Technical Information Sheet, No. 7, 11 July, 1974). 

The object of this investigation was to determine the optimal concentration of 
pyruvic acid as an etchifig agent. The tensile bond strength of the Concise Brand 
Enamel Bond System used in conjunction with Concise Brand Composite Resint was 

•Concise Brand Enamel Bond System, 3M Company, St Paul, Minnesota 55101 , U.S.A. 
t 3M Company, St Paul, Minnesota 55101, U.S.A. http://etd.uwc.ac.za/ 
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u.sed as a measure of the efficacy of different concentrations of pyruvic acid as a 
conditioning agent. The composite system consists of two pastes which are mixed in 
equal volume proportions. The pastes differ in that the Universal paste has the 
tertiary amine accelerator and the Catalyst paste contains the benzoyl peroxide 
catalyst. The major resin in both pastes is the BIS-GMA resin filled with vinyl silane 
treated quartz filler particles (3M Technical Information Sheet, No. 2, 15 July, 1974). 
In addition a comparative study was carried out to evaluate 37 % HaP04, 20 % lactic 
acid and the optimal concentration pyruvic acid as etching solutions . . , 

Materials and methods 
Freshly extracted, sound human central maxillary incisors were used in this investi
gation. The teeth were cleaned and stored at -4 °C until required. 

The effect of different concentrations of pyruvic acid on the tensile bond strength of 
the resin system 
The labial surfaces of the maxillary incisors were polished with 180 grit silicon carbide 
discs on a Kent MK 2 polishing machine.* The roots of the teeth were cut off and 
undercut wedgeshaped grooves prepared on the lingual aspects of the crowns with a 
diamond disc. This provided for mechanical retention of the tooth in the embedding 
medium during the testing procedure. The crowns of the teeth were placed in a 
mould in which twelve specimens could be embedded at a time. The mould was 
placed on a smooth, firm polyethylene sheet and the teeth positioned in the mould so 
that the polished surfaces faced the plastic sheet. The moulds were filled with a clear 
self-curing _ acrylic resint and the embedded teeth removed after 'the resin had set. 
These specimens were always stored wet in a refrigerator. The etching solutions were 
made up from analytical grade pyruvic acid to contain 5, I 0, 15, io, 25 and 30 g of 
pyruvic acid in 100 g solution respectively. 

The tensile disruptive force required to break an experimental bond was used as a 
measure of the resin/enamel bond strength. The preparation of the experimental test 
specimens and subsequent determination of the tensile bond strengths were carried out 
according to a method developed by Hanke (1968) and modified by Phillips, Swartz & 
Rhodes (1970). 

Circular matrices, with an inside diameter of 6 mm and a thickness of 1 · 5 mm 
· were prepared with a polyether rubber impression compoundt in a brass mould. 

These were cut on one side with a sharp scalpel to produce split ring matrices. Final 
polishing of the exposed enamel surfaces of the embedded teeth was done just prior to 
the preparation of the experimental test specimens with wet 320, 400 and 600 grit 
silicon carbide discs on the polishing machine. The embedded teeth were immersed in 
distilled water and one experimental test specimen prepared at a time. 

Ten test specimens were prepared on polished, unetched enamel surfaces and a 
similar number on the polished enamel surfaces etched separately with each of the 
pyruvic acid etching solutions for 90 s respectively. The etched surfaces were washed 
well with water to remove the etching solutions and dried with a chip syringe. A split 

• Engis Limited, Maidstone, England. 
t Lang Dental Manufacturing Company, Chicago, Illinois, U.S.A. 
t lmprcgum, ESPE, Seefeld/Oberbay, West Germany. http://etd.uwc.ac.za/ 
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ring rubber matrix was placed on the tooth surface and a close fitting brass ring 
slipped over the matrix to maintain its form and inside diameter during the preparation 
of the experimental bonds. The Concise Enamel Bond System was mixed according to 
the manufacturer's instructions and a drop transferred to the exposed enamel surface 
within the ririg matrix. The Concise Brand Composite Resin was then mixed ~s 
advocated by the manufacturer and the ring matrix filled with a portion of the mixed 
resin. The remainder was placed in an undercut recess in a 12 · 5 mm diameter bronze 
ball bearing. The ball was carefully aligned on the rubber matrix with finger pressure. 
The alignment was facilitated by drilling a hole through the centre of the recess to 
emerge on the opposite side of the ball bearing. The resin was allowed to set at room 
temperature for 15 min, the metal bands and split matrices removed and the prepared 
specimens stored in water at 37 °C for 24 h prior to testing. 

The specimens were mounted in a test jig similar to that designed by Hanke (1968) 
and modified by Phillips, Swartz & Rhodes (1970). It was designed to allow proper 
alignment of the test specimen in the testing machine during the application of the 
load and to eliminate as nearly as possible all other forces except tensile during the 
test procedure. An Instron Table Model 1026* tensile testing machine was used, the 
load applied at a speed of 0 ·05 cm/111in and the force to break an experimental bond 
automatically recorded. The tensile bond strength was calculated and expressed in 
megapascals (MPa). 

Comparative study of three etching solutions 
The three etching solutions evaluated were the 37 % by weight HaP04 solution supplied 
with the Concise Enamel Bond System, 20 % by weight lactic acid prepared from 
analytical grade lactic acid and 10 % by weight pyruvic acid. Optimal tensile bond 
strengths of the Concise system were obtained on enamel surfaces etched with this 
concentration of pyruvic acid. 

Tensile bond strengths of Concise composite with Enamel Bond to e1Jamel surfaces 
etched with the three conditioning solutions. Ten experimental bonds were prepared on 
polished enamel surfaces etched with 37 % HaP04, IO% pyruvic acid and 20 % lactic 
acid for 90 s respectively. The same experimental procedure was used to determine the 
tensile bond strengths of the Concise composite with Enamel Bond to the · etched 
enamel surfaces. 

The effect of the etching solutions on normal enamel surfaces. The crowns of the 
maxillary central incisor teeth were lightly polished with pumice and a · soft bristle 
brush. The roots of the teeth were removed with a diamond disc and the cervical area 
on the lingual aspects of the crowns of the teeth ground on the polishing machine to 
facilitate subsequent mounting of the specimens on the aluminium stubs. The crowns 
of the teeth were washed well, dried with a chip syringe and the labial enamel surfaces 
etched with 37% H3P04, 10% pyruvic acid and 20% lactic acid for 90 s respectively. 
The conditioning solutions were removed immediately after etching by washing the 
crowns of the teeth well in tap water. The etched crowns were dried .with a chip 
syringe and stored in a desiccator overnight. 

The etched crowns Were ~ounted on aluminium stubs using an alcoholic colloidal 
graphite solution.t The specimens were coated with silver in an Edward Coating Unit 

• Instron Ltd, High Wycombe, England. 
f DAG Dispersion 580, Acheson Colloids Ltd, England. http://etd.uwc.ac.za/ 
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Model El2E4* and viewed in a Cambridge Stereoscan S4t scanning electron 
microscope (SEM). The instrument was operated at 15 kV and the beam/specimen 
angle varied to give the best surface projection and the results photographically 
recorded. 

Effect of the conditioning solutions on the resin aspect of the interface. The following 
technique was employed to study the resin surfaces that had been allowed to cure on 
normal enamel surfaces and enamel surfaces etched with 37% HaP04, _10% pyruvic 
acid and 20 % lactic acid for 90 s respectively. 

A thin layer of the Concise enamel bond system was placed on normal and etched 
enamel surfaces and allowed to set. The Concise composite was mixed, placed on the 
underlying bond system and allowed to set overnight. Oblique, transverse sections 
were cut through the resin/enamel interfaces with a diamond disc. The enamel on the 
mesial, lateral and distal aspects of the sections was covered with dental sticky wax but 
the enamel and dentine on the cut surfaces left exposed. The sections were placed in 
10 % hydrochloric acid for 10 min, rinsed well with water, the sticky wax removed and 
the sections dried. The specimens were prepared for viewing in the SEM as previously 
described. The resin surfaces that had cured on the normal and etched enamel surfaces 
were exposed and examined by rotating the specimen stage of the SEM. 

The rate of etching of the conditioning solutions. The labial surfaces of maxillary 
incisor teeth were cleaned with a slowly rotating polishing brush and pumice and the 
mesial and lateral surfaces of the crowns ground on the polishing machine to obtain 
parallel surfaces. The roots of the teeth were clamped in an Jsomet low speed sawt 
and thin slices of the incisal edges of the crowns cut and discarded. A section, approxi
mately 7 mm in thickness, was cut from each crown. The width and length of the cut 
specimens were measured accurately with calipers and the surface area of each block 
calculated. 

These sections were then mounted on the tips of plastic rods a'rter all the surfaces 
except the labial had been carefully covered with dental sticky wax. The mounted 
sections were washed well with de-ionized water to remove any tooth debris deposited 
on the surfaces during the cutting procedure. Successive layers of enamel were etched 
from the exposed enamel surfaces according to a technique developed by McCann 
(1968). One millilitre of each of the etching solutions was placed in a series of plastic 
containers and four successive etchings of 15 s duration carried out. A fifth etching 
lasting 30 s, was carried out with each of the etching solutions. The tip of the rod with 
the exposed labial enamel surface was immersed in the etching solution and gently 
agitated for the required time interval. The rod was quickly removed and the exposed 
enamel surface washed with 1 ml of total ionic strength adjustment buffer (TISAB) to 
quantitatively transfer remains of the etching solution and dissolved enamel to the 
solution in the plastic container. The solutions were diluted and the calcium content 
determined by atomic absorption spectrophotometry.§ 

Five teeth were etched with each conditioning solution. The amount of enamel 
etched at each time interval was calculated from the calcium content of the etching 
solutions by assuming that enamel contains 37·1 % calcium (Retief et al., 1971). The 

-·-
•Edwards Ltd, Cramley, Kent, England. 
t Cambridge Scientific Instruments Ltd, Cambridge, England. 
t Isomet Low Speed Saw, Buehler Ltd, Illinois, U.S.A. 
§ Carl Zeiss Atomic Absorption Spectrophotometer, Model PMQ II with flame attachment FA 2. 
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rate of etching was determined by calculating the amount of enamel removed at each 
time interval and expressed in µ.g/mm2• The amounts of enamel removed in each series 
were sequentially summed and the results recorded graphically. 

