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Voorwoord
Hoewel de kop van een opinieartikel in een landelijk ochtendblad (Welke
ingenieur kent nog Camus? De Volkskrant; 19-08-'94) en mogelijk ook
andere zaken anders suggereren, lees ik bij gelegenheid wel eens een boek.
Natuurlijk is deze mededeling met betrekking tot dit proefschrift op zich niet
interessant, ware het niet dat het mij opviel dat, in tegenstelling tot wat bij
proefschriften gebruikelijk is, bij, wat ik maar die andere boeken zal noemen,
een voorwoord veelal door anderen dan de auteur(s) geschreven wordt.
Wanneer auteurs zichzelf wel, vooral in 'leerboeken', in een
voorwoord direct tot hun publiek wenden, is het om het onderwerp in te
leiden. Er zou dan hier iets staan wat kan worden samengevat met: 'Tot op
de dag van vandaag is het vroegtijdig detecteren en vaststellen van de ernst
van tandbederf op de raakvlakken van kiezen voor tandartsen een groot
probleem. In dit boek wordt de ontwikkeling van een alternatieve optische
techniek beschreven.' In een laatste korte alinea wordt dan een algemeen
woord van dank uitgesproken aan al diegenen die bij de tot standkoming
van het boek betrokken zijn geweest. Het is bij die goede gewoonte dat ik mij
hier wil aansluiten.
Ik dank allen die, direct of indirect, en ieder op zijn of haar geheel
eigen wijze, een bijdrage hebben geleverd aan wat heeft geresulteerd in dit
proefschrift.
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Chapter 1
General introduction:
Sensitive, optical quantification of initial
approximal caries lesions

'We always need to hear both sides of the story'
Phil Collins
"Both Sides of the Story"
Both Sides

Chapter 1

After introducing the research area and defining the problem to the two
target groups of readers, the global aims of the research project are
formulated. Finally, the main questions addressed in this research are made
explicit and a brief outline of the thesis is presented.
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Dentistry for physicists

Optics for dentists

1.2.1 Teeth and light

1.2.1 Light and teeth

Human teeth consist of the turbid
materials enamel and dentine, and
soft tissue, the pulp (figure 1). The
very hard outer tooth crown layer,
the enamel, is exposed to the oral
environment. The softer, bone-like
material, the dentine, is covered by
the enamel. Enamel and dentine
consist for the greater part of
minerals. In enamel and dentine
subject to dental decay, i.e., caries,
these minerals are gradually
dissolved. As a consequence also the
optical properties change. At visible
tooth surfaces the increased opacity
of the enamel is the first visual
symptom of coronal caries. Since
lesions in the oral environment often
gradually discolour, also an increase
in light absorption can become a
mechanism in lesion detection.

Caries diagnosis using an optical
technique is based on the same
mechanisms that cause the visual
symptoms of coronal caries at the
visible tooth surfaces, i.e., an
increased opacity and, in time,
discolouration of enamel and
dentine.
Light can interact with matter
in different ways (figure la). If a
light quantum or photon, impinging
on an atom, is absorbed, the
interaction is called absorption. If
the same amount of energy is
reradiated in another direction, the
interaction is called scattering and if
a quantum with less energy is
emitted, the interaction is called
fluorescence or phosphorescence,
depending on the interaction time.
The total amount of absorbed
and
scattered
light
while
propagating through the medium is
determined by the number of
interactions per unit photon path
length. This is denoted by μ,, [mm 4 ],
the absorption coefficient, and μ5
[ m m - 1 ] , the scatter coefficient, in
case of absorbing and scatter
interactions, respectively.
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Figure 1.1 Molar (left) and premolar
Figure 1.1
(right) tooth with dental
decay at the contacting
approximal surface, e:
enamel, d: dentine, p: pulp,
g: gingiva, o: occlusal
surface, c: contacting
approximal surface, I: two
approximal caries lesions
at adjacent surfaces. The
surface layer between
enamel and dentine is
called the dentino-enamel
junction
(DEJ). Also
indicated is the co-ordinate
system used throughout
the thesis.
6

