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Abstract

T e c h n iq u e s  b a s e d  o n  t r a n s i l lu m in a t io n  o f  t e e th  w ith  v is ib le  l ig h t  w il l  b e  a  v a lu a 

b le  a id  i n  c a r ie s  d ia g n o s i s ,  i f  a  h ig h e r  s e n s i t iv i ty  th a n  th a t  o f  th e  p r e s e n t  Foti 

m e t h o d  is  a c h ie v e d .  T h e r e f o r e ,  a  b e t t e r  u n d e r s ta n d in g  o f  l ig h t  p r o p a g a t io n  

t h r o u g h  te e th  is  r e q u i r e d ,  a n d  h e n c e  i t  i s  u s e f u l  to  in v e s t ig a te  th e  p r o p a g a t io n  o f  

l ig h t  t h r o u g h  s o u n d  d e n ta l  m a te r ia l .  I n  th i s  s tu d y  the  in te n s i t ie s  e m a n a t in g  f ro m  

th e  s u r f a c e s  o f  e n a m e l  a n d  d e n t in e  b a r s  w e re  m e a s u re d  w h e n  th e s e  b a rs  w e re  

i l l u m in a te d  u s in g  a  f ib r e  r o d  t r a n s p o r t in g  th e  l ig h t  f r o m  a H e N e  la s e r  

(X — 633  n m )  as  a  l ig h t  so u rc e .  F ro m  t h e  m e a s u r e d  in te n s i t ie s ,  th e  r a d i a n t  f lu x e s  

e m a n a t i n g  f r o m  th e  s u r f a c e s  w e r e  c a lc u la te d .  To a c c o u n t  f o r  a  d i r e c t io n a l  d e 

p e n d e n c e  o f  th e s e  f lu x e s ,  o p t ic a l  a n i s o t r o p y  in  d en ta l  m a te r ia l  w a s  in v e s t ig a te d  

b y  c o m p a r in g  th e  t r a n s m i t t e d  l i g h t  i n te n s i ty  in  a  d ire c t io n  p e r p e n d ic u la r  a n d  p a r 

a l le l  to  th e  a p p ro x im a l  s u r f a c e  o f  th e  t o o t h  f r o m  w h ic h  th e  s a m p le  w a s  cu t. T h e  

m e a n  r a t io  o f  th e  t r a n s m i t t e d  in t e n s i t i e s  in  p e rp e n d ic u la r  a n d  p a ra l le l  d i r e c t io n  

w a s  0 .8 6 ± 0 .0 6  f o r  e n a m e l  a n d  2 .8 8 ± 0 .4 3  f o r  d en tin e . In  a d d i t io n ,  fo r  e n a m e l  th e  

a s y m m e t r y  p a ra m e te r ,  g ,  w a s  e s t im a te d .  T h e  a v e ra g e d  v a lu e  w a s  g -  0 .6 8 ± 0 .0 9 .  

I t  w a s  c o n c lu d e d  th a t  fo r  d e n t in e  th e  o p t ic a l  a n is o t ro p y  as  m e a s u re d  s u p p o r t s  th e  

id e a  t h a t  tu b u le s  a re  th e  p r e d o m in a n t  c a u s e  o f  s c a t te r in g  in d e n t in e .  F o r  e n a m e l  

th e  r e s u l t s  in d ic a te  th a t  th e  h y d r o x y a p a t i t e  c ry s ta ls  c o n t r ib u te  s ig n i f ic a n t ly  to  

s c a t t e r in g  a n d  t h a t  th e  in f lu e n c e  o f  th e  p r i s m  s tru c tu re  o n  th e  l ig h t  p r o p a g a t io n  is 

sm a ll .

For m a n y  years  X -rays  have b een  u s e d  f o r  q u a l i ta t iv e  a p 

p rox im al ca r ie s  d iagnosis  an d  re s to ra t iv e  d e c i s io n  m a k in g .  

I f  carious les ions  co u ld  be  d e tec ted  a n d  q u a n t i f i e d  a t a n  

early  stage, i t  w o u ld  be  possib le  to  ta k e  p r e v e n t iv e  r a th e r  

than res to ra tiv e  actions. If, in a d d it io n , n o n - io n iz in g  r a d i 

ation is  used, it will b e  possib le  to m o n i to r  t h e  c a r ie s  p r o c e s s  

w ith o u t any hea lth  hazard . T h e re fo re ,  s e v e ra l  r e s e a r c h e r s  

have inv es tig a ted  optical a lte rna tives  to b i t e - w in g  r a d io g 

raphy, and  resu lts  ind ica ting  that q u a n t i ta t iv e  m e t h o d s  a re  

achievable  h av e  b een  reported  [O ’B r ie n  e t  a l . ,  1989 ; v a n  d e

R i jk e  a n d  t e n  B o s c h ,  1990 ; V e rd o n sc h o t  e t  al., 1991]. Yet, to 

e x p lo i t  th e  fu l l  p o t e n t i a l  o f  th e se  q u a n t i ta t iv e  o p t ic a l  m e th 

o d s ,  i t  is n e c e s s a r y  to  o b ta in  a th o ro u g h  u n d e r s t a n d in g  o f  

l ig h t  t r a n s p o r t  t h r o u g h  h u m a n  tee th .