Depth of etching and surface roughness produced by the three conditioning solutions. 
The depth of etching of polished enamel surfaces produced by the three etching 
solutions was determined by a chemical method and by surface profile recordings. · 

The chemical method employed was a modification introduced by van der Merwe 
et al. (1974) of the original enamel biopsy technique developed by Hotz, Miihlemann 
& Schait (1970) for the in vivo determination of fluoride in enamel. The labial 
surfaces of maxillary central incisors were polished with 600 grit silicon carbide paper 
on the polishing machine, washed in running tap water and dried with compressed air. 
Annular discs, with an outer diameter of 5 mm and an inner diameter of 3 mm, were 
punched from an adhesive tape. The annular discs were placed on the dried polished 
enamel surfaces and caref~lly burnished to ensure good marginal adaptation. Five 
teeth were etched with each of the conditioning solutions respectively. Special filter 
paper discs with adhesive backing were prepared and held with a vacuum pipette. Ten 
microlitres of the etching solution were pipetted on to the filter paper discs and the 
exposed area on each tooth etched for 90 s while intermittent pressure was exerted 
with the vacuum pipette to ensure gentle agitation of the etching solution. Immediately 
after etching, the exposed surface was swabbed with a second filter paper disc to 
absorb residual phosphoric acid on the etched surface. Both the discs were transferred 
to a plastic container containing 2 ml of TISAB. Filter paper discs, which were free of 
calcium, were used. Control samples were prepared at the same time .. The solutions in 
the plastic containers were diluted with de-ionized water and the calcium content of 
the diluted samples was determined by atomic absorption spectrophotometry. 

The depth of etch was calculated using the following formula: 

D h f t h ( ) 
Weight dissolved enamel 

ept o e c µ.m = . . 
Density of enamel x Biopsy surface area 

For the calculation it was assumed that the calcium content of human tooth enamel is 
37·1 % (Retief et al., 1971) and that the density of enamel is 2·95 g/ml (Manly & 
Hodge, 1939). The biopsy surface area of 7 · 065 mm2 was calculated from the inner 
diameter of the disc. 

A tooth from each group etched with the three etching solutions, was kept for 
surface roughness measurements. The surface profiles of these specimens were recorded 
with a Taylor-Hobson Talysurf Model 3 surface roughness testing machine.* The 
diameter of the stylus used was < 0 · 0025 mm and a pressure of 100 mg was applied to 
the stylus. Surface profiles of the etched areas were recorded by setting the machine at 
a x 20 magnification in the horizontal direction and x 2000 along the vertical axis. 
The stylus was traversed across the etched area including the margins on either side. 
Since the profiles of the floors of the etched areas were not regular, it was necessary to 
approximate a mean straight line through the etched surface which was drawn parallel 
to the line between the marginal edges. The depth of etch was measured as the distance 
between the two parallel lines on the calibrated recording paper. 

Surface profiles of-the floors of the etched areas were recorded with the same 
machine using a x 100 magnification along the horizontal axis and x 5000 in the 

• Rank Precision Industries, Leicester, England. 
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vertical direction. The maximum peak to valley height was meas_ured on each surface 
tracing. 

pH of the three etching solutions. The pH of each of the etching solutions was 
measured with a Beckman Phasar-1 digital pH meter* having a glass electrode and a 
calomel reference electrode with a fibre junction. 

Results 
The effect of different concentrations of pyruvic acid on the tensile bond strength of 
the resin system 
The mean tensile bond strengths of Concise with Enamel Bond to polished unetched 
enamel and polished enamel surfaces etched with 'the different concentrations pyruvic 
. acid are given in Table 1. The resin system did not adhere to enamel surfaces etched 

Table 1. Tensile bond strengths of Concise co~posite with Enamel Bond on polished unetched 
enamel and enamel etched with different concentrations of pyruvic acid 

No. of Mean tensile ±s.d. Coefficient 
Adherend specimens bond strength bond strength of variation 
surface (n) (MPa) (MPa) (%) 

Enamel polished 600 grit SiC 10 0·7 0·6 85·7 
Polished enamel-etched 5 % 10 9·7 3·9 40·2 

pyruvic acid 90 s 
Polished enamel-etched 10 % 10 16·6 2·4 14·5 

pyruvic acid 90 s 
Polished enamel-etched 15 % 10 14·8 2·8 18·9 

pyruvic acid 90 s 
Polished enamel-etched 20 % 10 10 ·1 2·0 19·8 

pyruvic acid 90 s 
Polished enamel-etched 25 % 10 2·2 1 ·2 54·5 

pyruvic acid 90 s 

with 30 % pyruvic- acid. All the test specimens prepared on these surfaces became 
dislodged during water immersion at 37 °C. The optimal tensile bond strength was 
obtained on polished enamel surfaces etched with 10 % pyruvic acid for 90 s. When a 
statistical analysis of the results obtained with the 5, 10 and 15 % pyruvic acid solutions 
was carried out by means of the Student's 't'-test, it was found that the tensile bond 
strengths recorded on enamel surfaces etched with 5 % pyruvic acid was significantly 
lower than those obtained on enamel surfaces conditioned with 10 % pyruvic acid 
(P<O·Ol). The mean tensile bond strength obtained on enamel surfaces etched with 
15 % pyruvic acid, however, was not significantly different to that obtained using 10 % 
pyruvic acid as conditioning agent (P>O· l). A low mean tensile bond strength of 0·7 
MPa was obtained on polished unetched enamel surfaces. 

The results are graphically recorded in Fig. 1. 

CQmparative study of three etching solutions 
Tensile bond strengths of Concise_ composite with Enamel Bond to enamel surfaces 

etched with the three conditioning solutions. The mean tensile bond strengths and 
st(l.ndard deviations of the resin system to polished enamel surfaces etched with the 

•Beckman Instruments Inc., Fullerton, California 92634, U.S.A. http://etd.uwc.ac.za/ 
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Fig. 1. Mean tensile bond strengths and standard deviations of Concise with Enamel Bond to polished 
enamel surfaces etched with different concentrations of pyruvic acid. 

Table 2. Tensile bond strengths of Concise composite with Enamel Bond to polished enamel 
surfaces etched with the three conditioning solutions 

No. of Mean tensile ± s.d. Tensile Coefficient 
Adherend specimens bond strength bond strength of variation 
surface (n) (MPa) (MPa) (%) 

Polished enamel-etched 20 % 10 12·4 4·2 33·9 
lactic acid 90 s 

Polished enamel-etched 10% 10 16·6 2·4 14 ·5 
pyruvic acid 90 s 

Polished enamel-etched 37 % 10 17·1 3·3 19·3 
ff3PQ4 90 s 

three conditioning solutions are presented in Table 2. The mean tensile bond strength 
record~d on polished enamel surfaces etched with 20 % lactic acid was significantly 
lower than that obtained on polished enamel surfaces etched with 37 % H3PQ4 
(P < 0 ·02). On the other hand, no significant difference was obtained when subjecting 
the results obtained on polished enamel surfaces etched with IO% pyruvic acid and 
37 % H3PQ4 respectively, to statistical analysis (P~O ·I). 

The results obtained in this comparative study are presented graphically in Fig. 2. 
The effect of the etching solutions on normal enamel surfaces. A normal enamel 

surface showed a relatively featureless appearance when viewed in the SEM (Fig. 3). 
A variable etching pattern was obtained by etching enamel surfaces with 37 % 

H3P04 for 90 s. Jn some areas the characteristic 'prism-end' structure was observed 
resulting from the preferential etching of the prism cores (Fig. 4). A higher magni
fication showed the typical honeycomb appearance of the etched surface (Fig. 5). 
The etching pattern, however, varied from one tooth to another and even in adjacent 
areas of the same tooth. In this particular section the prism peripheries were etched to a 
greater extent than the .prism cores (Fig. 6). Another constant feature observed on all 
enamel surfaces etched with-37 % H3P04~ was areas of etched enamel which showed no 
characteristic etching topography. In these zones of prismless enamel, prism patterns 
were not delineated-(Fig. 7). 

'· 
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Fig. 2. Mean tensile bond strengths and standard deviations of Concise with Enamel Bond to polished 
enamel surfaces etched with the three conditioning solutions. 

Fig. 3. Featureless appearance of normal enamel surface (SEM x 1000) 

Fig. 4. 'Prism-end' structure produced by preferential etching of prism cores by 37% HaP04 (SEM x 
2000). 
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Fig. 5. Honeycomb appearance of enamel surface etched with 37 % H3P04 (SEM x 5000). 

Fig. 6. Preferential etching of enamel peripheries by 37 % H3PQ4 (SEM x 2000). 

Fig. 7. Absence of prism peripheries on areas of prismless enamel etched with 37% H 3P04 (SEM x 
5000). 
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A much more even etching pattern was obtained by etching enamel surfaces with 
20 % lactic acid for 90 s. This is demonstrated in this electronmictograph obtained at a 
lower magnification (Fig. 8). At a higher magnification the key-hole interlocking of the 
enamel prisms was clearly demonstrated (Fig. 9). Lactic acid preferentially etched the 
prism cores to a greater extent than the peripheries, but the etching pattern was less 
pronounced than that obtained with 37 % H3P04 (Fig. IO). 

Similarly, etching with 10 % pyruvic acid produced a fairly even etching of the 
whole surface (Fig. l l). The preferential etching of the pyruvic acid was mainly 
confined to the prism cores resulting in the characteristic 'prism-end' structure (Fig. 
12). At a higher magnification, the typical honeycomb appearance of the etched surface 
was demonstrated (Fig. 13). 

Effect of the conditioning solutions on the resin aspect of the interface. Dissolution 
of the enamel aspects of the interfaces by means of 10 % hydrochloric acid resulted in 
exposure of the Concise composite with Enamel Bond surfaces that had cured on 
unconditioned and etched enamel surfaces. 

Fig. 8. Even etching pattern obtained by etching enamel surfaces with 20 % lactic acid (SEM x 500). 

Fig. 9. Key-hole interlockirig of enamel prisms demonstrated by etching enamel su'rfaces with 20% 
lactic acid (SEM x 2000). 
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Fig. 10. Preferential but mild etching pattern produced by etching enamel surfaces with 20% lactic 
acid (SEM x 5000). 