A turbid material layer in
which some
possible
interactions of light with
matter are indicated: 1:
light
traversing
the
material, 2: light scattered
once, 3: absorbed light, 4:
light absorbed after a
scatter interaction, 5: light
scattered twice, 6: multiple
scattered light (a). Light
wave. A: amplitude, λ:
wavelength (b).
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Light travelling through a
homogeneous non-scattering light
absorbing medium propagates in a
straight line and the decrease in
light power is described by the BeerLambert law, in which μ<, is the only
material property.
In a scattering and nonabsorbing medium, light remains
existent upon every scatter event.
Yet, the direction of propagation is
changed.
This
change
of
propagation direction causes a
blurring effect, because light
emanating from a certain object
point in a certain direction ends up
at several places, resulting in an
unsharp, spread, image of the point.
Due to this phenomenon scattering
materials are also designated turbid
media.
The severity of blurring is not
only determined by the number of
scatter events per unit photon path
length, but also by the magnitude of
the change in propagation direction
per scatter event. For many scatter
events this change in propagation
direction is described by a
distribution function, called the
phase function. For many practical
purposes only the average cosine of
the scattering angle, the asymmetry
parameter, g, suffices to specify the
average change in propagation
direction per scatter event.

7

Chapter 1

In the above light was specified
as a form of energy occurring in
quanta. To understand some other
aspects of light propagation, light is
described as a wave phenomenon.
The parameters wavelength, λ, and
amplitude, A, indicated in figure lb
are important. The wavelength
determines the observed light colour
and the amplitude determines the
observed light strength.
Caries d i a g n o s i s

Caries diagnosis

One of the places were dental caries
starts is at the contacting,
approximal, tooth surfaces (figure
1). These approximal surfaces are
for the greater part inaccessible to
direct visual inspection, which
seriously hampers an early detection
of caries lesions. Hence, as an
adjunct to visual inspection, tooth
images made with X-rays, called
bitewing radiographs, are used to
detect approximal caries lesions at
molar a n d p r e m o l a r t e e t h .
Nonetheless, even then beginning
caries lesions are missed and sound
surfaces are diagnosed being carious
(Wenzel, 1993).
To express the performance of
a dichotome, or dichotomised,
diagnostic procedure, sensitivity
and specificity are used. Sensitivity,
φ, is the proportion of diseased

The diagnosis of approximal caries
lesions using the current techniques,
i.e., visual inspection and bitewing
radiography, is only reliable at a
stage were damage is irreversible. In
addition, no method has been
demonstrated to correlate well
enough with, e.g., the depth of small
lesions to reliably monitor the caries
process in vivo (Angmar-Mànsson
and ten Bosch, 1993).
As an alternative to the
clinically available techniques for an
early and quantitative detection of
approximal caries lesions fibre-optic
transillumination (FOTI) has been
investigated. Though in some cases
promising results have been
obtained, there is continuing
controversy about the true validity
of the method (Verdonschot et al,
1991).
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objects which are correctly
identified. Specificity, ψ, is the
proportion of healthy objects which
are correctly diagnosed as being free
of the disease.
Different stages of lesion
progress can be identified. When
detected early, a caries lesion may
fully remineralise if preventive care
is enforced (Angmar-Mânsson and
ten Bosch, 1993). Hence, dentists
aim at not initiating restorative
intervention until macroscopic
cavitation occurs. However, such an
approach requires the possibility of
differentiating between different
stages of lesion properties and
definition of accurate benchmarks.
Lesion monitoring has become an
important subject of current
research and, whereas in the past it
was assumed that when a lesion on
a bitewing had reached the dentinoenamel junction (DEJ) macroscopic
cavitation had started, due to the
use of topical fluorides the relation
between radiographic appearance
and histological changes has become
unclear (Bille and Thylstrup, 1982).
To obtain a diagnostic
technique for the early detection of
approximal caries lesions, being also
suitable to monitor lesion progress,
optical methods have been studied
(Angmar-Mânsson and ten Bosch,
1987). C u r r e n t l y , teeth are
transilluminated
with
white
9
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light using a fibre to transport the
light from a light bulb to the
contacting approximal tooth surface.
This method is generally designated
as fibre-optic transillumination
(ΡΟΉ). Lesions at this surface are
diagnosed when a dark spot or
'shadow' is perceived at the occlusal
tooth surface. In this manner
qualitative information is obtained,
leading to a somewhat subjective
diagnosis. This may be a cause of
the continuing controversy about
the true validity of the ΡΟΉ method
(Verdonschot et al, 1991).
Problem definition