T h e  o p t ic a l  p r o p e r t i e s  o f  b u lk  d e n ta l  m a te r ia l  a re  a n  im 

p o r t a n t  f a c to r  in  t h e  p r o p a g a t io n  o f  l ig h t  th r o u g h  te e th .  

S o m e  o p t ic a l  p r o p e r t i e s  o f  d e n ta l  m a te r ia l  h a v e  a l r e a d y  

b e e n  s tu d ie d .  S p i t z e r  a n d  te n  B o s c h  [1975] m e a s u r e d  th e  

s c a t te r in g  a n d  a b s o r p t io n  c o e f f ic ie n ts  o f  h u m a n  a n d  b o v in e  

e n a m e l  as  a  f u n c t io n  o f  w a v e le n g th .  B ro d b e l t  e t  al. [1981]
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m e a s u re d  th e  t r a n s lu c e n c y  o f  h u m a n  d e n t a l  e n a m e l  as  a  

fu n c t io n  o f  b o th  w a v e le n g th  a n d  d e g r e e  o f  d e h y d ra t io n .  

O ’B r ie n  [1988] o b s e rv e d  F r a u n h o fe r  d i f f r a c t io n  p a t te rn s  

w h e n  i l lu m in a t in g  h u m a n  e n a m e l  s la b s .  H i s  o b s e rv a t io n s  

in d ic a te  th a t  th e  p r i s m  s t ru c tu re  in  e n a m e l  m i g h t  in f lu e n c e  

l ig h t  p ro p a g a t io n ,  p o s s ib ly  r e s u l t in g  in  o p t ic a l  an iso tro p y . 

F inally , Z i jp  a n d  te n  B o s c h  [1991] i n v e s t i g a t e d  th e  a n g u la r  

d e p e n d e n c e  o f  H e N e  la s e r  l ig h t  s c a t t e r in g  b y  b o v in e  a n d  h u 

m a n  d e n tin e .  T h e  o p t ic a l  p ro p e r t ie s  o f  d e n t in e  h av e  b e e n  

s u m m a r iz e d  [ ten  B o s c h  a n d  Z i jp ,  1 9 8 7 ] ,  a n d  th e  m e c h a n i s m  

o f  l ig h t  s c a t te r in g  in  d e n t in e  h a s  b e e n  d e s c r ib e d  [Z ijp  a n d  

te n  B o s c h ,  1993]. F ro m  th is  r e s e a r c h ,  i t  is  k n o w n  th a t  th e  

tu b u le s  a re  th e  m o s t  im p o r ta n t  s c a t t e r in g  p a r t ic le s  in  d e n 

t in e , a n d  as  th e  tu b u le s  a re  o r i e n te d  f r o m  p u lp  to w a rd s  

th e  d e n t in o -e n a m e l  ju n c t io n ,  th e  a n i s o t r o p i c  s t ru c tu re  o f  

d e n t in e  m a y  r e s u l t  in  a  d i r e c t io n a l ly  d e p e n d e n t  l ig h t  p r o p a 

g a t io n .

S in c e  a  c a r io u s  le s io n  c a n  b e  r e g a r d e d  a s  a  d e fo rm a t io n  

o f  th e  in te rn a l  s t ru c tu re  in  a  d i f fu s in g  o b je c t ,  th e  d e te c t io n  

o f  a p p ro x im a l  c a r io u s  le s io n s  in  te e th  m i g h t  b e  a c h ie v e d  u s 

in g  th e  p r o c e d u r e  fo r  r e c o n s t ru c t in g  i m a g e s  o f  th e  in te rn a l  

s t ru c tu re  o f  o b je c ts  th a t  d i f fu se  r a d i a t i o n  a s  d e s c r ib e d  b y  

S in g e r  e t  al. [1990]. In  th e  p r e s e n t  s tu d y ,  th e  re la t iv e  r a d ia n t  

f lu x e s  e m a n a t in g  f ro m  sm a ll  c u b ic  v o l u m e s  o f  d e n ta l  h a r d  

t is su e ,  w h ic h  c o n s t i tu te  th e  p a r a m e te r s  in  t h e  a b o v e -m e n 

t io n e d  m o d e l ,  w e re  e s t im a te d  f ro m  m e a s u r e m e n t s .

Materials and Methods

Samples

Approxim ately square 0.85±0.03 m m  th ick  enam el and dentine 

bars with heights varying between 2.5 and 5.0 m m  were cut from the 

approximal sites o f  human prem olar teeth using a saw m icrotom e 

(Leitz 1600, Hamburg, Germany; saw blade hardness  D46, grain size 

45 |im). The samples were checked under a light microscope, and 

those with cracks or other irregularities w ere  discarded, A total o f  15 

enamel and 15 dentine samples were cut and  stored in a physiological 

salt solution.