Fig. 11. Even etching pattern produced by etching enamel surfaces with IO% pyruvic acid (SEM ~ 200) . 

... ! · .. 

Fig. 12. 'Prism-end' structure ptoduced by preferential etching of prism cores by 10% pyruvic acid 
(SEM x 2000). 
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.Fig. 13. Honeycomb appearance of enamel surface etched with 10% pyruvic acid (SEM x 5000). 

At low magnification, the resin surface, the resin surface that had cured on the 
unetched enamel surface and dentine exposed by solution of the overlying enamel was 
demonstrated (Fig. 14). A higher magnification of the resin surface clearly demon
strated the featureless surface topography (Fig. 15). The resin surface apposed to 
enamel etched with 37 % H3P04 showed remnants of resin tags that had penetrated 
the etched enamel surface (Fig. 16). The resin aspect that had cured on an enamel 
surface etched with 20 % lactic acid revealed the extent of resin penetration into the 
etched enamel surfaces {Fig. 17). -Weli defined resin tags extended from the resin 
surface into enamel surfaces etched with I 0 % pyruvic acid (Fig. 18). 

The rate of etching of the conditioning solutions. The rate of etching of the enamel 
blocks was determined by calculating the amount of enamel removed at each etch 
interval and expressed in µg/mm2. The amounts of enamel removed in each series were 
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Fig. 15. Featureless surface topography of resin surface apposed to unetched enamel surfa~ (SEM >< 
5000). 

Fig. 16. Resin tags extending from the resin surface into enamel surface etched with 37% H 3PQ,1 

(SEM x 5000). 

sequentially summed (Table 3) and the results graphically recorded (Fig. 19). The rate 
of etching was greatest with 37% H3P0,1 followed by 10% pyruvic acid while 20% 
lactic acid had the mildest etching action. The differences between the rates of etching 

Table 3. Rate of etching of enamel surfaces exposed to the three etching solutions 

Enamel etched ± s.d. (µg/mm2) 
Etching No. of 
procedure teeth etched 15 s 30 s 45 s 60 s 90s -._ 

37% HaP04 5 9 ·8± 1 ·8 20·8±3 ·0 32·2±4·0 44·1±5·4 67·2±6·7 
10% Pyruvic acid 5 2·8±0 ·6 6·7±1 ·2 12·1±2·2 17·0±2·7 26·4±2·6 
20 % Lactic acid 5 1 ·2±0·3 2·3±0·8 3·6±1·2 5·1±1·2 8·5±2·2 http://etd.uwc.ac.za/ 
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Fig. 17. Resin penetration into enamel surface etched with 20% lactic acid (SEM x 5000). 

Fig. 18. Well defined resin tags extending from the resin surface into enamel surface etched with 10% 
pyruvic acid (SEM x 5000). 
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of 37 % H3P04 and 10 % pyruvic acid were highly significant at all the time. intervals 
(P < 0·01 ). The etching rate of 20 % lactic acid was significantly lower than that of I 0 % 
pyruvic acid (P<0·02). · 

Depth of etching and surface roughness produced by the three conditioning solutions. 
The depths of etching of the three conditioning solutions as calculated from the calcium 
content of the biopsy samples and measured from the surface profile recordings are 
presented in Table 4. The surface profiles of the etched areas from which the measure
ments were taken are shown in Fig. 20. The mean calculated depths of etching obtained 

Table 4. Depths of etching calculated from biopsy samples and 
measured from surface profiles 

Etching 
solution 

37% HsP04 
10 % Pyruvic acid 
20 % Lactic acid 

Calculated depth 
of etch {µ.m) 

(n = S) 

22·0±3·6 
6·6±1·5 
3·4±0·4 

(o) 
~ 251---------~---

( b) 

0 

(c) 

5000 
µm 

Measured depth 
of etch {µ.m) 

(n = 1) 

21 ·5 
1·0 
3·0 

Fig. 20. Surface profiles of enamel surfaces etched with: 
(a) 37% HaP04 for 90 s; (b) 10% pyruvic acid for 90 s; (c) 20% lactic acid for 90 s. 

from the enamel biopsy technique were very similar to those obtained by measurement 
of the surface profiles of the etched enamel surfaces. The most severe etching was 
produced by the 37 % HaP04 and the mildest by the 20 % lactic acid solution. The 
10 % pyruvic acid produced a depth of etch of approximately 7 µm when applied to 
polished enamel surfaces for 90 s. 

The surface roughness of the polished etched enamel surfaces expressed as maxi
mum peak to valley heights of the surface profiles are given in Table 5. The surface 
profiles of the polished unetched and polished enamel surfaces etched with the three 
conditioning solutions re'Spectively are represented in Fig. 21. Etching with 20 % lactic · 
acid did not increase the surface roughness of polished enamel surfaces. Etching with 
10 % pyruvic acid produced a slightly rougher surface while etching with 37 % HsPO, 
resulted in an even rougher surface profile. http://etd.uwc.ac.za/ 
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Table 5. Surface roughness of polished unetched and etched enamel 
surfaces 

Surface 
treatment 

Polished 600 grit SiC 
Polished-etched 37% HaP04 
Pc;>lished-etched 10 % pyruvic acid 
Polished-etched 20 % lactic acid 

(b) 

0 

(cl 

1000 
µm 

Maximum peak to 
valley height (µm) 

1 ·2 
3·8 
1 ·6 
1 ·2 

Fig. 21. Surface profiles of the floors of the etched areas: (a) Polished 600 grit SiC; (b) polished, etched 
37% H3P04 90 s; (c) polished, etched 10% pyruvic acid 90 s; (d) polished, etched 20% lacticacid90s. 

Table 6. pH values of three etching solutions 

Etching solution 

37% ff3PQ4 
10 % Pyruvic acid 
20 % Lactic acid 

pH 

<0 . 
1 ·7 
2·1 

pH of the three etching solutions. The pH values recorded for the three etching 
solutions are given in Table 6. The pH of the 37 % HsP04 solution could not be · 
determined. 

Discussion 
The use of 37 % H3P04 as an etching agent in conjunction with Concise Brand 

. Enamel Bond System is based on the experimental work of Silverstone (1974). He 
found that the pattern of etching obtained by using phosphoric acid in the 30-40 % 
range provided a better enamel surface for retention than was given by stronger or 
weaker solutions of the acid. Retief11975), however, advocated the use of 50 % H3P04 

as an etching agent. 
The use of the low viscosity unfilled Concise Brand Enamel Bond System in · 

conjunction with Concise Brand Composite Resin increased the tensile bond strength 
to enamel surfaces etched with 37 % HaP04 considerably. Ten experimental bonds http://etd.uwc.ac.za/ 
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were prepared with the Concise composite without the bonding system on polished 
enamel surfaces etched with 37 % HaP04 for 90 s. A mean tensile bond strength of 
12 · 4 ± 2 · 8 MPa was obtained which was significantly lower than the mean tensile 
bond strength of I 7·1 ± 3 · 3 M Pa recorded for the combined system (P < 0 ·02). When 
the resin aspect of Concise composite which had cured on an enamel surface etched 
with 37 % HaP04 was examined in the SEM, no resin penetration into the e~ched 
enamel was observed in some areas. The filler particles of the composite were clearly 
visible (Fig. 22). 

Fig. 22. F iller parciclt:s on the resin surface of Concise Composite without Enamel Bond apposed to an 
enamel surface etched with 37 % HaP04 (SEM x 2000). 

The optimal tensile bond strength of the composite resin with the bonding system 
was obtained on enamel surfaces etched with 10 % pyruvic acid. Ohsawa (1972) found 
that a 2 M pyruvic acid solution applied for 30 s resulted in the optimal adhesive · 
strength of a sealant consisting of an ethyl-2-cyanoacrylate liquid and polymethylmeth .. 
acrylate powder to etched enamel surfaces. A 2 M pyruvic acid solution corresponds to 
approximately a 19 % w/w pyruvic acid solution. His results cannot be compared 
directly to the findings obtained in this investigation because he used a different resin 
system and applied the etching agent for a shorter period. 

In our study it was observed that the etching pattern on enamel surfaces becam~ 
less distinct with an increase in pyruvic acid concentration. This is clearly demon· 
strated in this scanning electronmicrograph of an enamel surface etched with 25 % 
pyruvic acid for 90 s (Fig. 23). This could account for the progressive decrease of the 
tensile bond strengths of the resin system to enamel surfaces etched with increasing 
concentrations of pyruvic acid (Fig. 1). 

The variable etching pattern of enamel surfaces etched with 37 % HaP04 as 
demonstrated in this study, indicates that ~canning electron microscopy alone should 
not be used to quantitate the etching action of different concentrations of phosphoric 
or any other acid. Althoirgh the SEM is a most useful instrument for studying changes 
on enamel surfaces, general impressions only can be recorded. It appeared that the 
20% lactic ~cid had the mildest etching action of the three conditioning solutions 
evaluated in this investigation. Caution should also be exercised when evaluating resin http://etd.uwc.ac.za/ 
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Fig. 23. Enamel surface etched with 25 % pyruvic aci.d for 90 s (SEM x 2000). 

penetration into etched enamel surfaces. Many of the delicate resin tags might have 
been destroyed by the technique used in this study to expose the resin surfaces that had 
~ured on the different etched enamel surfaces. lt appeared, however, that greater resin 
penetration occurred into enamel surfaces etched with 10 % pyruvic acid (Fig. 18). 

The rate of etching as determined in this study is a quantitative measure of the · 
etching action of the conditioning solutions. Etching of enamel surfaces with 37 % 
HsP04 for 90 s removed 67 · 2 ± 6 · 7 µg of enamel per mm2 of surface area. The etching 
rate of enamel by 10 % pyruvic acid and 20 % lactic acid was 26 · 4 ± 2 · 6 µg/mm2 and 
8 · 5 ± 2 · 2 µg/mm2 respectively after a similar exposure period (Table 3). This was 
confirmed by determining the depth of etching produced by the three etching agents. 
The depth of etching was determined on polished enamel surfaces to enable the surface 
profile recordings to be made at high magnification. This would not have been possible 
on normal enamel surfaces because of the curvature. It is interesting to note that 
similar results were obtained by determining the depth of etching by the biopsy 
procedure and surface profile recordings (Table 4). 