Problem definition

Quite some effort has been put in
investigating the performance of the
FOTI transillumination technique
u n d e r clinical circumstances.
However, less light has been shed
upon the mechanisms underlying
the
method
and
a
basic
understanding of light propagation
through the turbid medium tooth'
is required to improve the existing
optical FOTI technique or to
develop a new method.

Up to the present day no procedure
is available to diagnose caries
lesions early and quantitatively.
From an optical point of view the
problem of detecting an approximal
caries lesion using light is a problem
of detecting a defect hidden in a
turbid medium. In fact, a turbid
medium with some very special
properties. However, in the past
insufficient light has been shed
upon this aspect. Hence, to improve
the existing optical ΡΟΉ technique
or to develop a new technique a
basic u n d e r s t a n d i n g of light
propagation through the turbid
medium 'tooth' is required.
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1.3 Aim of the project
The main subject of this thesis is the use of light in the diagnosis of small
approximal caries lesions. Two distinct dominant aims of the research project
can be distinguished. The first aim was to comprehend the major optical
processes which occur when teeth are transilluminated to detect approximal
caries lesions. The second aim was to develop an optical method to enable an
early and quantitative diagnosis of approximal caries lesions. A condition
imposed to possible solutions was that in principle the technique should be
clinically applicable.

1.4 Underlying questions and thesis outline
In this thesis the following questions and subjects are addressed:
- What is the performance of diagnostic techniques currently in use? This
subject is addressed in chapter 2 and 3.
- What problem is to be solved? In chapter 3 the problem definition is
operationalised. Factors are analysed that influence the performance of
optical techniques applied to detect hidden defects in the turbid
medium 'tooth'.
- What are the optical properties of dental hard tissues? These data are
estimated and assembled from literature in chapter 4 and 5.
- What is the relation between tissue changes at the approximal tooth
surface and optical changes measurable at the occlusal surface? This
relation is investigated in chapter 5.
- After defining the main factors affecting the performance of FOTI, in
chapter 5, the question arises: can these factors be eliminated? In chapter
6 and 7 experiments with an improved optical technique are reported.
- Also in chapter 7 the question is addressed what additional information
can be gained from dye application.
- The main results, conclusions and implications of the findings of the
work described in this thesis are discussed in chapter 8.
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Chapter 2
Performance of bitewing radiography
and fibre-optic transillumination in
approximal caries diagnosis - a metaanalysis

'There's no need to argue anymore'
the cranberries
"no need to argue"
no need to argue

2.1 Abstract
The aim of this study was to estimate the performance of bitewing
radiography and ΡΟΉ in diagnosing approximal caries lesions. Since there
are strong suspicions that the validation studies in the literature are
underestimating the performance, an indirect estimation method was used.
Clinical studies in which radiographic readings were compared to FOTI
scorings were selected. 2 x 2 contingency tables were determined from the
compiled clinical studies and added. The cut-off for decay was at dentinal
caries. Under the assumption that erroneous outcomes from bitewing
radiography and FOTI are mutually independent, a set of equations was
derived expressing the diagnostic sensitivity and specificity of bitewing
radiography and FOTI as function of the contingency table cell contents and
caries prevalence as parameter. Limited ranges of possible sensitivity and
specificity values were obtained from boundary conditions. The lower limit
of overall bitewing radiographic sensitivity was 0.79 ± 0.01. The specificity
was 1.00. Overall FOTI sensitivity varied between 0.51 ± 0.02 and 0.48 ± 0.02
and the lower limit of overall FOTI specificity was 0.99. The calculated values
are an upper limit of the 'true' sensitivity and specificity of both FOTI and
bitewing radiography in populations with a low caries prevalence. Having
comparable specificities, FOTI sensitivity is significantly lower than the
sensitivity of bitewing radiography.