Experimental Arrangement

The samples were illuminated using a 5 .0 -m W  HeNe laser light 

source (A,=633 nm), the beam  o f  which w as projected  on a 50/125-fim 

graded-index glass fibre to transport the light to the  sample. The nu 

merical aperture o f  the fibre was 0.2. The en am el sam ples were illumi 

nated parallel to the approximal tooth su rface , w hereas the dentine 

samples were illuminated in a direction p e rp en d icu la r  to the approxi 

mal tooth surface. The light radiated from  a  sam ple  surface was m ea 

sured with a photocell, mounted in a holder w ith  a lens placed approxi 

mately 5 m m  before the photocell. A green filter (standard Schott m i 

nus infrared filter) in front o f  the lens was used  to reduce the sensitivity 

o f  the photocell to red and infra-red w avelengths. The detector was 

rotated around the sample for m easurem ents  at different angles to the 

sample surface. The distance between sam p le  surface and lens o f  the

detec to r w as  18 ±0 .5  m m . The w id th  o f  the  s q u a re - s h a p e d  d ia p lu a g m  

o f  the lens w as 1 .0±0.05 m m , and  the fie ld  o f  v ie w  o f  the  d e te c to r  s y s 

tem  w as  ap p ro x im a te ly  3.2°, To m easu re  the in te n s i ty  e m an a tin g  h o rn  

only one  sam p le  su rface  at a tim e, surfaces n o t  u s e d  to iHum iliate oi 

m easu re  the in tensity  w ere  covered w ith  b lack  l ig h t-a b so rb in g  p las tic  

m ateria l. T he  experim en ta l set-up for m e a s u re m e n ts  in forw ard  (F ) 

and s idew ard  (S ) d irec tion  are depicted  in f ig u re  I. T h e  se t-u p  for m e a 

su rem ents  in b a c k w a rd  (B) d irection  is o b ta in e d  from  the se t-u p  in 

forward d irec tion  by sh itt ing  the de tec to r so that it  faces the back  su i-

face o f  the  sam ple .
B efo re  a m e a su re m e n t  was carried out, the  su r fa c e s  oi a sam p le

was b lo tted  d ry  w ith  a  tissue. To avoid d e h y d ra t io n  o f  the sam p le  

[Spitzer and  ten  B o sch , 1975; B rodbe lt  et al., 1 9 8 1]> the su rface  o f  die 

sam ple  h o ld e r  w as  covered w ith  a thin w a te r  f i lm ,  and  a d ro p  o i  w a te r  

was p u t  on top  o f  the sam ple . T he  intensity  d is tr ib u t io n  o f  ev e ry  su r 

face w as  d e te rm in ed  five tim es w ith  in tervals  o f  a t  least 4 h.

Part o f  the l igh t intensity  m easu red  in b a c k w a rd  d irec tion  is d u e  to 

reflec tion  at the  sam p le  surface and is not c a u se d  b y  sca tte r in g  in b a c k 

w ard  d irection . To separa te  the effects o f  s c a t te r in g  and  .surface re f le c 

tion, an  add itiona l m easu rem en t was p e r fo rm e d  o n  a g lass  bar» a n d  the 

re flec ted  light m easu red  for g lass  w as su b trac te d  f ro m  the en am el and  

den tine  results  in backw ard  direction.

To acco u n t fo r  a d irec tional dependence  o f  the  rad ian t f lu x es ,  the 

optical an iso tropy  o f  enam el and  den tine  w a s  inves tiga ted  by  m e a 

suring the  in tens ity  I r , Pc r ( 0 )  and 1 ^ ( 0 )  o f  15 e n a m e l  and  15 d e n tin e  

sam ples. lp,per(0) is the  in tensity  m easu red  in  fo rw ard  d irec t io n  at

0  — 0 °  w ith  the  light sou rce  p e rpend icu la r  to th e  ap p ro x im a l su r fa c e  o f  

the sam ple . L ik ew ise , 1 ^ ( 0 )  is the in tensity  m e a su re d  w hen  so u rc e  

and de tec to r  a re  paralle l to the approx im al s u r fa c e  o f  the  s a m p le  

(fig. 1). A s a  m easu re  for anisotropy, the ra t io  1k |W(0)/I|.'.,j;i,{0) w as 

adopted.

For the  an iso tropy  m easurem en ts  the sam e  e q u ip m e n t  w as u sed  as 

for the  m easu rem en ts  o f  the in tensity  d is tr ib u t io n .  H ow ever, to in 

crease the p o w er  rece ived  by the detector, the d is ta n c e  be tw een  s a m p le  

surface and the  lens o f  the  de tec to r w as red u ced  to 5±(),5 m m . C o n s e 

quently, the  interval o f  0  over which rad ia tion  w as  rece ived  from  the 

sam ple  surface  (A © )  becam e app rox im ate ly  11°. S am p le s  w ere  r e 

moved from  the s to rage  liquid, and their s u r la c c s  w ere  b lo tted  dry. ‘Die 

bottom  o f  a sam p le  w as fixed  in a ho lder  o f  s t ic k y  w ax, and  the t r a n s 

m itted  light w as  m easu red  to obtain  li.;|Wf(0) 1 m in  a f le r  the s a m p le  had 

been rem oved from  the liquid. T he  hole in the  w ax  w as  part ly ill led 

with w a te r  to reduce  dehydra tion  o f  the s a m p le .  T h en  the s a m p le  w as 

subm ersed  in the  s to rage  liquid for 1.5 m in , a f te r  w h ich  the s a m e  p ro 

cedure w as repea ted  to m easu re  the tran sm itted  ligh t in the o th e r  d i r e c 

tion to ob ta in  lp,piir(0). T he  en tire  p rocedure  w a s  repea ted  seven  t im es  

for every  sam ple , a lte rna ting  the o rder in w h ic h  h , ,*,(()) and  l iv|MI(0) 

were m easu red , w ith  at least a 4 -hou r in terval b e tw e e n  m e a s u r e m e n t s .