An important factor in retention, however, is not the overall depth of etching 
produced by a conditioning solution but the surface roughness of the enamel surface 
resulting from the etching procedure. The rate and depth of etching is an indication of 
the amount of enamel removed and hence the damage produced by the application of 
the conditioning agent. The surface roughness of the floors of the etched areas was 
recorded (Fig. 21). The diameter of the stylus used in this investigation was approxi
mately 0 ·0025 mm. It will not be possible to record minute surface irregularities with a 
~tylus of this diameter and the results obtained as tabulated in Table 5 should be 
assessed in this light. The problems encountered with the quantitative expression of 
surface roughness have been discussed in detail (Volchansky, Cleaton-Jones & Retief, 
1974). Jn the present study the maximum peak to valley heights of the surface profiles 
were used as a quantitative expression of surface roughness. Etching polished enamel 
surfaces with 37 % H 3P04 produced the roughest surface profile (Table 5). 

The manufacturer claims that the pH of the 37% HaP04 etching solution is 0·2 
(3M Technical Information Sheet No. 2, 1 I July 1974). We found that the pH was less 

I • 
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than zero. In any case, the 37 % HaP04 was more acidic than the 10 % pyruvic acid 
acid (pH 1 ·7) and 20% lactic acid (pH 2·1). 

It has been shown that 50 % HaP04 applied to freshly exposed dentine for 60 s 
produced a more severe pulpal reaction than that_ observed in control teeth in the 
vervet monkey (Retief, A1,1stin & Fatti, 1974). Eriksen (1974) demonstrated that an 
acidic cavity cleanser consisting of 45 % citric acid which is recommended to improve 
the adhesive properties of a resin cement, considerably enhanced the pulpal response 
to the cement in the teeth of the vervet monkey. The pulpal response to 10 % pyruvic 
acid is being evaluated in the vervet monkey. 

The results of the present investigation suggest that the use of polyfunctional 
organic acids as alternative conditioning solutions to pho~phoric acid should be 
further investigated. 

Conclusions 
The use of 10% pyruvic acid applied for 90 s to enamel surfaces did not adversely 
affect the tensile bond strength of Concise Brand Composite with Concise Enamel 
Bond System when compared to enamel surfaces etched with 37 % HaPOit . for a 
similar period. 

The rate of etching and the depth of etching obtained with 37 % HaP04 can be 
considerably reduced by using 10% pyruvic acid as the conditioning agent. 

AcknowJedgments 
The authors wish to thank the following: 3M Company (South Africa) for supplying 
the ConCise Composite and Concise Enamel Bond; The staff of the Electron Micrp
scope Unit of the University of the Witwatersrand for their assistance; Mr T. Duggan 
of the Department of Mechanical Engineering of the University of the Witwatersrand 
for his help with the surface profile recordings; The Staff of the Dental Research Unit 
for their assistance with the photography; Miss B. Slack for typing the manuscript. 

References· 
BEECH, D.R. (19i2~iA' spectroscopic study of the interaction between human tooth enamel and 

polyacrylic a~fd (polycarboxylate cement). Archives of Oral Biology, 17, 907. 
BEECH, D.R. (1973) Improvement in the adhesion of polyacrylate cements to human dentine. British 

Dental Jou~nal, _135, 442. 
BRAUER, G.M. · & TERMINI, D.J. (1972) Bonding of bovine enamel to restorative resin: Effect of 

pretreatmt!nt of enamel. Journal of Dental Research, 51, 151. 
BuoNOCORE, M.G. (1955) A simple method of increasing the adhesion of acrylic filling materials to 

enamel surfaces. Journal of Dental Research, 34, 849. 
BUONOCORE, M.G. (1970) Adhesive sealing of pits and fissures for caries prevention, with use of 

ultraviolet light. Journal of the American Dental Association, 80, 324. 
BUONOCORE, M.G. & DAVILLA, J. (1973) Restoration of fractured anterior teeth with ultraviolet-light

polymerized bonding materials: A new technique. Journal of the American Dental Association, 
86, 1349. 

CADWELL, D.E. & JoHANNESSEN, B. (1971) Adhesion of restorative materials to teeth. Journ<1l of 
·venial Research, 50, 1517. 

CoHL, M.E., GREEN, L.J. & EICK, J.D. (1972) Bonding of clear plastic orthodontic brackets using an 
ultraviolet-sensitive ad~ive. American Journal of Orthodontics, 62, 400. 

ERIKSEN, H.M. (1974) Pulpal response of monkeys to a composite resin cement. Journal of Dental 
Research. 53, 565. 

FRIEDMAN, M. & RETIEF, D.H. (1973) A clinical and laboratory evaluation of a new composite 
restorative material. Journal of the Dental Association of South Africa, 28, 460. http://etd.uwc.ac.za/ 

 



Pyruvic acid as an etching agent 265 

GWINNETT, A.J. & BUONOCORE, M.G. (1965) Adhesives and caries prevention. A preliminary report. 
British Dental Journal, 119, 77. 

HANKE, G. (1968) Screening test methods and their application i11 measuring adhesion of selected dental 
resins. M. S. Thesis, Indiana School of Dentistry. 

HINDlNG, J.H. (1973) The acid-etch restoration: A treatment for fractured anterior teeth. Joumal of 
Dentistry for Children, 40, 21 . · . 

HoTZ, P., MUHtEMANN, H.R. & ScHAIT, A. (1970) A new method of enamel biopsy for fluoride de
termination. HelvetiCCI Odontologica Acta, 14, 26. 

LEE, B.D., PHILLIPS, R .W. & SWARTZ, M.L. (1971) The influence of phosphoric acid etching on 
retention of acrylic resin to bovine enamel. Journal of tire American Dental Association, 82, 1381. 

LEE, H.L. & SWARTZ, M.L. (1971) Sealing of developmental pits and fissures. 1. In vitro study. Journal 
of Dental Research, 50, 133. 

MANLY, R.S. & HODGE, H.C. (1939) Density and refractive index studies of dental hard tissues. 
Journal of Dental Research, 18, 133. 

McCANN, H.G. (1968) Determination offtuoride in mineralized tissues using the fluoride ion electrode. 
Archives of Oral Biology, 13, 475. 

NEWMAN, G.V. (1965) Epoxy adhesives for orthodontic attachments: Progress report. American 
Journal of Orthodontics, 51, 901. 

NEWMAN, G.V. (1971) Clinical treatment with bonded plastic attachments. American Journal of 
Orthodontics, 60, 600. 

OHSAWA, T. (1972) Studies on solubility and adhesion of the enamel in pre-treatment for caries 
preventive sealing. Bulletin of Tokyo Dental College, 13, 65. 

PARKHOUSE, R.C. & W1NTER, G.B. (1971) A fissure sealant containing methyl-2-cyanoacrylate as a 
. caries preventive agent. A clinical evaluation. British Dental Journal, 130, 16. 

PHILLIPS, R.W. (1973) Science of Dental Materials, 7th edn., p. 26. W. B. Saunders, Philadelphia . . 
PHILLIPS, R.W., SWARTZ, M.L. & RHODES, B. (1970) An evaluation of a carboxylate adhesive cement. 

Journal of the American Dental Association, 81, 1353. 
RETIEF, D.H. (1975) The use of 50% phosphoric acid as an etching agent in orthodontics. A rational 

approach. American Jo11rnal of Orthodontics, 68, 165. 
RETIEF, D.H., CLEATON-JONES, P.E., TURKSTRA, J. & DE WET, W.J. (1971) The quantitative analysis of 

sixteen elements in normal human enamel and dentine by neutron activation analysis and high 
resolution gamma-spectrometry. Archives of Oral Biology, 16, 1257. 

RET!EF, D.H., AUSTIN, J.C. & FATTI, L.P. (1974) Pulpal response to phosphoric acid. Journal o/Oral 
Pathology, 3, 114. 

RETIEF, D.H., DREYER, C.J. & GAVRON, G. (1970) The direct bonding oforthodontic attachments to 
teeth by means of an epoxy resin adhesive. American Journal of Orthodontics, 58, 21 . 

RIPA, L.W. & COLE, W.W. (1970) Occlusal sealing and caries prevention: Results 12 months after a 
single application of adhesive resin. Journal of Dental Research, 49, 171. 

SILVERSTONE, L.M. (1974) Fissure sealants. Laboratory studies. Caries Research, 8, 2. 
SMITH, D.C. (1968) A new dental cement. British Dental Jo11rnal, 125, 381. 
SMITH, D.C. (1971) A review of the zinc polycarboxylate cements. Journal of the Canadian Dental 

Association, 37, 22. 
VAN DER MERWE, E.H.M.; RETIEF, D.H., BARBAKOW, F.H. & FRIEDMAN, M. (1974) An evaluation of 

an in vivo enamel etch biopsy technique for fluoride determination. ·Journal of the Dental 
Association of So11th Africa, 29, 81. 

VotcHANSKY, A., CLEATON-JONES, P.E. & RETIEF, D.H. (1974) A study of the surface characteristics of 
natural too.th surfaces and restorations adjacent to the gingival margin. Journal of Prosthetic 
Dentistry, 31, 411. 

WRIGHT, F.A.C. & BECK, D.J. (1973) Prevention of pit and fissure caries: Ill. Fluoride and resin
enamel bonding. New Zealand Dental Journal, 69~ 77. 

Manuscript accepted 9 June 1975 

18 

http://etd.uwc.ac.za/ 
 



47 
Journal of Oral Pathology 1977: 6: 127-138 

Pulpal response to pyruvic acid 
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Dental Research Unit of the South African Medical Research Council 
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Republic of South Africa 

Abstract. Etching of enamel surfaces produces a marked increase in the bond strength of 
dental materials to tooth structure. The results of recent studies have indicated that pyruvic 
acid may be used in preference to phosphoric acid, because of its milder etching effect on 
enamel surfaces, without adversely affecting the bond strength. The pulpal responses eli
cited by 10 % pyruvic acid applied for 90 seconds to freshly prepared cavities in monkey 
teeth, were examined after 4, 14 and 42 days. The differences between some of the criteria 
used to evaluate the pulpal responses in acid-treated and control teeth at the three post
operative time intervals were statistically significant. These results suggest that exposed 
dentin should be protected with a lining before etching adjacent enamel surfaces with 10 % 
pyruvic acid. 

