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The reflectance and transmission of thin slabs of dental enamel has been measured at all 
wavelengths between 220 and 700 nm by means of an integrating sphere. From the results 
the true scattering and absorption coefficients have been computed. The theoretical model 
used is an extended two-flux model, which is presented and discussed. The absorption spectrum 
of the dissolved organic component of enamel was also determined. An absorption peak at 
270 nm is common to all the spectra. This peak in the bovine enamel spectrum is about 
three times as high as in the spectrum of human enamel. The peak of the dissolved material 
is about as high as the peak of the corresponding enamel. Hence it is concluded that the 
organic component, presumably aromatic amino acids, is responsible for most or all of the 
observed optical absorption. 
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Introduction 

The measurement  of optical absorption, together  with other  optical properties, 
is an effective method  for the structural  investigation of a material.  The knowl- 
edge gained can be used for s tructural  analysis and determinat ion of crystal  
defects and impurities. Especially useful is the combinat ion of optical absorpt ion 
with luminescence measurements,  performed on the same material.  

Due to their turbidi ty ,  the hard  dental  tissues have never been investigated 
from the point  of view of optical absorption. The scattering of light in turbid  
materials makes it necessary to  use special measuring arrangements,  to  perform 
at  least two different measurements  on the one and the same sample, and  to 
make corrections of the reflections on the f ront  and rear surface of the sample. 
A theoretical  model describing the scattering, absorpt ion and reflection processes 
is needed to compute  t rue absorpt ion and scattering coefficients. 

I n  this investigation, we have measured the total  ( independent of the degree 
of scattering) t ransmit tance  and reflectance of th in  slabs of sound h u m a n  and 
bovine dental  enamel by  means of an integrat ing sphere. Surface reflections 
were est imated from the refractive index measured independently.  

The theoretical model used in this paper  is the two-flux model (Kubelka, 
1948) as described by  Klein (1965) and extended by  Klier (1972). 

Thus, the  absorption and scattering coefficients of several h u m a n  and bovine 
dental  enamel samples have been calculated. I n  order to investigate the cause 
of the absorpt ion of the enamel, the optical absorpt ion of the organic component  
of the enamel was determined independently.  

For reprints: D. Spitzer, Laboratory for Materia Technics, Antillenstraat 11, Groningen, The 
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T h e  a b s o r p t i o n  d a t a  wil l  be  used  for  f u r t h e r  op t i ca l  m e a s u r e m e n t s  such  as 
f luorescence  a n d  phosphore scence .  

Theo ry  

Several theoretical models are available for solving the problem of scattering and ab- 
sorption in plane parallel diffusing layers. I t  is not the purpose of this paper to discuss them, 
a review is given e. g. by Mudgett and Richards (1971) and Reichman (1973). The model we chose 
corresponds well to our experimental data and is attractive because of its relative simplicity. 

The oldest and relatively the simpliest model is the two-flux model (Kubelka, 1948). In  
this only a forward and a backward light flux are considered and therefore a basic assumption 
is that  the incident radiation is diffuse. In  most experimental set-ups however, this conditions 
is not  realized. 

A general theory describing scattering and absorption in turbid materials is the radiative- 
transfer theory formulated by Chandrasekhar (1960). This theory is also applicable to colli- 
mated incident light but  to solve the equations requires considerable computational effort. 

Klier (1972) has shown that  the two-flux equations are formally identical with a solution 
of the general Chandrasekhar equation for isotropically highly scattering media with relatively 
low absorption. He found that  the absorption and scattering coefficients as obtained by the 
two theories are related through numerical coefficients, which depend upon the absorption- 
to-scattering ratio. This makes the problem much easier because one can then compute the 
absorption and scattering coefficients according to the simpler two-flux model, and afterwards 
simply correct the results. The absorption and scattering coefficients obtained are identical 
to the one that  would have been found by application of the rigorous Chandrasekhar theory. 

Also, Klier (1972) discusses the conditions under which a turbid medium can be considered 
as a highly scattering and isotropie scatterer. This is the case if the medium consists of densely 
packed randomly shaped particles whose sizes are comparable to or smaller than the wave- 
length of the light and if the particle separation is comparable to or smaller than the particle 
size. 