* 4 « W " \ f  4 r .v

From  a m easu red  in tensity  d is tr ibu tion  o f  the  surl'nccs 1'. S, and  1), 

the total light em iss ion  by a particu la r su rface ,  th e  rad ian t flux. <l> | W  |, 

was ca lcu la ted , u s in g  the fo llow ing  e x p re ss io n s :

rxr

=  2 * 2  I,, „ { 0 , O ) s i n { 0 ) A 0
( I )

0

JT

<t>s J t T  Is ( © , O ) s i n ( 0 ) A 0 (21
0

r : r j , ^ ... A ^  t  ̂ #

i)
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lF ,p a r ( 0 )

ÏF ,p e r (0 )

Fig.1. Experim ental set-up to  m easure the intensity distribution in forward (a) and in 

sideward direction (b). The set-up fo r  measurement in backward direction is obtained from  the 

set-up in forw ard  direction by  sh ifting  the detector so that it faces the back surface o f  the sam 

ple. The thick b lack  lines indicate a light-absorbing b lack cover, and the shaded squares indicate 

glass bars. T he  glass bars in b w ere glued together, c Projection o f  the enamel sam ples on the 

occlusal surface. Indicated are the sam ple surfaces F, S, and B, and the intensities m easured in 

forw ard d irection  for the glass fibre positions, indicated by the straight lines, parallel and  per 

pend icu la r  to the approximal surface.

Table 1. Relative radiant fluxes perpen 

d icular and parallel to  the approximal tooth 

surface in forward, sideward, and  backw ard 

direction for dentine and enam el

F1 per Fx par s°pcr Spar Bper B• p̂ar

D entine 

En ame I

0 .20+ 0 .0111 

0 .4 8 + 0 .12b

0 .0 7 ± 0 .0 3 l>

0 .5 6 ± 0 .0 2 ;'

0 .15+0.02a 

0.13 ± 0 .0 7 b

0 .19±0 .10b

0 .11±0 .01a

0.19+0.01° 0 .19±0 .01b

0 Values derived from intensity m easurem ents.

b Values calculated from  values in the other sam ple direction and the anisotropy ratio

Ip, per(0)/lpi ,>ar(0) ■

in w hich the indices indicate the surfaces from w hich  the light em a 

nates, and 1 (0 ,0 ) [W -Q _l] is the intensity  m easured in the d irec tion  0  

at 0  =  0°. In figure 2, the co-ordinate system  and the sym m etries  that 

have to  be assum ed to apply these equations are visualized. D ue to the 

symmetries, the definition o f  the  angles 0  and  <3> for surface S differs 

from the definition for the surfaces F and B. However, in bo th  cases it 

is assum ed that the intensity is independent o f  the angle

For every sam ple a radiant flux, averaged over the five m easu re 

ments, and a standard error o f  the m ean  were calculated for the three 

surfaces measured. A ssum ing no  absorption o f  light, the total radiant 

flux, <3>lcb was calculated as: <E>,ol= i> F+4<E>s +<i>B, Finally, fo r  th is  p a r 

ticular intensity distribution o f  the applied light source, the  relative 

radiant fluxes w ere  calculated as follows: F=<iy<J>1n„ S =  O s/<I>,0, and

B =  cIV<I>lot.

To obtain the radiant fluxes for illum ination in both perpend icu la r  

and parallel direction to the approxim al tooth surface, the fo llow ing  

equations were used:

0

Fpcr Ppar'lj7, |)cr(0yfr, par
Spor= 4S|Klr/[I p, pLjr(0)/Ipi paf(Q)

( 3 )

( 4 )

assum ing no change in backward direction.

For calculating the fluxes fo r  arbitrary source distributions, the 

asym m etry parameter, g , is needed. The asym m etry  param eter  o f  den-

Fig. 2. Sym m etry o f  the intensity distribution at the sample surfac 

es and  defin ition  o f  the co-ordinate system used for calculation o f  the 

em itted  rad ian t fluxes. The subscripts F, S, and B at the angles ©  and cp 

denote the forward, sideward, and backward direction, respectively.
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tine is known [Zijp and ten Bosch, 1991], a n d  the a sy m m etry  param 

eter o f  enamel was estimated from  the m easu rem en ts , a ssu m in g  single 

scattering in the bar and no absorption . A leas t-squares  fit o f  a mea 

sured intensity distribution in fo rw ard  d irec tion  w as o p tim ized  with a 

calculated intensity distribution us ing  g as param eter. T h e  calculated 

distribution was obtained by  convolu tion  o f  a func tion  describing the 

intensity distribution o f  the light sou rce  w ith  the  H enyey-G reenstein  

phase function [Henyey and G reenste in , 1941 ] w h ich  accounted  for 

the single scattering events. T he  in tensity  d is tr ibu tion  o f  the light 

source, the fibre rod, was G aussian w ith  cr= 11 T h e  ex tinc tion  coeffi 

cient, was set to the value 0 . 1 1  m m '1 [Sp itzer and  ten  Bosch, 

1 9 7 5 ] .  To correct for intensity losses due to  d iffuse  su rface  reflection, 

the source distribution was m ultip lied  by the  fac tor 0 . 5 2 .  T his factor 