Received 28 June, accepted for publication 26 July 1976 

A major problem in dentistry is the lack of 
adhesion of the available dental restorative 
materials to tooth structure. The develop
ment of truly adhesive dental materials 
would eliminate this problem but only lim
ited success has been achieved in this re
spect (Bowen 1965, Smith 1968). Buonocore 
(1955), however, had previously reported 
that the bonding of acrylic restorative ma
terials to enamel could be greatly increased 
by conditioning the enamel surface with 85 
% phosphoric acid (H3 P04). The chemical 
treatment of tooth surfaces to provide a mo
dified surface, therefore, offers an attractive 
alternative approach for the improvement 
of bonding of dental materials to tooth 
structure. 

The efficacy of a great number of orga
nic and inorganic acids and chelating agents 
has been evaluated with particular reference 
to increasing the bond strengths of dental 
materials to tooth surfaces. The results of 
these laboratory investigations have shown 

that etching enamel surfaces with 50 % 
H3 P04 (Newman 1965, Lee et al. 1971), 
50 % H3 P04 attenuated with 7 % zinc 
oxide by weight (Gwinnett & Buonocore 
1965, Wright & Beck 1973) and 50 % citric 
acid (Cadwell & Johannessen 1971, Lee & 
Swartz 1971) produced a marked increase 
in the bond strengths of a great variety of 
dental materials to conditioned enamel sur
faces. 

The use of polyfunctional organic acids 
as etching solutions has also received atten
tion. Brauer & Termini (1972) reported that 
20 % lactic acid was an effective adhesion 
promoter and Ohsawa (1972) found that the 
optimal bond strength of a cyanoacrylate 
sealant was obtained on enamel surfaces 
etched with 2 M pyruvic acid. 

Recently, a composite resin with an enam
el bond system has been introduced com
mercially*. The conditioning agent supplied 
with this resin system is a 37 % phosphoric 
acid solution. Retief et al. (1976) deter-

/ 
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mined the optimal concentration of pyruvic 
acid as an etching agent in conjunction with 
the Concise Brand® resin system. They re
ported that etching with 10 % pyruvic acid 
for 90 seconds gave tensile bond strengths 
comparable to that obtained with 37 % 
H3 P04 applied for a similar period. The 
depth of etch or amount of surface enamel 
removed during a 90 seconds etch was ap
proximately three times greater with the 
37 % phosphoric acid than the 10 % pyru
vic acid. These findings may lead to the clin
ical acceptance of pyruvic acid as a condi
tioning agent. 

The purpose of the present investigation 
was to determine the effect of 10 % pyruvic 
acid on the pulps of the teeth of the vervet 
monkey (Cercopithecus aethiops) when ap
plied to cavities for 90 seconds prior to 
restoration. 

Materials and Methods 

Three adult monkeys in which the third mo
lars had erupted were used in this study. 
The operative procedures were carried out 
under general anesthesia. The monkeys were 
immobilized with intramuscularly admini
stered phencyclidine hydrochloride** at a 
dosage of 1 mg/kg bodyweight and ane
sthetized with intravenous pentobarbitone 
sodium*** administered to effect. 

Labial or buccal Class V cavities were 
prepared in 22 teeth of each animal, 12 in 
the maxilla and 10 in the mandible. The 
canine teeth were omitted because they are 
extremely difficult to extract. The first pre
molar teeth in the lower jaw were not in
cluded in this study because they do not re-

* Concise Brand Composite Resin and Con
cise Brand Enamel Bond System, 3M Com
pany, St. Paul, Minnesota 55101, U.S.A. 

** Sernylan, Bioceutic Laboratories, Inc., St. 
Joseph, Missouri, U.S.A. 

*** Sagatal, Maybaker S.A. (Pty) Ltd., Port 
Elizabeth, Republic of South Africa. 

semble any of the other teeth of the vervet 
monkey or those of man (Ockerse 1959). 
The cavities were cut using a No. 2 inverted 
cone tungsten carbide bur run at a speed of 
approximately 5,000 rev/min. The cavity 
preparations were done by a single operator 
under light pressure and with adequate 
water cooling. 

The cavities prepared in the upper right 
and lower left quadrants were washed with 
distilled water and dried with cotton pellets 
and short air blasts from a chip syringe. 
Cotton wool pledgets, soaked in 10 % py
ruvic acid, were packed in each of these ca
vities and left for 90 sec. The pledgets were 
removed and the cavities thoroughly washed 
with water, dried and filled with a modified 
zinc oxide-eugenol cement, Nobetec®****. 
The control cavities prepared in the contra
lateral quadrants were not etched with acid 
but rinsed with water, dried and filled with 
Nobetec. 

The monkeys were killed 4 days, 2 weeks 
and 6 weeks respectively after the operative 
procedures. Each animal was anesthetized, 
its thoracic aorta cannulated and its vascu
lar system perfused with physiological sa
line, followed by buffered 10 % formol sa
line as previously described (Retief et al. 
1973). Adequate preservation of the delicate 
pulpal tissues was previously obtained in a 
large number of teeth by using this proce
dure. Prior to extraction of the teeth, the 
buccal and lingual alveolar plates were re
moved from the upper and lower jaws with 
an osteotome and the teeth gently elevated 
from their sockets. 

The extracted teeth were coded with 
numbers obtained from a table of random 
numbers. The teeth were suspended in buf
fered 10 % formol saline at room tempera
ture in a shaking water bath for a further 3 
days to ensure complete fixation. Decalci
fication was carried out in 0.5 M EDTA 

**** Bofors, Nobel-Pharma, Sweden. http://etd.uwc.ac.za/ 
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Table 1. Pulpal responses elicited at the three postoperative time intervals and the statistical sig
nificance of the differences between the control and acid-treated specimens 

Post
operative 

time 
interval 

Mean 
remaining 

dentin 
thickness 
± S.D. 

µm 

A Average Average 
verage f" . 1 d 

% of 
specimens 

with 
reparative 

dentin 

Number 
of teeth 

11 1 super ic1a eep 
ce u ar . fl . fl 

displacement m ammatorym ammatory 

4 days 

14 days 

42 days 

Control 11 

Pyruvic 10 
acid 

Control 9 

Pyruvic 11 
acid 

Control 11 

Pyruvic 10 
acid 

* N.S. = Not significant 

680 ± 230 0.05 

700 ± 250 0.2 

580 ± 190 0.3 

600 ± 240 1.0 

720 ± 250 0.3 

660 ± 220 0.3 

(di-sodium salt) buffered to a pH of 7.4 
with sodium hydroxide at 60° C. The con
tainers were shaken manually for a few min
utes every day. Decalcification was con
tinued until radiographic examination indi
cated that the process had been completed. 
Restorations that were still present in the 
cavities at this stage were carefully dislod
ged with a needle. The teeth were then de
hydrated in serial ethanols and finally em
bedded in Paraplast®*****. Longitudinal se
rial sections, 7 µm thick, were prepared 
through the cavity and pulp and stained 
with hematoxylin and eosin (H & E). 

The coded sections were evaluated inde
pendently by the two authors using the his
tological criteria suggested by Stanley 
(1968). The intensity of the pulpal responses 
was graded 0-3 ° according to the displace
ment of the odontoblasts into the dentinal 

***** Sherwood Medical Industries, St. Louis, 
Missouri 63103, U.S.A. 

{)-3 o response response 
{)-30 {)-30 

0.1 0 0 
N.S.* 0.5 % N.S.* N.S.* 

0.7 0 0 

0.3 0.1 0 
N.S.* 5% 5% N.S.* 

1.8 0.9 0 

0.7 0.5 9 
N.S.* N.S.* N.S.* 1% 

1.0 0.8 70 

tubules and the infiltration of inflammatory 
cells into the superficial and deep parts of 
the pulp. The narrowest remaining dentin 
thickness was measured as the straight-line 
distance between the bottom of ·the cavity 
preparation and the pulp tissue. This was 
determined by means of a calibrated grid in 
the ocular of the microscope. Reparative 
dentin formation was recorded and mea
sured in the same way. 

After all the specimens had been exami
ned and graded according to the above cri
teria, the results were arranged into sub 
groups according to the appropriate post
operative time intervals and subjected to 
statistical analysis. 

Results 

The results presented in Table 1 represent 
the average score of the two investigators. 

At each postoperative time interval, the 
mean remaining dentin thickness in the http://etd.uwc.ac.za/ 
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acid-treated and control specimens were 
very similar. Statistical evaluation of these 
results by means of Student's t-test showed 
that the variation in the remaining dentin 
thickness was not significant at each post
operative time interval. 

The pulpal responses recorded in the py
ruvic acid etched teeth and the unetched 
control teeth at each of the three time inter
vals were subjected to statistical evaluation 
by means of Fisher's exact test applied to a 
2 X 2 contingency table. No significant dif
ference was observed in the cellular dis-

Fig. 1. Specimen 64733. 
Pulpal response to Nobe
tec® after 4 days. Remain
ing dentin thickness 700 
µ m. X 150. (The cavities 
are on the right hand side 
of all photomicrographs). 

placement in the control and experimental 
teeth at any of the three postoperative inter
vals. The superficial inflammatory response 
was significantly increased in the acid-treat
ed teeth ; at the 0.5 % level after 4 days and 
5 % level after 14 days. After 6 weeks how
ever, similar superficial inflammatory res
ponses were observed in the two groups. 
Differences in the deep inflammatory res
ponses were only significant at the 14 day 
postoperative period (P < 0.05). Reparative 
dentin formation was only observed in the 
6 week specimens and occurred in one of http://etd.uwc.ac.za/ 
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Fig. 2. Specimen 18610. 
Pulpal response to pyruvic 
acid after 4 days. Remain
ing dentin thickness 500 
,um. X 150. 

the 1 I control specimens and in seven of 
the 10 acid-treated teeth. The difference in 
this result was significant at the 1 % level. 

Pulpal responses obtained in experimental 
and control teeth at the three time intervals 
are shown in Fig. 1 to Fig. 8. These photo
micrographs have been selected to illustrate 
the criteria used to evaluate the pulpal res
ponses rather than for comparative pur
poses. 