Since dental enamel is well known to be microscopically birefringent, its particles cannot 
be considered isotropie scatterers. However, if one considers the crystalline ultrastructure of 
enamel as described e.g. by Helmcke (1964) one can see that  the areas of anisotropy (~50  ~m) 
are much smaller than the true optical path length in the material. Thus the sample can be 
considered as a composition of anisotropic, but  randomly distributed particles. Therefore the 
condition of randomly shaped particles will be fulfilled. This was substantiated by our ex- 
perimental observation that  the refractive index as measured by means of polarised light 
(e.f. Materials and Methods) appeared to he independent of the rotation of the sample around 
the axis of the incident beam. 

We apply here the two-flux model as improved by Klein (1965), who incorporated the 
reflections on the external and internal surfaces of the slab, and subsequently apply the 
corrections after Klier. 

The basic equations are: 
d I  
d x  --  - - ( a + s )  I - } - s J  (1) 

d J  
d x  --  (a+s)  J - - s I  (2) 

with the conditions at the reflecting front and rear boundaries: 

I o = (1--Qo) I i  + ~iJo (3) 

J1)= QiID (4) 
Where: 
x = distance from the front surface 
a = absorption coefficient for diffusely incident light 
s ~ scattering coefficient for diffusely incident light 
~0 = reflectance at an interface where the refractive index is increasing 
Qi = reflectance at an an interface where the refractive index is decreasing 
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Fig. 1. A scheme of the two-flux model, in which the t reatment  of diffuse radiation is 
simplified by the use of only two one-dimensional fluxes, I(x)  and J(x).  The fluxes, not the 

directions of the light, are indicated 

I = energy flux in the direction of the positive x-axis 
J = energy flux in the direction of the negative x-axis 
I i = incident flux at  x = 0 
I0 = forward flux inside slab at  interface x = 0  
I o = forward flux inside slab a t  interface x = D  
Jo = backward flux inside slab at interface x = 0 
JD = backward flux inside slab at interface x = D 
as schematically shown in Fig. 1 

The solution is given by Klein (1965). 

2fl(1-0o) (i- 0~) 
[~2(1 -~- 0i)2-~ - (1 --0s)2]sinh q D  -~- 2fl(1 --0~) cosh aD 

[(1--01)~--fl2 (1--0/  --200 ) (1 +0/ ) ]  sinh aD+2fl(Oo+Qi) (1--0i) cosh ~D 

= [fl~(i -4- 0/)2+ (1-- 0~)~] sinh a D + 2 f l ( 1 - - ~ )  cosh ~D - -  

(5) 

(6) 

where: 
v ~ transmittance of the slab 

= reflectance of the slab 

fl = ]/a/(a A- 2s) (7) 

a = l /a(a+2s) (8) 

D = thickness of the slab. 

Firstly we focus our at tention on Q0 and ~i" The reflection coefficient ~o concerns the light 
incident on the front surface from outside. For polished surfaces ~o can be calculated simply 
from the Fresnel formula, 8i at  the rear surface has to be determined experimentally (Spitzer 
and Ten Bosch, 1973). However, in this study we employed diffusely reflecting (etched) 
surfaces since these are easier to prepare than optically polished ones, and because then  the 
assumption of isotropy inside the slab is bet ter  fulfilled. The Qo can then be computed ac- 
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cording to Walsh (1926). This relat ion for 50 is also tabula ted  (Orchard, 1970) and available 
as a curve (Egan et al . ,  1973) which follows: 

50 - --0.4399 ~- 0.7099 n--0.3319 n~-~0.0636 n 3 

where n is the refractive index. 

I t  can be shown (Egan et al . ,  1973) t h a t  

1--~o o 
~o~= 1--  ~ - -  

Thus, when n is known, 50 and ei can be calculated. 
The coefficients fl and a may then  be computed through (5) and (6) from the  experimental  

values of v and 5. We used a simple algori thm for the finding of zeros of a t ranscendental  
equat ion as described by  Krist iansen (1963). a and  s are then  calculated from Eqs. (7) and (8). 

Klier (1972) related these coefficients to the t rue energy absorpt ion and scattering 
coefficients a c and s c for a parallel beam by the  relations 

ac=  r/. a (9) 
so= g . s  (10) 

Thus a c and s c equal the coefficients t h a t  would have been found by  application of the rigorous 
theory presented by  Chandrasekhar (1960). Experimental ly,  a c is the absorpt ion coefficient 
t h a t  would be found when no scat ter ing would take place. ~ and  Z are numerical  correction 
factors for the absorption and scattering respectively. 

They are calculated by  Klier and tabula ted  (Klier, 1972) as functions of the ratio a/s  
(Noted K / S  by Klier, 1972). In  our case these factors vary  within the boundaries 

0.50 < r / <  0.53, 
1.33 < g <  1.44. 