was obtained from a transm ission m e asu re m en t th ro u g h  a glass bar 

that was cut with the saw m icro tom e used  to p repare  the  dentine and 

enamel samples. A 9 5%  confidence interval o f  the  e s t im a ted  optimum 

value o f  the asym m etry param eter  w as calcu lated  u s in g  chi-square 

boundaries as outlined by Press e t  al. [1988],

c u l a t e d  f r o m  t h e  i n t e n s i t y  d is tr ib u tio n s  a n d  th e  a n is o t ro p y  

r a t io s ,  a v e r a g e d  o v e r  t h e  15 d en tin e  a n d  e n a m e l  s a m p le s ,  a re  

g iv e n  in  t a b l e  1. F o r  t h e  a s y m m e try  p a ra m e te r ,  g, o f  e n a m e l  

a  v a lu e  0 .6 8 ± 0 .0 9  w a s  fo u n d .

Discussion

M e a s u r e m e n t s  o n  a  g la s s  b a r  w e re  p e r f o r m e d  to  c o r r e c t  

th e  m e a s u r e d  in t e n s i t i e s  in  b a c k w a rd  d i re c t io n  fo r  s u r f a c e  

r e f l e c t i o n  w h e n  l ig h t  e n te rs  a sam p le .  T h e  e r r o r  w h ic h  is 

i n t r o d u c e d  b e c a u s e  th e  re f ra c t iv e  in d ic e s  o f  d e n t in e  

( n =  1 .4 5 )  [ t e n  B o s c h  a n d  Z ijp , 1987] an d  e n a m e l  (n =  1 .62) 

[ S p i t z e r  a n d  t e n  B o s c h ,  1975] are  u n e q u a l  to  th e  re f ra c t iv e

Results

In  f ig u re  3 a  ty p ic a l  e x a m p l e  o f  t h e  a n g u l a r  i n t e n s i ty  d is 

t r ib u t io n  m e a s u r e d  a t  th e  s u r f a c e s  F  a n d  S  f o r  e n a m e l  is 

sh o w n . T h e  d i f f e re n c e  b e t w e e n  th e  i n t e n s i t y  e m a n a t e d  f ro m  

su rfa c e  B  o f  e n a m e l  a n d  th e  i n t e n s i t y  e m a n a t e d  f r o m  su r 

f a c e  B o f  g la s s  w a s  n o t  s ta t i s t ic a l  ly  s ig n i f i c a n t .  T h i s  im p lie s  

th a t  s u r fa c e  r e f le c t io n  c a n  a c c o u n t  f u l l y  f o r  t h e  m e a s u r e d  

s igna l. A  ty p ic a l  e x a m p le  o f  t h e  a n g u l a r  i n t e n s i t y  d is t r ib u 

t io n  m e a s u r e d  a t  th e  s u r f a c e s  F, S , a n d  B  f o r  d e n t in e  is 

s h o w n  in  f ig u re  4.

For e n a m e l  a n d  d e n t in e  th e  r a t io  Ip,pi;r(0)/lFilw(0 )  av e rag ed  

o ver  15 s a m p le s  w a s  0 .8 6 ± 0 .0 6  a n d  2 .8 8 ± 0 .4 3 ,  re sp ec tiv e ly . 

S in c e  th e  9 5 %  c o n f id e n c e  in te r v a l  o f  th e  r a t i o s  f o r  en am e l 

a n d  d e n t in e  do  n o t  c o n ta in  th e  n u l l  v a lu e ,  i .e . ,  1, th e  resu lts  

a re  s ta t is t ic a l ly  s ig n if ic a n t .  T h e  r e l a t iv e  r a d i a n t  f lu x e s  cal-

a
0

b
0

Fig. 3. A  typical ex am p le  of the angular intensity distribution o f 

an enam el sam p le  in forw ard  (a) and in sideward (b) direction. The 

results are d iv id ed  by the intensity measured for air In direction 

0  =  0 °

e e 0

a b

Fig. 4. A typical ex am p le  o f  the angular intensity d is tr ibu tion  o f  a  den tine  sample in forward (a), sideward (b), and 

back wa rd ( c ) cl i rec  t io n . T h e  res u 1 ts are d i vi ded by the i n ten s i ty  m easu  red for air i n d i recti on 0 = 0 ° .



in d e x  o f  th e  g la s s  b a r  ( n =  1 .55) is  m u c h  s m a l l e r  t h a n  o th e r  

e r r o r  s o u rc e s  a n d  c a n  b e  n e g le c te d .

In te n s i ty  d i s t r ib u t io n s  w e re  m e a s u r e d  w i th  th e  l ig h t  

s o u rc e  in a  d i r e c t io n  p a r a l l e l  to  th e  a p p r o x im a l  t o o th  s u r f a c e  

fo r  e n a m e l  a n d  p e r p e n d i c u l a r  f o r  d e n t in e  b e c a u s e  th e  a n i 

s o t ro p y  m e a s u r e m e n t s  s h o w e d  th a t  th e  m a te r i a l s  h a d  th e  

lo w e s t  e x t in c t io n  in  th e s e  d i r e c t io n s .  F r o m  th e  m e a s u r e d  i n 

t e n s i ty  d is t r ib u t io n s  f lu x e s  w e r e  c a lc u la te d .  F o r  t h e  o th e r  d i 

r e c t io n s  th e  f lu x e s  w e r e  d e r iv e d  f ro m  th e  a n i s o t r o p y  r a t io  

a n d  th e  in te n s i ty  d i s t r ib u t io n  in  t h e  s a m p le  d i r e c t io n  t h a t  

w a s  m e a s u re d .  D u e  to  th e  in te n s i ty  d i s t r ib u t io n  o f  th e  l ig h t  

s o u rc e ,  th e  a n i s o t r o p y  ra t io  w i l l  b e  s l ig h t ly  u n d e r e s t im a te d .  