Conditionally accepted by the Journal of Public Health Dentistry 1996 as:
Performance of bitewing radiography andfiber-optictransillumination in approximal caries
diagnosis - a meta-analysis. J Vaarkamp, J J ten Bosch*, Ε Η Verdonschot and Ε M
Bronkhorst ("Laboratory for Materia Technica, Dental School, State University of
Groningen, The Netherlands).
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2.2 Introduction
During the last decades caries prevalence has substantially declined in the
western world [Truin et al, 1991]. In addition, also due to the use of topical
fluorides, the expression of caries lesions has changed [Millman, 1984; Pitts
and Rimmer, 1992]. Moreover, a demand for early and quantitative diagnosis
has arisen [Angmar-Mânsson and ten Bosch, 1987]. These factors have been
an impetus to re-evaluate the validity of existing, clinically applied
techniques to diagnose coronal caries in general, and approximal caries in
particular [Espelid and Tveit, 1986; Thylstrup et al, 1986; Mileman and van
der Weele, 1990; Kay and Knill-Jones, 1992; Svenson et al, 1993; Espelid et al,
1994; Hintze et al, 1994]. Furthermore, the above factors were an impulse to
improve bitewing radiography and to develop new diagnostic methods
[Verdonschot et al, 1991b; Russell and Pitts, 1993; Angmar-Mânsson and ten
Bosch, 1993].
An important technique to diagnose approximal caries lesions is ΡΟΉ.
Although since its first introduction several clinical studies have been
performed [Mitropolous, 1985a,b; Pieper and Schurade, 1987; Stephen et al,
1987; Obry-Musset, 1988; Sidi and Naylor, 1988; Holt and Azevedo, 1989;
Heinrich et al, 1991], there is a continuing controversy about the validity of
the method. This is caused by the fact that the reported results are either
conflicting, or allow more than one interpretation. In the only known study
in which both bitewing radiography and FOTI were validated no statistically
significant differences between the two diagnostic methods could be
established [Peers et al, 1993]. Secondly, after cavity preparation, dentinal
caries was observed in surfaces which on radiographs were judged to be
restricted to the enamel or, in some cases, not visible on the radiographs
[Pieper and Schurade, 1987]. Thirdly, in most clinical studies far more caries
lesions were diagnosed with bitewing radiography than with ΡΟΉ [Stephen
et al, 1987; Heinrich et al, 1991; Schäfer et al, 1995; Stamm et al, 1995]. Since it
is clear that diagnosis with radiographs is not infallible [Espelid and Tveit,
1986; Thylstrup et al, 1986; Pieper and Schurade, 1987; Mileman and van der
Weele, 1990; Verdonschot et al, 1991b; Kay and Knill-Jones, 1992; Peers et al,
1993; Russell and Pitts, 1993; Svenson et al, 1993; Espelid et al, 1994; Hintze et
al, 1994], the difference in number of diagnosed lesions can be caused by
either a higher diagnostic sensitivity or a lower specificity of bitewing
radiography. This despite the fact that in two studies a retrospective
15
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comparison showed that particularly lesions on bitewing radiographs judged
to be restricted to the enamel were not diagnosed using ΡΟΉ [Stephen et al,
1987; Heinrich et al, 1991]. Finally, in particular serious discrepancies
between FOTI scorings and bitewing radiographic readings in the early
diagnosis were reported [Pieper and Schurade, 1987; Obry-Musset, 1988; Sidi
and Naylor, 1988]. In one of these studies a number of enamel lesions
identified with ΡΟΉ was confirmed by clinical examination [Sidi and Naylor,
1988]. In view of the foregoing, several authors have stressed that
radiographic readings cannot be used to validate ΡΟΉ diagnoses [Pieper and
Schurade, 1987; Peers et al, 1993; Verdonschot et al, 1991a].
Though radiographic readings are not suitable to validate ΡΟΉ, the set
of clinical studies comparing FOTI to bitewing radiography [Mitropolous,
1985a,b; Pieper and Schurade, 1987; Stephen et al, 1987; Obry-Musset, 1988;
Sidi and Naylor, 1988; Holt and Azevedo, 1989; Heinrich et al, 1991] do carry
information about the performance of both techniques. There have been two
attempts to make this information explicit. In a recent meta-analysis,
covering studies published between 1980 and 1993, no statistically significant
difference in diagnostic performance between bitewing radiography and
FOTI was found [van Rijkom and Verdonschot, 1995]. However, this result
was due to the crude approach of considering alternating bitewing
radiography and ΡΟΉ as each others validation technique. The second study
elaborated the idea that, if in a study comparing bitewing radiography to
FOTI the actual sensitivity and specificity of bitewing radiography were
known, FOTI sensitivity and specificity can be calculated by mathematical
correction for radiographic misclassifications [Verdonschot et al, 1991a].
Unfortunately, there are large variations in reported sensitivity and
specificity values for bitewing radiography [Espelid and Tveit, 1986;
Thylstrup et al, 1986; Mileman and van der Weele, 1990; Kay and Knill-Jones,
1992; Peers et al, 1993; Svenson et al, 1993; Espelid et al, 1994; Hintze et al,
1994] and, hence, the outcome of these calculations strongly depended on the
chosen sensitivity and specificity values for bitewing radiography
[Verdonschot et al, 1991a].
To obtain valid and precise overall estimates of bitewing radiographic
and FOTI sensitivity and specificity from a meta-analysis and subsequent
application of the correction algorithm, two presumptions have to be correct.
Firstly, the overall estimates of the 'true' performance of bitewing
radiography, and of the 'true' agreement between FOTI and bitewing
16
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radiography based on the two collections of studies should be valid.
Secondly, the premise underlying the algorithm to correct for bitewing
radiographic misclassifications should be fulfilled. Unfortunately, violation
of the first part of the very first assumption is causing severe problems. In
addition, violation of this assumption may also explain the large variation in
reported sensitivity and specificity values for bitewing radiography [Espelid
and Tveit, 1986; Thylstrup et al, 1986; Mileman and van der Weele, 1990; Kay
and Knill-Jones, 1992; Peers et ai, 1993; Svenson et al, 1993; Espelid et al,
1994; Hintze et al, 1994].