Independently,  Mudgett  and  Richards (1971) developed a many-flux t r ea tmen t  of the 
problem. A comparison of thei r  results with  the two-flux model also led to ~7~0.5. Again, 
the  agreement wi th  this  value is best  in conditions of absorption and  scattering t ha t  are 
fulfilled in our case. The same conclusion, ~ ~ ac/a _~ 0.5, was reached by  Brinkworth  (1971) 
and  Gate (1971) using a photon diffusion model for l ight  absorpt ion in diffusing materials.  

Material and Methods 
Both  h u m a n  and  bovine samples were prepared from sound enamel of mature  freshly 

extracted incisors. The bovine incisors were from 2 to 4-year-old animals. An enamel layer 
was cut off the tooth  and ground from the  dentine-enamel junct ion side unt i l  no dentine was 
detectable by  visual inspection and  under  UV-light.  The layer was then ground from the  
other side unti l  a slab of desired thickness was obtained (approximately 0.2 mm for bovine 
enamel and 0.3 m m  for human  enamel). The area of the  samples was about  50 mm ~ for bovine 
enamel and  about  40 mm 2 for h u m a n  enamel. One side of the sample was optically polished 
for specular reflectance measurements.  In  order to determine the reflections on the  front  
and rear surfaces the refractive index was measured as a function of the wavelength. This 
was done by  measuring the  specular reflection on the perfectly polished enamel slabs with 
a home-made accessory to the Perkin-Elmer  124 spectrophotometer.  The refractive indices 
were then  computed from the Fresnel 's  equat ion 

1 ~( ~ sin S 0 -- cos 0 )2 -1- [ n2 cos o - V n ~  2 O ~2~ 

where 5s is the specular reflection coefficient and O the angle of incidence. 
These results have been subs tant ia ted  by  Bril (personal communications) who determined 

the  refractive index of the  enamel by  means of Brewster angle measurements  and by  Castelijns 
(personal communications) by  means of ellipsometric measurements.  

After these measurements  were performed, bo th  surfaces of the sample were etched in 
50% phosphoric acid for 30 s for the  volume t ransmit tance  and  reflectance measurements.  
The samples were always stored in water. After superficial drying of the  sample surfaces, 
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the total reflectance and transmittance were measured with an integrating sphere Perkin- 
Elmer 124-0049. Five samples of both bovine and human enamel were used for measurements. 
No influence of the water content of the sample on the optical measurements was found 
between 5 min and 48 h after taking the sample out of the water. This is in agreement with 
measurements of the water content of the enamel as performed by Arends (personal com- 
munications). 

As known, dry enamel consists of about 99% of crystallites of hydroxyapatite Ca10 
(PO4)6(OH)2 and less than 1% of organic material (mostly protein). 

Attempts were made to separate the organic component of the bovine enamel from the 
inorganic one in the following manner. Enamel slabs were ground and the powder was suspended 
into 0.01 M HC1. During the dissolution process the pH was kept constant by adding acid. 
The resulting suspension was then dialysed (Viskin 18/32) against water. Both the content 
of the bag and the surrounding solution were decreased in volume until 10 ml by evaporation 
of water at 50 ~ Subsequently, to the contents of the bag urea was added to 6 M, and kept 
at 80 ~ for 48 h. After this process some undissolved material was still present. The absorption 
spectra of the supernatant and of the dialysis liquid were determined. 

Results 

We found that  the refractive index of different slabs of enamel did not differ 
much. No substantial difference between the refractive indices of human and 
bovine samples was found. No substantial anisotropy was found. Fig. 2 shows. 
the general relation for the refractive index as a function of the wavelength. 

These values are in good agreement with the values of the refractive index 
of hydroxyapatite (the main component of the dental enamel) as found by 
Posner and Perloff (1957). 

Fig. 3 shows, as an example, the total reflectance and extinction, log (l/z), 
for one sample. 

The absorption and scattering coefficients were computed from these measure- 
ments by procedures explained in the theoretical section. For two different 
samples the curves are shown in Figs. 4 and 5. For convenience of the reader 
familiar with spectrophotometry, the decadic absorption and scattering coefficients 
are presented. 

The main absorption peak is found at 270=l= 5 nm for the human enamel and 
260 • 5 nm for bovine enamel. A peak at about 235 nm was noticed in several 
cases but due to the rapid increase of absorption in this region this peak is not 
found back in the computed results. 