H o w e v e r ,  th e  s a m e  e f f e c t  w o u ld  a ls o  h a v e  o c c u r r e d  i f  t h e  

in te n s i ty  d i s t r ib u t io n  h a d  b e e n  m e a s u r e d  i n s t e a d  o f  c a l c u 

la ted .  T h e re fo r e ,  th e  s in g le  s c a t te r in g  a s s u m p t io n  is  a  s u f f i 

c i e n t  c o n d i t io n  fo r  th e  c a lc u la t io n  o f  th e  f lu x e s  to  b e  v a l id .

F o r  d e n t in e  th e  e f f e c t  o f  a n i s o t r o p y  is  n o t  o n l y  u n d e r 

e s t im a te d  d u e  to  th e  l ig h t  s o u r c e  d i s t r ib u t io n ,  b u t  a l s o  d u e  to  

m u l t ip le  s c a t te r in g .  S im i la r  to  e n a m e l ,  b o t h  e f f e c t s  w o u l d  

a lso  h av e  o c c u r r e d  w h e n  th e  f lu x e s  h a d  b e e n  m e a s u r e d  i n 

s te a d  o f  c a lc u la te d .  H o w e v e r ,  th e  c ru c ia l  d i f f e r e n c e  b e t w e e n  

e n a m e l  a n d  d e n t in e  is  t h a t  d u e  to  m u l t ip l e  s c a t t e r in g ,  t h e  

a n is o t ro p y  ra t io  m e a s u r e d  f o r  0  =  0 °  w i th  A 0  ~  11 ° is  l o w 

e r  fo r  la rg e r  a n g le s  © .  T h e r e f o r e ,  i t  is  l ik e ly  t h a t  i n  p a r t i c 

u la r  F par is u n d e r e s t im a te d .

T h e  r e la t iv e  r a d ia n t  f lu x e s  w e r e  e x p e r i m e n ta l l y  d e t e r 

m in e d  fo r  e n a m e l  p i e c e s  o f  s p e c i f i c  s iz e  a n d  w i t h  a  s p e c i f i c  

l ig h t  s o u rc e  d is t r ib u t io n .  V a lu e s  ‘f o r  a r b i t r a r y  b u t  s m a l l  

e n a m e l  s iz e s  o r  a r b i t r a r y  s o u r c e  d i s t r ib u t io n s  c a n  b e  e s t i 

m a te d  u s in g  p a r t  o f  t h e  a lg o r i th m  th a t  w a s  u s e d  to  e s t i m a t e  

th e  a s y m m e t r y  p a r a m e te r ,  i .e . ,  b y  c o n v o lu t io n  o f  th e  l ig h t  

s o u rc e  d i s t r ib u t io n  w i t h  th e  H e n y e y - G r e e n s t e in  p h a s e  f u n c 

t io n  a s s u m in g  s in g le  s c a t t e r i n g  a n d  n o  a b s o r p t io n  a n d  

a d o p t in g  f ix e d  v a lu e s  f o r  t h e  a s y m m e t r y  p a r a m e t e r  a n d  e x 

t in c t io n  c o e f f ic ie n t .  F lu x  v a lu e s  f o r  a r b i t r a r y  d e n t in e  s iz e s  

a re  e a s ie s t  e s t im a te d  u s in g  a  M o n t e  C a r lo  s im u la t io n ,  s in c e  

th e  s in g le  s c a t te r in g  a s s u m p t io n  is  v io la te d  fo r  t h e  u s e d  d e n 

t in e  s a m p le s .  A l l  n e c e s s a r y  d a ta ,  i .e . ,  th e  r e f r a c t iv e  i n d e x ,  

th e  a s y m m e t r y  p a r a m e te r ,  a n d  th e  s c a t te r in g  a n d  a b s o r p t i o n  

c o e f f ic ie n t ,  a re  a v a i la b le .  To a c c o u n t  fo r  s in g le  s c a t t e r in g  

e v e n ts  in  th e  M o n te  C a r lo  a lg o r i th m ,  th e  H e n y e y - G r e e n -  

s te in  p h a s e  f u n c t io n  c a n  b e  a d o p t e d  [Z i jp  a n d  t e n  B o s c h ,

1991].