h l\

Total population
"Sound"

DEJ
radiographie lesion depth
Figure 2.1 Assumed distribution of radiographic observed lesion depths for the
entire, the sound and the carious population. In population samples
the hatched areas are generally not included, thus resulting in a
systematic underestimation of sensitivity and specificity ofbitewing
radiography at lesion progress through the DEJ as cut-off for decay.
Estimation of sensitivity and specificity is independent of disease
prevalence in a population sample [Metz, 1978]. However, the estimate is not
independent of the property distribution in the sampled groups to be
classified as "sound" and "diseased". Assuming in the population a
distribution of bitewing radiographically scored lesion depths similar to a
distribution of DMFS-scores being observed [Pitts and Kidd, 1992], in figure 1
the distribution of bitewing radiographically scored lesion depths of the
entire, the sound and the diseased population are sketched. In reducing the
fraction of sound teeth in a sample with respect to the target population, i.e.,
the hatched area under the curve for the sound population, the estimated
17
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specificity is systematically undervalued. In addition, if not only the fraction
of affected surfaces is increased, but also the distribution of affected surfaces
is changed by adding surfaces of which it is unclear if the lesion is still in the
enamel or already progressed into the dentin, also the sensitivity in the target
population is systematically underestimated. Also this effect occurs, since
some studies report that only teeth with small lesions were included and
teeth with macroscopic cavitation were excluded, while other studies selected
the first five teeth to be restored by a group of dentists. In conclusion,
independent of the exact distribution of bitewing radiographically scored
lesion depths, increasing the fraction of dubious cases in a sample decreases
the observed sensitivity and specificity.
The above was a major factor causing ΡΟΉ sensitivity and specificity
values which were out of range after mathematical correction for bitewing
radiographic misclassifications [Verdonschot et al, 1991a]. The studies
comparing FOTI to bitewing radiography have been performed using
population samples closely resembling the target populations. This is not the
case for the bitewing radiographic validation studies. The fraction of dubious
cases in these samples was increased, thus underestimating the bitewing
radiographic sensitivity and specificity in the samples comparing bitewing
radiography to ΡΟΉ.
The aim of the present study was to estimate the validity of both
bitewing radiography and FOTI in diagnosing approximal caries lesions
progressed into the dentin from published clinically obtained data.