An important difference was found between the absorption coefficients of 
bovine and human enamel, the former being about three times larger in the 
region between 220 and 300 nm. No such difference was found for the computed 
scattering coefficients of different samples as shown in Fig. 5. 

Both solutions resulting from the dissolution of bovine enamel powder showed 
an absorption peak at 260-280 nm. Control experiments without enamel demon- 
strated that  at the pH used, components extracted from the bag itself caused 
optical absorption also. However, neutralisation before dialysis caused pre- 
cipitation of material. The spectra of the supernatant of the urea solution of the 
bag content were corrected for the absorption of the bag material by using the 
absorption spectrum of the liquid used for dialysis. The corrected spectrum was 
used to calculate the decadic absorption coefficient of enamel as caused by the 
dissolved material. We estimate the error in these values to be of the order of 10 %. 
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Fig. 2. The refractive index n of the enamel as a function of the wavelength. The errors, 
covering the differences between the samples, are indicated in several points where specular 
reflection as well as Brewster angle were measured. Between these points the shape of the 

curve is derived from the reflectance measurements 
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Fig. 3. The extinction and reflectance of a sample of bovine enamel, thickness 0.17 ram, 
as measured with the integrating sphere 

Discussion 
T h e r e  is a s t r o n g  p r e s u m p t i o n  t h a t  t h e  a b s o r p t i o n  of t h e  o rgan ic  c o m p o n e n t s  

is e i t he r  fu l ly  of  p a r t l y  r e spons ib le  for  t h e  a b s o r p t i o n  of t h e  e n a m e l  in  t h e  r eg ion  

u n d e r  300 rim. 
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Fig. 4. The decadic absorption coefficients of one sample of human and one sample of bovine 
enamel as computed from the total transmittance and reflectance data. For the bovine sample 
these are taken from Fig. 3. The calculations were performed at 10 nm intervals, for clarity, 
points are shown at 50 nm intervals. Estimated errors are indicated in several points. The 
height of the absorption peaks of other bovine enamel samples differ less than 5 % from the 
values shown in the figure. This is true also for the absorption of the human enamel samples. 
The dashed line shows the absorption coefficient caused by some, or all, of the organic material 

as determined from a urea solution of enamel dissolved in HC1 at pH 2 
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Fig. 5. The scattering coefficients of the same human and bovine samples as used in :Fig. 4. 
The values of scattering coefficients of the other samples can differ 40 % from these values 

The absorp t ion  of p ro te ins  in the  region be tween  240 and  300 n m  is ma in ly  
caused b y  the  absorp t ion  of the  a roma t i c  amino  acids  t r y p t o p h a n ,  ty ros ine  ~nd 
phenyla lanine .  T r y p t o p h a n  and  ty ros ine  have  absorp t ion  peaks  a t  abou t  275 nm, 
the  former  being a b o u t  four  t imes  la rger  (Barenbo im et al., 1969). 
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This means that  the spectrophotometric measurements of the enamel could 
be an effective method of investigation of concentration and spatial distribution 
of these amino acids in the enamel, as well as the changes in concentration and 
distribution due to any diffusion or decomposition process. For instance, under 
the assumption that  all the absorption at 275 nm is caused by tryptophan, one 
can show that  the concentration of the tryptophan residues is 3 • 1 0 - e i  3 • 10 -7 
moles/g bovine enamel. The amino acid composition of protein from mature 
enamel has been investigated by several authors and summarized by Smillie 
(1973). The number of the tryptophan residues has not been determined. 

The strong absorption in this wavelength region was also concluded from 
tentative luminesence measurements, where it was found that  the excitation 
spectrum has a peak at about 280 nm causing emission with a peak at about 
350 nm which is the region of emission of tryptophan (Barenboim et al., 1969). 

The difference between the absorption of human and bovine enamel should 
indicate that a substantial difference in the composition of those two calcified 
tissues exists in the investigated part of the enamel layer. Although hypo- 
chromicity may play a role, it seems unlikely that  these differences in absorption 
are due only to hypoehromicity effects of the protein chromophores. 

The smaller differences in the absorption of different samples of one and the 
same type of enamel can also be expected due the natural differences in composi- 
tion and structure of each natural product of one and the same kind. 

I t  can be seen from a comparison of the absorption spectra of bovine enamel 
and the dissolved organic component therein (Fig. 4), that  the absorption 
coefficients are in a good agreement. Since it may be possible that  either not all 
organic material is dissolved in urea, or that  small absorbing molecules dis- 
appeared out of the dialysis bag, we conclude that  no absorption of the inorganic 
component can be inferred from our results. 
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