T h e  m e a s u r e d  a n i s o t r o p y  f o r  d e n t in e  is a  v e ry  s t r o n g  e f 

f e c t  a n d  c a n  b e  u n d e r s t o o d  b y  th e  s t ru c tu re  o f  d e n t in e ,  t h u s  

c o n f i r m in g  a n  e a r l i e r  s u g g e s t io n  b y  te n  B o s c h  a n d  Z i jp  

[1 9 8 7 ]  a n d  Z i jp  a n d  te n  B o s c h  [1 9 9 3 ]  th a t  d e n t in a l  t u b u le s  

a re  th e  p r e d o m in a n t  c a u s e  o f  s c a t te r in g .  T h e  a n i s o t r o p y  f o r  

e n a m e l  w a s  le s s  p r o n o u n c e d  a n d  th e  t r a n s l u c e n c y  w a s  

l a r g e r  in  t h e  p a ra l le l  th a n  in  th e  p e r p e n d ic u la r  d i r e c t io n  to

th e  a p p ro x im a l  to o th  su r fa c e .  T h e  e x p e r im e n ta l  d e s ig n  ex 

c lu d e d  th e  p o s s ib i l i ty  th a t  th e  e f f e c t  w a s  c a u s e d  b y  d r y in g  o f  

t h e  s a m p le .  F u r th e rm o re ,  b e c a u s e  th e  s a m p le s  w e re  o f  the 

s a m e  s iz e ,  a n d  a ll  s a m p le s  b u t  o n e  -  f o r  w h ic h  th e  in te n s i ty  

in  p a ra l le l  a n d  p e r p e n d ic u la r  d i r e c t io n  w a s  th e  s a m e  -  

s h o w e d  an iso tro p y , n e i th e r  v a r ia t io n  in  s ize  n o r  s u r f a c e  d e 

f e c ts  do  e x p la in  th e  re su l ts .  B e c a u s e  t r a n s m is s io n  in  th e  p a r 

a l le l  d i r e c t io n  is la rg e r  t h a n  in  th e  p e r p e n d ic u la r  d i r e c t io n ,  it 

c a n  b e  c o n c lu d e d  th a t  th e  c o n t r ib u t io n  o f  th e  p r i s m  s t ru c tu r 

e s  to  l ig h t  s c a t te r in g  is s m a l l  as  c o m p a r e d  w i th  th e  c o n t r ib u 

t i o n  o f  t h e  h y d ro x y a p a t i te  c ry s ta ls .  S o m e  a d d i t io n a l  s u p p o r t  

t h a t  th e  h y d ro x y a p a t i te  c ry s ta ls  a re  th e  d o m in a n t  c a u s e  o f  

s c a t te r in g  is  th e  y e l lo w  d is c o lo u ra t io n  o f  th e  t r a n s m i t te d  

b e a m  a n d  th e  b lu is h  g la re  o f  th e  s c a t te re d  l ig h t ,  a  p h e n o m 

e n o n  o b s e rv e d  f o r  R a y le ig h  sc a t te r in g .  T h e  a n is o t ro p y  

m ig h t  b e  e x p la in e d  b y  th e  c h a n g in g  c h e m ic a l  c o m p o s i t io n  

o f  e n a m e l  g o in g  f ro m  th e  o u te r  s u r fa c e  to  th e  d e n t in o - e n a m -  

e l j u n c t io n ,  e .g ., a  c o n t r ib u t io n  f ro m  o rg a n ic  s u b s ta n c e s .

T h e  s h a p e  o f  th e  m e a s u r e d  a n g u la r  in te n s i ty  d i s t r ib u 

t i o n s  f o r  e n a m e l  in d ic a te s  th a t  th e  a s y m m e t r y  p a r a m e te r  

m u s t  b e  h ig h . T h is  w a s  c o n f i rm e d  b y  e s t im a t io n  o f  the  

a s y m m e t r y  p a ra m e te r  f i t t in g  th e  re su l ts  in  f o r w a r d  d i r e c t io n  

to  a  m o d e l  in  th e  s in g le - s c a t te r in g  a p p ro x im a t io n .  A n  e f fe c t  

c a u s in g  a  s y s te m a t ic a l ly  lo w e r  a s y m m e try  p a r a m e te r  w as  

s c a t te r in g  a t  th e  s u r fa c e  d u e  to  s u r fa c e  ro u g h n e s s .  F u r th e r 

m o r e ,  a n  in a c c u ra c y  in  th e  e x t in c t io n  c o e f f ic ie n t  w i l l  a lso  

p r o d u c e  a  s y s te m a tic  e f fe c t ,  s in c e  th is  c o e f f ic ie n t  d e te r 

m in e s  t h e  ra tio  b e tw e e n  th e  s c a t te re d  a n d  d i re c t ly  t r a n s m i t 

t e d  c o m p o n e n t  o f  th e  p r o p a g a t in g  l ig h t  b e a m .

U su a l ly ,  e s t im a t io n  o f  th e  a s y m m e tr y  p a r a m e te r  is  p e r 

f o rm e d  w i th  m u c h  th in n e r  s a m p le s  th a n  th e  o n e s  u s e d  in  th is  

s tu d y , th is  to  av o id  m u l t ip le  s c a t te r in g  e f fe c ts .  H o w e v e r ,  it 

w a s  s u g g e s te d  b y  W is t  e t  al. [1 9 9 3 ]  th a t  a  p o s s ib le  a d v a n 

t a g e  o f  th e  re la t iv e ly  la rg e  s a m p le  s iz e s  m ig h t  b e  th a t  r e la 

t iv e ly  m o r e  o f  th e  s t ru c tu re  o f  th e  m a te r ia l  s ta y s  in ta c t .  T h is  

is a n  im p o r ta n t  c o n s id e ra t io n  w h e n  it is n o t  c le a r  w h a t  th e  

p r e d o m in a n t  c a u s e  o f  s c a t te r in g  is in  a  m a te r ia l ,  i .e . ,  f o r  

e n a m e l  th e  p r is m  s t ru c tu re  o r  th e  c ry s ta ls  th e m s e lv e s .  N o w  

th a t  th e re  are  s ig n s  th a t  th e  c ry s ta ls  a re  th e  m o s t  im p o r ta n t  

s c a t te r in g  p a r t ic le s  d o  th e  m u l t ip le  s c a t te r in g  e f fe c ts ,  

c a u s e d  b y  th e  re la t iv e ly  h ig h  th ic k n e s s  o f  th e  s a m p le s ,  r e s u l t  

in  a  s y s te m a t ic a l ly  lo w e r  e s t im a t io n  o f  th e  a s y m m e t r y  p a 

r a m e te r .