In Fig. 1 a normal pulp in a 4 day post
operative control specimen is illustrated. 
Small vacuoles were always observed in the 

odontoblasts, even in untreated teeth. A 
very mild superficial inflammatory response 
of 0.5 ° was recorded (Fig. 1). A mild cel
lular displacement of odontoblasts was 
graded as 0.5 ° in this specimen obtained 4 
days after the application of pyruvic acid 
(Fig. 2). Odontoblasts with aspirated nuclei 
contained large vacuoles. 

The responses in all the criteria in both 
the control and experimental specimens 
were more severe after the 14 day post
operative period. In a control tooth filled 
with Nobetec® a 2 ° odontoblast displace-http://etd.uwc.ac.za/ 
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ment was recorded. Polymorphonuclear leu
kocytes infiltrated between the odontoblasts 
and a 1 ° superficial inflammatory response 
observed (Fig. 3). Fourteen days after the ap
plication of pyruvic acid, vacuolization and 
disintegration of the odontoblasts and a 2° 
cellular displacement occurred (Fig. 4). In 
this specimen a localized microabscess with 
a 3 ° superficial inflammatory response was 
recorded. In some teeth within this group 
the inflammatory reaction was much more 
diffuse and resulted, in addition, in a 3 ° 
deep inflammatory response (Fig. 5). At a 

Fig. 3. Specimen 12765. 
Pulpal response to Nobetec 
after 14 days postoperative 
interval. Remaining dentin 
thickness 600 µm. x i4o. 

higher magnification the dense infiltration 
of neutrophils is demonstrated (Fig. 6). 

A pulp, free from any inflammatory res
ponses, is illustrated in Fig. 7. This was ob
served in a control specimen 42 days after 
restoration of the cavity with Nobetecl!!). Re
parative dentin was observed in seven of the 
10 teeth treated with pyruvic acid after this 
time interval. In this particular section it 
was 30 µm thick (Fig. 8). The inflammatory 
response of 1 ° was mainly confined to the 
deeper parts of the pulp and was character
ized by round cell infiltration. http://etd.uwc.ac.za/ 
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Fig. 4. Specimen 02590. 
Pulpal response to pyruvic 
acid after 14 days post
operative interval. Remain
ing dentin thickness 500 
/tffi. x 150. 

Discussion 

" •' 

, 
~ 

' 

In the absence of truly adhesive dental ma
terials, the acid etch technique provides the 
means for obtaining marked increases in 
bond strengths of dental materials to enamel 
surfaces. While superficial enamel is perma
nently removed by the etching procedure 
(Silverstone 1974; Retief 1975), the prefe
rentially etched underlying enamel surfaces 
are completely remineralized in the oral en
vironment (Wei 1970; Lee et al. 1972). Ex
posed dentin surfaces may however be in-

volved during the etching procedure and the 
biological effects of the etching agent on 
the pulp should be considered. 

Citric acid, phosphoric acid (H3 P04) and 
buffered or attenuated H3 P04 are common
ly used as etching agents. Goto and Jordan 
(1973) showed that the application of 50 % 
Ha P04 on cut cavity preparations for 60 
seconds did not produce harmful effects on 
the dental pulps of dog teeth. In the vervet 
monkey, however, it was found that the ap
plication of 50 % H3 P04 to freshly exposed 
dentin for a similar time interval produced http://etd.uwc.ac.za/ 
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a moderate pulpal response (Retief et al. 
1974). Eriksen (1974) reported that the ap
plication of 45 % citric acid to freshly pre
pared cavities in the vervet monkey enhan
ced the pulpal response to a resin cement. 
The findings of Retief et al. (1974) and 
Eriksen (1974) were confirmed on human 
teeth by Stanley et al. (1975) who reported 
that pretreatment of dentin with 50 % citric 
acid and 50 % Ha P04 resulted in an in
creased intensity of pulpal response. Buf
fered 50 % Ha P04 applied to freshly cut 
human dentin caused a moderate inflamma-

Fig. 5. Specimen 17046. 
Pulpal response to pyruvic 
acid after 14 days post
operative interval. Remain
ing dentin thickness 700 
µm. X 150. 

tory response in the pulp when the cavity 
was restored with a non-irritant material 
(Macko et al. 1976). It is therefore suggested 
that a protective lining should be used to 
cover exposed dentin before etching adja
cent enamel surfaces with any of the above 
conditioning agents. 

The results from the present study showed 
that the application of 10 % pyruvic acid to 
exposed dentin in monkey teeth also resulted 
in undesired pulpal reactions. The super
ficial inflammatory responses were signifi
cantly greater in the acid-treated teeth when http://etd.uwc.ac.za/ 
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Fig. 6. Specimen 17046. 
Dense infiltration of neu
trophils in the same area as 
Fig. 5. x 370. 

compared to the control teeth at the 4 and 
14 days postoperative periods. The super
ficial inflammatory responses were particu
larly severe in the acid-treated teeth 14 days 
after the application of the acid. Several 
microabscesses were observed in these spe
~imens and resulted in a significantly higher 
deep inflammatory response at this time 
interval when compared to the control teeth. 
The results after the 42 days observation pe
riod revealed that 70 % of the teeth in the 
etched group showed signs of reparative 
dentin formation. None of these pulps was 

necrotic, however, indicating that the initial 
inflammatory lesions induced by the pyruvic 
acid had resolved. 

N obetec®, a modified zinc oxide-eugenol 
cement, was used in this study because it 
was previously found that the retention of 
this control material was superior to the 
conventional zinc oxide-eugenol cement 
(Retief & Austin, 1973). In a recent paper, 
Brannstrom and Nyborg (1976) reported 
that Nobetec® produced pulpal irritation in 
human teeth 7 to 10 days after insertion in 
cavities prepared at low speed. They claimed http://etd.uwc.ac.za/ 
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that the irritant effect was due to the euge
nol component of Nobetec® or other zinc 
oxide-eugenol cements. Jn the present in
vestigation pulpal responses were also ob
tained in the control teeth filled with No
betec®. Since both the control and pyruvic 
acid treated teeth were filled with Nobetec® 
in the present study, the differences obser
ved in the pulpal responses are attributed to 
the pyruvic acid treatment. 

The results of the present investigation 
suggest that exposed dentin should also be 

Fig. 7. Specimen 05691. 
No pulpal response at 42 
days following placement 
of Nobetec. Remaining 
dentin thickness 1000 µm. 
x 150. 

protected when etching adjacent enamel 
with 10 % pyruvic acid. 
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Fig. 8. Specimen 03559. 
Pulpal response at 42 days 
following the application 
of pyruvic acid. Remaining 
dentin thickness 1000 µ m. 
x 150. 
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III. NEURAL DAMAGE AND BONE REPAIR 

SUMMARY 

The effect of neural damage on mandibular bone repair required further 

elucidation. A surgical technique was developed to section the inferior 

dental nerve in the rat UF48). The effect of neural damage on the repair 

of bony defects created in the mandibles of rats was studied (#49). It was 

shown that when the inferior alveolar nerve was damaged during the 

preparation of the defects it resulted in inhibition of bone formation 

within the defects. Avulsion of the inferior alveolar nerve in rats 

resulted in rapid obliteration of the inferior dental canal (#50). 
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Sectioning of the Inferior Dental Nerve 1n Rats 

D. H. RETIEF and C. J. DREYER 

Joint Den_tal Research Unit, Council for Scientific and Industrial Research, and University 
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Often in dental research, a technic for section
ing the inferior dental nerve is required. For 
example, a technic is required in research 
concerning the effects of neural damage on the 
repair of bone in rat mandibles. Sectioning the 
inferior alveolar nerve before it enters its 
canal by an extraoral or an intraoral approach 
has proved unsatisfactory. The other alter
native has been to section the nerve some
where along its course within the inferior 
alveolar canal (J. M. STEWART, J Dent Res 44: 
830, 1965). Another relatively simple technic 
which results in minimal trauma and vascular 
damage is presented in this paper. 

The operation was performed on 30 rats under 
ether anesthesia. The extraoral horizontal inci
sion, (Fig 1, CD), was made halfway between an 
imaginary line, (AB), drawn from the outer can
thus of the eye to the base of the ear, and a line, 
(EF), which was the elongation of the lipline. 
The length of the incision, (CD), was approxi
mately equal to AB. The exposed masseter 
muscle was incised to the bone by means of a 
vertical incision, (GH), situated midway along 
CD. The attachment of the masseter muscle 
was reflected to expose the underlying lateral 
surface of the mandible. A prominence over
lying the incisor tooth germ and a bony ridge 
extending from the prominence to the condyle 
were clearly seen (Fig 2). The inferior dental 

Additional information available on request to authors. 
Received for publication January 17, 1969. 
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Fm 1.-Diagram of incisions. 

Fm 2.-Lateral surface of mandible. 

nerve was exposed by removing the cortex of 
the ridge just distal to the prominence by 
means of a small dental round bur. After 
exposure, the clearly visible nerve was readily 
elevated from the bony canal by means of a 
curved probe (Fig 3). The exposed inferior 
alveolar nerve was sectioned and a portion 
of it was removed. The internal incision was 
closed by approximating the cut margins of 
the muscle with a single suture. Two or three 
sutures were sufficient to close the external 
incision. 

In contrast with other methods, no animals 
died during the operation and the recovery of 
all the rats was uneventful. 

Fm 3.-Exposed nerve at operation. 

'J.l..li 
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Joint Dental Research Unit, Council for Scientific and Industrial Research/University 
of the Witwatersrand, Johannesburg, Republic of South Africa 

Summary-The effect of neural damage on the healing of circumscribed defects in the 
mandibles of Wistar strain rats is reported. 

Histological studies on healing bony defects, with and without local neural damage, 
were carried out of thirty adult rats. In the experimental group varying degrees of 
neural damage, ranging from minor damage of the epineurium to gross damage in
volving the whole nerve bundle, were produced after the cortical bone had been pene
trated by a round bur. 

The animals were sacrificed at weekly intervals during the first 4 weeks and 
thereafter at 3- and 6-monthly periods. 

In the experimental series there is evidence of connective tissue and nerve fibre 
proliferation adjacent to the damaged nerve. Up to 6 months after the operation no 
evidence could be found of bone formation in the stroma of this connective tissue; 
neither were there any indications that this tissue was being replaced by bone at its 
periphery. 