2.3 Materials and methods
2.3.1 Selection of literature, inclusion and exclusion criteria
A literature search was conducted to identify publications which appeared
between 1985 and August 1995 containing data on the performance of
bitewing radiography or FOTI in diagnosing approximal caries lesions.
Medline was used as literature database. Key word entries were 'ΤΟΉ and
caries", "bitewing and diagnosis" and "approximal caries and diagnosis". In
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addition, international journals known to publish on the subject of caries
diagnosis which appeared between 1992 and August 1995 were screened for
suitable publications. Finally, also the reference sections of the earlier selected
material were screened for eligible studies.
Studies in which the agreement between bitewing radiographic
readings and FOTI scorings was determined were selected for the collection
A [Mitropolous, 1985a,b; Pieper and Schurade, 1987; Stephen et al, 1987;
Obry-Musset, 1988; Sidi and Naylor, 1988; Holt and Azevedo, 1989; Heinrich
et al, 1991]. Additional inclusion criteria were that the study design was in
vivo and that the disease prevalence in the sample should reflect the target
population. In one study FOTI results were available for buccal and lingual
illumination separately [Sidi and Naylor, 1988]. In all other studies teeth were
illuminated only buccally [Pieper and Schurade, 1987; Stephen et al, 1987;
Peers et al, 1993], illuminated both buccally and lingually from which one
diagnosis was obtained [Holt and Azevedo, 1989; Heinrich et al, 1991], or
illuminated either buccally or lingually dependent on the particular tooth
[Mitropolous, 1985a,b]. Hence, the results of sole lingual illumination were
excluded. In another study the authors reported that, due to inexperience
with the FOTI technique, in the first examination surfaces had been
incorrectly diagnosed carious which, with increased operator experience,
were designated sound at the second examination [Stephen et al, 1987]. Also
the results of this first examination were discarded.
In a second collection, V, studies were elected in which a validation
technique was used to establish dental decay and the validity parameters,
sensitivity and specificity, were computable, at a disease cut-off between
caries limited to the enamel and caries involving the dentin. Acceptable
validation techniques were: micro radiography, histological examination and
cavity preparation. Since from visual inspection of the approximal surface
only a very rough estimate of lesion depth is obtained, it was not regarded as
a validation technique. No additional restrictions were imposed on the
disease prevalence or distribution of lesion characteristics in a sample. The
subcollection for bitewing radiography, RAV, contained eight studies
[Espelid and Tveit, 1986; Mileman and van der Weele, 1990; Verdonschot et
al, 1991b; Kay and Knill-Jones, 1992; Peers et al, 1993; Russell and Pitts, 1993;
Espelid et al, 1994; Hintze et al, 1994], the subcollection for FOTI, FOV,
contained only one study [Peers et al, 1993].
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2.3.2 A s s e s s m e n t of b i t e w i n g radiographic and FOTI v a l i d i t y
from their agreement
Of all studies in collection A, 2 χ 2 contingency tables of bitewing
radiography against FOTI were constructed and an overall table was
computed. Though from a comparison of bitewing radiography to ΡΟΉ not
directly their sensitivities and specificities can be calculated, a contingency