T h e  a s y m m e tr y  p a ra m e te r ,  th e  a v e ra g e  c o s in e  o f  th e  

s c a t te r in g  an g le , h a s  a  r e la t iv e ly  h ig h  v a lu e .  H e n c e ,  s c a t te r 

i n g  e v e n ts  re su l t  in  o n ly  a  sm a l l  d e v ia t io n  f r o m  th e  o r ig in a l  

d i r e c t io n  o f  l ig h t  p ro p a g a t io n .  T h e  h ig h  a s y m m e t r y  p a r a m 

e te r ,  to g e th e r  w ith  th e  lo w  e x t in c t io n  c o e f f ic ie n t  o f  e n a m e l ,  

in d ic a te s  th a t  l ig h t  p ro p a g a t io n  th ro u g h  th e  e n a m e l  la y e r  o f  

t e e th  c a n n o t  a c c u ra te ly  b e  a p p ro x im a te d  w i th  th e  l ig h t  d i f 
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fu s io n  m o d e l .  A l th o u g h  n o  r e s t r i c t io n s  a r e  im p o s e d  o n  th e  

p a r a m e te r  v a lu e s  in  th e  f o r m u la t io n  o f  t h e  m o d e l  p ro p o s e d  

b y  S in g e r  e t  al. [1 9 9 0 ] ,  s o m e w h a t  u n r e a l i s t i c  l ig h t  d is t r ib u 

t io n s  a t  th e  v o lu m e  s u r fa c e  w i l l  b e  o b t a i n e d  i f  o n e  o f  th e  

re la t iv e  f lu x e s  th ro u g h  a  s u r f a c e  o f  t h e  s m a l l  c u b ic  v o lu m e s ,  

in  w h ic h  th e  to ta l  v o lu m e  is  d iv id e d ,  i s  m u c h  b i g g e r  th a n  th e  

re la t iv e  f lu x e s  th r o u g h  th e  o th e r  s u r f a c e s  o f  t h e s e  sm a ll  v o l 

u m e s .  T h e  m e a s u r e m e n ts  s h o w e d  t h a t  th e  r e la t iv e  f lu x  in  

fo rw a rd  d i r e c t io n  o f  e n a m e l  is m u c h  b i g g e r  t h a n  th e  re la t iv e  

f lu x  in  s id e w a rd  a n d  b a c k w a r d  d i r e c t io n .  S in c e  th e  o u te r  

e n a m e l  la y e r  w i l l  b e  s u c h  a n  i m p o r t a n t  f a c to r ,  th e  m o d e l  

p ro p o s e d  b y  S in g e r  e t al. [1 9 9 0 ]  m i g h t  n o t  b e  th e  m o s t  su i t 

ab le  to  m o d e l  l ig h t  p ro p a g a t io n  t h r o u g h  te e th .

In  s u m m a ry ,  f ro m  m e a s u r e m e n t s  o f  t h e  a n g u la r  in te n s i ty

d is t r ib u t io n  a t th e  e n a m e l  a n d  d e n t i n e  s a m p l e  su r fa c e ,  ra d i-
k

a n t  f lu x e s  w e re  e s t im a te d .  O p t ic a l  a n i s o t r o p y  w a s  sh o w n  fo r  

b o th  e n a m e l  a n d  d e n t in e .  F o r  d e n t in e  th e  r e s u l t s  s u p p o r t  a n  

e a r l ie r  s u g g e s t io n  th a t  d e n t in a l  t u b u le s  a r e  th e  p r e d o m in a n t

c a u se  o f  s c a t t e r in g ,  w h e r e a s  f o r  e n a m e l  t h e  r e s u l t s  in d ic a te  

th a t  th e  c r y s t a l s  c o n t r i b u t e  s i g n i f i c a n t l y  to  s c a t te r in g .  T h e  

a s y m m e t r y  p a r a m e t e r ,  g ,  f o r  e n a m e l  w a s  e s t i m a t e d  b y  f i t 

t in g  th e  a n g u l a r  i n t e n s i t y  d i s t r i b u t i o n  o f  e n a m e l  m e a s u r e d  

in  th e  f o r w a r d  d i r e c t i o n  to  a  m o d e l  d e s c r i b i n g  th e  e x p e r i 

m e n ta l  s y s t e m .  I n  f u tu r e  r e s e a r c h  a n  o p t ic a l  m o d e l  w i l l  b e  

d e v e lo p e d  to  g a i n  m o r e  i n s i g h t  in  l i g h t  p r o p a g a t i o n  t h r o u g h  

te e th  w h e n  u s i n g  F o ti .
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