The results of this study show that the normal healing pattern of circumscribed 
defects in the mandibles of rats is adversely affected by local neural damage and that 
the adverse affects are related to the degree of neural damage. 

INTRODUCTION 

THE HEALING of circumscribed defects in bone is affected by numerous factors, some of 
which have been described by BOURNE (1944), MELCHER and DREYER (1962) and 
KRAMER, KILLEY and WRIGHT (1964). The effects of neural lesions on the growth of 
bone were also studied by RING (1961) but there is no description in the available 
literature of the effect that local nerve damage has on the repair process. 

While studying the repair of defects in the mandibles of rats, -it was noted that, 
whenever the nerve was accidently damaged during the preparation of the defect, 
the pattern of healing appeared to have been altered. For this reason the healing of 
circumscribed defects in the mandibles of Wistar strain rats has been studied in order 
to determine the effects of local nerve damage on the healing process in that bone. 

MATERIALS AND METHODS 

Thirty rats were used in this investigation. Under ether anaesthesia the buccinator 
muscle was exposed, the tendinous insertion on the external oblique ridge was cut, 
and a small area above the ridge was stripped of periosteum to expose the underlying 
bone. The defects in the bone were made with a slow running No. 3 round bur 
cooled by means of a jet of water. The depth of the defects was about two-thirds of 
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the diameter of the bur head. This depth of defect ensured that it extended through 
the cortex into the medullary bone. 

In the control group, comprising twelve rats, the defects were cleared of debris and 
the overlying soft tissues were approximated and sutured. 

In the experimental group, comprising eighteen rats, the defects were cleared of 
debris and neural damage was produced through the defect by means of an excavator 
or probe. The overlying soft tissues were then approximated and sutured as in the 
control group. Subsequent microscopic examination revealed that varying degrees of 
neural damage, ranging from minor damage of the epineurium to gross damage in
volving the whole thickness of a nerve bundle, were produced in this manner. No anti
biotics were given postoperatively to either the control or experimental groups. The 
animals were housed in separate cages and allowed food and water in the normal way. 
They were sacrificed at weekly intervals for the first 4 weeks and thereafter at 3- and 6-
monthly periods. 

The mandibles were dissected, fixed in formol-saline and decalcified in nitric 
acid. Coronal sections of the wax-embedded specimens were cut and stained either 
by means of haematoxylin and eosin, Masson's trichrome or Holmes luxol fast blue. 

RESULTS 

The healing of the circumscribed defects in the mandible without neural involve
ment followed a pattern similar to that described by MELCHER and IRVING (1962) in 
the femora of rats. The main exceptions to the common healing pattern were observed 
in periosteal response and cartilage formation. 

In the initial stages of repair of femoral defects the subperiosteal callus was laid 
down much more rapidly than the endosteal callus. The subperiosteal callus formation 
adjacent to the mandibular defect, however, was hardly evident after 1 week. At 
this early stage the callus arising from the cut surface of the cortex, as well as that 
arising from the trabeculae in the floor of the defect, was so profuse that it filled most 
of the defect. Subsequent periosteal callus proliferation linked up with the endosteal 
callus to bridge the defect (Fig. 1 ). Complete bridging of the defects occurred in all 
the control specimens within 6 months after operation (Figs. 2 and 3). Chondrogenesis 
between the periosteal callus and the fibrous layer of the periosteum did not form part 
of the repair process in the mandibular defects. 

The pattern of healing of circumscribed defects in the mandible was altered when 
the defect was associated with local neural damage. This alteration was evident after 
only 1 week, when a marked proliferation of loose connective tissue from the damaged 
nerve bundle had already occurred (Fig. 4). The presence of this connective tissue 
in the defect prevented the establishment of continuity of the endosteal callus which 
arose from the margins of the defect. The distribution and amount of subperiosteal 
callus, not immediately adjacent to, but surrounding the defect, varied. On the other 
hand little subperiosteal new bone formation occurred immediately adjacent to the 
defect after 1 week. 

http://etd.uwc.ac.za/ 
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Two to 4 weeks after neural damage the connective tissue arising from the damaged 
nerve became progressively more dense and less cellular. The presence of this tissue 
prevented complete bridging of the defect (Fig. 5). The periosteal callus adjacent to 
the defect became more pronounced and in some specimens projected beyond the 
underlying endosteal callus but never succeeded in bridging the defect (Fig. 6). 

Three to 6 months after the defect was established with neural damage, the dense 
fibrous bands of connective tissue and contained nerve fibres from the damaged 
nerve, had linked up with the connective tissue outside the defect. In these specimens 
the endosteal and subperiosteal callus had been remodelled to form thick trabeculae 
around the damaged nerve and its extensions (Fig. 7). At this stage a sparse distribu
tion of myelinated nerve fibres could be demonstrated in the tissue which extended 
between the damaged nerve and the adjacent soft tissue (Fig. 8). 

DISCUSSION 

The variation in amount of subperiosteal callus formation, not immediately 
adjacent to, but surrounding the defect may perhaps be attributed to the differences 
in periosteal trauma which are associated with the operative procedures during the 
exposure of the bone. The subperiosteal response adjacent to the defect, however, 
is comparable in both the experimental and control groups. This suggests that the 
trauma caused while the defects were prepared is similar in both groups. 

Electron microscopy studies by THOMAS and JONES (1967) show that the outgrowth 
from sectioned nerves consists of fibrous connective tissue containing Schwann cells, 
myelinated and non-myelinated axons. In the present experiment the proliferating 
tissue arising from the damaged nerve appeared to consist mainly of connective 
tissue. Schwann cells or myelinated nerve fibres could not be detected in the pro
liferating connective tissue of the earlier specimens. In the specimens obtained 3 
weeks to 6 months after operation myelinated nerve fibres could, however, be demon
strated. These findings may be related to the fact that the trauma did not cause a 
complete sectioning of the nerve. 

The failure of the periosteal callus completely to bridge the defect in the experi
mental series is always associated with varying degrees of neural damage. This 
finding, and the fact that it is not normal to find encroachment of bone on a neuro
vascular bundle even after repair of a fracture, suggests that the maintenance of the 
neuro-vascular canal in bone may, in part, result from yet another function of the 
connective tissue components of the nerve bundle. The present investigation indicates 
that the tissue arising from the damaged nerve is non-osteogenic. If the connective 
tissue forming part of a nerve also has this property, then this may be one method 
whereby neural tissue inhibits osteogenesis. 

In the experimental series proliferation of the connective tissue with its contained 
nerve fibres always occurs adjacent to the damaged nerve. No bone formation takes 
place in this tissue and it apparently inhibits callus formation immediately adjacent to 
it, For this reason such connective tissue is regarded as non-osteogenic. It is believed 
that its formation gives rise to an altered healing pattern in bone. 
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In their study of the repair of bony defects in sheep, KRAMER, K1LLEY and WRIGHT 
(1964) describe a variation of the normal healing pattern in some of their control 
specimens. They attribute this variation to herniation of the marrow into the defect. 
The substance of the herniated tissue appears to be different from that of the pro
liferating tissue which is caused by neural damage but the gross appearance of the two 
healing defects is somewhat similar. Whether or not these two types of variation in the 
repair of bony defects are more closely related remains unanswered. 

The function of the periosteal callus in the repair of circumscribed defects in rat 
femora appears to be dependent upon the development of the endosteal callus 
(MELCHER and IRVING, 1963). This also appears to be the case in repair of mandibular 
defects. The formation of non-osteogenic connective tissue in the defect prevents a 
normal endosteal response. In this way the lack of endosteal callus may have pre
vented the periosteal callus from bridging the gap. The non-osteogenic connective 
tissue, which proliferates to such an extent that it extends from the damaged nerve 
through the defect into the adjacent soft tissue, could also directly have prevented 
the bridging of the defect by periosteal callus. 

This investigation indicates that the normal healing pattern of circumscribed 
defects in the mandible is adversely affected by local neural trauma. The effects of 
such damage is evident even 6 months postoperatively. These findings suggest 
that the proliferating tissue contains non-osteogenic connective tissue which may play 
a part in the maintenance of the neur~wascular canal in bone. 
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Resume-L'effet de lesions nerveuses sur la cicatrisation de pertes de substance locali
sees est etudie au niveau de la mandibule de rats "Wistar". 

Les etudes histologiques ont ete menees chez 30 rats adultes. Dans le groupe 
experimental, des lesions variables des nerfs ont ete provoquees apres penetration de 
l'os cortical a la fraise ronde. Ces lesions vont de I'atteinte totale du tronc nerveux a 
une lesion superficielle de I'epinevre. 

Les animaux sont sacrifies tous Jes 8 jours, pendant Jes quatre premieres semaines, 
puis a 3 et 6 mois. 

Dans la serie experimentale, on note une proliferation conjonctive et nerveuse au 
contact du nerf atteint. Six mois apres I' operation, aucun tissu osseux ne se forme dans 
ce tissu conjonctif, qui ne parait pas remplace a la peripherie par de l'os. 

Ces resultats indiquent que la cicatrisation normale de lesions circonscrites de 
mandibules de rats est retardee par une atteinte locale des nerfs. Cette action inhibitrice 
est en rapport avec ]'importance de la lesion nerveuse. 

Zusammenfassung-Es wird i.iber die Wirkung von Nervenverletzungen auf die 
Ausheilung umschriebener Defekte im Unterkiefer von Wistar-Ratten berichtet. 

Bei 30 ausgewachsenen Ratten wurden histologische Untersuchungen i.iber die 
Heilung von Knochendefekten mit und ohne lokalen Nervenverletzungen ausgefi.ihrt. 
In der Versuchsgruppe wurden nach Trepanation der Knochen-Kortikalis mit einem 
Rosenhohrer Nervenverletzungen unterschiedlichen Grades verursacht; sle reichten 
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von geringeren Verletzungen des Epineuriums bis zu starken Zerstorungen des gesamten 
Nervenbundels. 

Wahrend der ersten vier Wochen wurden die Tiere in Wochen-Abstiinden, danach in 
drei und sechs Monatsperioden get6tet. 