table limits to some extent possible outcomes. In the appendix equations are
derived that express the sensitivity and specificity of bitewing radiography
and ΡΟΉ in terms of the contingency table cell contents with the real disease
prevalence in the sample, pA, as an unknown parameter. Using the
expressions in the appendix, from the overall contingency table estimates of
sensitivity and specificity of bitewing radiography and FOTI, i.e., ФМЛ{ А)>
a n d
ΨΚΑΛΡΛ),
ФРО.ЛІРА)
WFO.A(PA)> respectively, and their 95% confidence
intervals, were calculated.
2.3.3 B o u n d a r y c o n d i t i o n s and additional data from validation
studies
From the algorithm in the appendix фМгА, ψΜΑ,
фЮА, and y/F0Acombinations are obtained that solve the set of equations specified by the
overall contingency table. To confine the solutions to a limited interval or
even obtain a unique solution, boundary conditions or other additional data
have to be used. The first set of conditions is that φΜιΑ, ΨΜ , Φ Ο,Α> a n d ΨΓΟ,Α
should be in the interval [0..1]. The same applies for pA.
A unique solution to the set of equations would be obtained if pA were
known. pA can be estimated if erroneous diagnoses using either bitewing
radiography or FOTI are only caused by random variations, and if the
distribution function of bitewing radiographic or FOTI observed lesion
depths in the sample is relatively flat in the area where a random variation
may cause a misclassification. However, in days of yore it was reported that
the caries prevalence is systematically underestimated when using bitewing
radiography [Purdell-Lewis et al, 1974; Downer, 1975; Bille and Thylstrup,
1982]. This being the case, the caries prevalence in the overall sample
comparing FOTI to bitewing radiography as estimated using bitewing
radiography, ρ ARA, can only be considered as a lower limit of pA. Hence,
pARA reduces to a boundary condition.
ΙΑ
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Assuming the, unknown, ratio of pA and pA M a constant property of
the bitewing radiographic method, an estimate of pA, and with that a unique
solution to the set of equations, can be obtained as soon as this constant factor
is known. The factor was obtained from the studies in collection V. If no
contingency table of bitewing radiography against validation technique was
reported in a study, Vi, a 2 χ 2 contingency table was reconstructed from
Фм. ,> WRA.V,, "сг.кл ,/ a n d "snj.iwv/ * е last two quantities being the number of
carious and sound surfaces, respectively. To account for the different
numbers of observers in the various studies, nobs RAV¡, contingency tables were
multiplied by nobsBAV¡. The thus obtained contingency tables were
subsequently added and ρ v and pVRA were calculated.
From this overall contingency table, other overall estimates of фм and
γ/^ were calculated, i.e., φΜν and y/^ „, respectively. In addition, when not
reported фМі and ψΜ,ν were determined and 95% confidence intervals of
фМ і and ψΜ,ν, were estimated based on nm¡RAV¡ and nsndRAV, respectively,
multiplied by nobsRAv,- Фм. , a n d WM.V, were plotted as function of р і К л .
Furthermore, ψΜ_ν was plotted as function of фмУі • The same procedure was
conducted for ΡΟΉ.
A third estimate of фю and ψΐ0, i.e., фЮ: А and ψΡΟνΑ, respectively, was
obtained using both the studies in collection RAV and collection A. The
values ф^ v and ψΜy were used to correct for bitewing radiographic
misclassifications [Verdonschot et al., 1991a].