Die Versuchsserien geben AufschluB Gber die Proliferation von Bindegewebe und 
Nervenfasern in her Umgebung des verletzten Nerven. Bis zu 6 Monatcn nach der 
Operation konnte kein Anzeichen einer Knochenentwicklung im Stroma dieses Binde
gewebes gefunden werden; es gab auch keine Hinweise dafilr, daB dieses Gewebe in 
seinen peripheren Anteilen <lurch Knochen ersetzt wurde. 

Die Ergebnisse dieser Untersuchung zeigen, daB der normale Heilungsablauf 
umschriebener Defekte in der Ratten-Mandibula <lurch lokale Nervenverletzung 
beeintrachtigt wird und daB diese storenden Wirkungen mit dem Grn<l der Ncrvenver
letzung zusammenhangen. 
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EFFECTS OF NEURAL DAMAGE ON THE REPAIR OF BONY DEFECTS 

FIG. l. Control , 14 days after operation. The defect has been filled and bridged 
by callus arising from the endosteal and periosteal surfaces. The undamaged nerve can 
be seen adjacent to the defect. Haematoxylin and eosin. x 80. 

F10. 2. Control, 21 days after operation. The defect has been filled and bridged by 
proliferation of bone from the endosteal and periosteal surfaces. The undamaged nerve 
can be seen adjacent to the defect. Haematoxylin and eosin. x 80. 
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FIG. 3. Control, 3 months after operation. Complete bridging of the defect. The 
undamaged nerve and a root of a molar with its periodontal ligament can be seen 
below the repaired defect. Haematoxylin and eosin. x 80. 

FIG. 4. Effect of neural damage 7 days after operation. Proliferation of con
nective tissue arising from the damaged neural tissues is demonstrated. This connec
tive tissue prevents the establishment of continuity of the callus arising from the 
margins of the defect. Haematoxylin and eosin. x 80. 
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EFFECTS OF NEURAL DAMAGE ON THE REPAIR OF BONY DEFECTS 

FIG. 5. Effect of neural damage 14 days after operating. The connective tissue 
arising from the damaged nerve prevented the complete bridging of the defect. Hae
matoxylin and eosin. x 80. 

FIG. 6. Effect of neural damage 21 days after operation. Complete bridging of 
the defect has not occurred despite a marked periosteal response. Haematoxylin and 
eosin. x 80. 
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FIG. 7. Effect of neural damage 3 months after operation. Remodelling of the 
callus has occurred but the soft tissue continuity between the damaged nerve and 
the surrounding connective tissue is retained and the defect remains unbridged. Hae
matoxylin and eosin. x 55. 

FIG. 8. Effect of neural damage 3 months after operation. This section shows 
myelinated nerve fibres in the proliferating tissue. Holmes luxol fast blue. x 360. 
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THE EFFECTS OF A VULSlON OF THE INFERIOR 
ALVEOLAR NERVE ON THE MANDIBULAR CANAL OF 

THE ALBINO RAT 

M.A. REA and D. H. RETIEF 

Dental Research Unit of the University of the Witwatersrand, and the South African 
MedicaJ Research Council, Johannesburg, RepubJic of South Africa 

Summary-Sectioning of the inferior alveolar nerve in rats maintains the patency of the 
mandibular canal. If the inferior alveolar neurovascular bundle is avulsed, however, 
the mandibular canal becomes obliterated by bone within a short time. The connective 
tissue component of the degenerated nerve maintains the patency of the canal. 

THE MANDIBULAR canal in the rat remains patent for at least 2 yr after the inferior 
alveolar nerve has been sectioned. Regenerating nerve fibres do not appear in the 
canal during this period (RETIEF, 1972 unpublished). It would therefore appear that 
the connective tissue component of the neurovascular bundJe, which persists after 
sectioning of the nerve, is responsible for keeping the canal patent. It was the aim of 
the present study to determine the effects of inferior aJveolar nerve avulsion on the 
mandibuJar canal of the albino rat. 

Twelve Wistar strain aJbino rats were used in this study. The animals were anaesthe
tised by an intraperitoneal injection of a 10 per cent solution of chloraJ hydrate 
(400 mg chloral hydrate per kg body weight). The right inferior alveolar nerve was 
avulsed from its canal by means of an operation involving two separate incisions. 

The nerve was located and sectioned just distal to the incisor tooth germ on the 
lateral aspect of the mandible by means of a technique described by RETIEF and 
DREYER (1969). An external horizontal incision was made halfway between an 
imaginary line drawn from the outer canthus of the eye to the base of the ear and a 
line representing the elongation of the lip line. The incision in the masseter muscle 
was modified, however, by making it parallel to the skin incision and between the 
parotid duct and facial nerve. The lateral aspect of the mandible was exposed and the 
prominence overlying the incisor tooth germ and a bony ridge, extending from this 
prominence to the condyle, located. The cortex of the ridge just distal to the promin
ence was removed by means of a small rnund dental bur. The inferior alveolar nerve 
w~s exposed lying within the canal, elevated with a curved probe and sectioned. 

The mental nerve was exposed where it emerged from the mental foramen. A 
longitudinal midline incision was made in the skin of the ventral aspect of the neck 
extending from the symphysis menti towards the sternum. The underlying digastric 
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and superficial masseter muscles were separated by blunt dissection and the tendinous 
insertion of the deep masseter muscle on the oblique masseteric ridge exposed. The 
mental foramen is situated immediately anterior to the superior border of this ridge. 
The mental nerve was exposed by blunt dissection and avulsed from the mandibular 
canal by means of gentle traction with a curved probe. The avulsed nerve was cut 
and removed and the skin incisions sutured with silk. 

The twelve experimental animals were divided into four equal groups. The rats in 
the first group were killed after 1 week, those in the second group after 1 month, those 
in the third group after 3 months and group four after 6 months. The mandibles were 
,removed, fixed in 10 per cent formol saline, decalcified in 5 per cent nitric acid and 
eventually embedded in wax. Serial transverse sections, 7 µm thick, were cut and 
stained with haematoxylin and eosin. The sections at the ]eve] of the first molar tooth 
were studied and compared with similar sections of a mandible from which the inferior 
dental nerve had not been avulsed. 

In the normal mandible, the neurovascular bundle, ensheathed by connective tissue, 
lies within the mandibular canal (Fig. I). One week after avulsion of the nerve new 
bone formation had reduced the size of the canal considerably (Fig. 2). Bone 
was stiU being formed in the centre of the canal as indicated by the large number of 
active osteoblasts lining the periphery of the newly formed bone. After I month, 
extensive remodeJling of bone within the canal had occurred (Fig. 3). Marrow spaces, 
filled with haemopoietic tissue, appeared between the thick trabeculae of bone. A 
nerve bundle leading to the incisor tooth was severed during the avulsion of the 
nerve. The smalJ canal within which it Jies is still patent. Three months after avulsion 
of the nerve, further remodelling of bone within the canal had occurred. The bone is 
similar to that of the surrounding mandibular bone although the outline of the original 
canal is stiU clearly defined (Fig. 4). A smaller degenerated nerve fibre supplying the 
periodontal membrane of the incisor tooth was not avulsed with the main neuro
vascular bundle and it maintained the patency of its canal, as shown at the bottom of 
the photomicrograph. Similar histological features were observed after 6 months. 
The histological features observed at each time interval followed a consistent pattern 
in each animal within a group. 

Complete avulsion of the inferior alveolar neurovascular bundle resulted in complete 
obliteration of the mandibular canal by bone. This does not occur when the nerve is 
sectioned and the remnants of the degenerated nerve allowed to remain in the canal. 
It may therefore be concluded that the connective tissue component of the neuro
vascular bundle maintains the patency of the mandibular canal. This conclusion is 
supported by the observation that the degenerated nerve fibres branching from the 
main nerve trunk to supply the periodontal membrane of the incisor tooth maintain the 
patency of the smaller canals within which they lie. These nerve branches are severed 
from the inferior alveolar nerve during the avulsion of the neurovascuJar bundle. 

The findings of this study may be of clinical significance. If the inferior alveolar 
nerve is severed during fracture of the mandible, the remnants of the nerve in the 
proximal part of the canal wi11 maintain the patency of the mandibular canal. Regener
ating nerve fibres from the severed nerve may enter the patent canal and eventually 

http://etd.uwc.ac.za/ 
 



INFERIOR DENTAL NERVE AVULSION AND THE MANDIBULAR CANAL 1203 

restore sensation. If a section of the nerve is avulsed, however, the mandibular canal 
will be obliterated and the pathway for regenerating nerve fibres blocked. 

Acknowledgements-We wish to acknowledge the assistance of the Technical Staff 
of the Dental Research Unit for the preparation of the histological specimens and the 
photomicrographs. 

Resume-Malgre la section du nerf dentaire inferieur des rats, le canal subsiste. Si le 
faisceau neuro-musculaire alveolaire inferieur est reseque, le canal mandibulaire est 
rapidement oblitere par du tissu osseux. Le tissu conjonctif du nerf degenere assure la 
continuite du canal. 

Zusammenfassung-Wird der N. mandibularis bei Ratten durchschnitten, so bleibt 
der Mandibularkanal erhalten. Wenn jedoch das neuromuskulare Biindel entfernt 
wird, wird der Mandibularkanal innerhalb kurzer Zeit durch Knochen verschlossen. 
Der Bindegewebsanteil des degenerierten Nerven ist fiir das Bestehenbleiben des Kanals 
verantwortlich. 
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PLATE 1 

FIG. 1. Normal inferior dental neurovascular bundle within the mandibular canal. 
Note, lower left, the nerve supply· to the periodontal membrane of the incisor tooth. 

Haematoxylin and eosin. x 160 
FIG. 2. Mandibular canal 1 week after avulsion of the neurovascular bundle. Active bone 

formation is obliterating the canal. Haematoxylin and eosin. x 400 
FIG. 3. Mandibular canal 1 month after avulsion of the neurovascular canal. Remodel-

ling of bone within the canal has taken place. Haematoxylin and eosin. x 400 
FIG. 4. The outline of the obliterated mandibular canal is visible 3 months after 
avulsion of the neurovascular bundle. Note that at the bottom of the photomicrograph 
the degenerated nerve branch to the periodontal membrane of the incisor maintains the 

canal within which it lies patent. Haematoxylin and eosin. x 250 
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