2.4 Results
The overall contingency table of bitewing radiographic readings and FOTI
scorings, summarising the results of the clinical studies in collection A, is
given in figure 2. The dentinal caries prevalence in this sample estimated
using bitewing radiography and ΡΟΉ were pAKA = 0.045 ± 0.002 and j>AJ0 =
0.033 ± 0.001, respectively. The overall contingency table of bitewing
radiographic scorings and true disease status obtained from collection V is
given in figure 3. The caries prevalence was pMV = 0.234. From bitewing
radiography a caries prevalence pVRA = 0.179 ± 0.003 was obtained. The
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prevalences in the one ΡΟΉ study in collection V were pFOV = 0.17 and pv,
= 0.11 ± 0.03, respectively.
DA,M

DAM

DA.FO

1483

DA,ro

1420 60645

619

Figure 2.2 Contingency table for the clinical studies plotting bitewing
radiographic readings against FOTI scorings. DARA, DARA, DAFO
and DAF0 denote the number of decayed and non-decayed surfaces,
respectively, as diagnosed with bitewing radiography and FOTI,
respectively.

Dv

Dv

'-'v.RA

9814

3924

Uv.RA

8132

54897

Figure 2.3 Contingency table plotting bitewing radiographic readings against
the true disease status as established with micro-radiography,
histological examination or cavity preparation as a validation
technique. Dv and Dv denote the true number of decayed and nondecayed surfaces, respectively. DVRA and DVRA, denote the number
of decayed and non-decayed surfaces, respectively, as diagnosed
with bitewing radiography.
In figure 4 the sensitivity and specificity of bitewing radiography and
FOTI are plotted versus the unknown pA. In addition, the two estimates of
pA with their 95% confidence intervals are plotted. Using the boundary
conditions the lower limit of overall bitewing radiographic sensitivity was
0.79 ± 0.01. The specificity was 1.00. Overall FOTI sensitivity varied between
0.51 ± 0.02 and 0.48 ± 0.02 and the lower limit of overall FOTI specificity was
0.99.
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VRA,A

VW

0RA,A

Фю.А

0.065

Figure Z4

Estimated overall sensitivity and specificity of bitewing
radiography and FOTI determined from clinical studies. Dentinal
caries prevalence in the overall sample, pA, remains an unknown
parameter when comparing bitewing radiography to FOTI. In the
hatched areas solutions donot comply with one or more of the
boundary conditions. • Indicates the point were φΜιΑ= 1. D are
two estimates of pA, obtained from prevalences determined using
bitewing radiography.

In figure 5 the sensitivities and specificities of bitewing radiography
a n
фм. , d WRA.V,ι obtained from studies in collection V are depicted. In
addition, their respective 95% confidence intervals are plotted. The overall
averages were фм = 0.547 ± 0.007 and ψΜν = 0.933 ± 0.002. For ΡΟΉ the
values фю = 0.67 ± 0.13 and y/FOV = 0.97 ± 0.02 were obtained. Using these
estimates, after mathematical correction for bitewing radiographic
misclassifications фго VA = -16.44 and ψτο VA = 1.02 were obtained from the
overall contingency table of bitewing radiographic readings and FOTI
scorings.

23

1

О

—ι—•—I—'—I—'—Γ

0.2 0.4 0.6 0.8
RA/V

RA,V

Τ

0

0.2

'—I—'—I—'—Γ

0.4
0.6
Pv

0.8

Figure 2.5 Estimates of sensitivity and specificity ofbitewing radiography, and
corresponding 95% confidence intervals, determined from studies
using micro-radiography, histological examination and cavity
preparation as validation technique, a: Espelid and Tveit, 1986; b:
Mileman and Van der Weele, 1990; c: Verdonschot et al, 1991b; d:
Kay and Knill-Jones, 1992; e: Rüssel and Pitts, 1993; f: Peers et al,
1993; g: Espelid et al, 1994; h: Hintze et al, 1994

2.5 Discussion
In this study sensitivity and specificity of bitewing radiography and FOTI in
diagnosing approximal dentinal lesions were estimated using a population
sample which, to a large extent, reflects the distribution of lesion
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characteristics in a target population. Hence, an essential requirement to
obtain valid estimates of sensitivity and specificity is fulfilled. As outlined in
the introduction, this is not the case for studies in collection V, resulting in a
significant underestimation of both sensitivity and specificity. However, the
expressions derived in this study are based on the assumption that erroneous
outcomes from bitewing radiography and FOTI are mutually independent. In
this approximation the probability decreases that from both bitewing
radiography and FOTI an erroneous outcome is obtained. Hence, the
calculated values are an upper limit of the 'true' sensitivity and specificity of
both FOTI and bitewing radiography in populations with a low caries
prevalence.
In the studies of collection V different numbers of observers were
reported. In the present study reading and interpretation of radiographs
were considered the major sources of variation. In that case the diagnoses
from several observers may be considered independent from each other and
thus, to reconstruct the overall 2 x 2 contingency table of radiographic
readings and true disease status, the number of scoring decisions was taken.
However, though it is generally recognised that a considerable inter-observer
variation exists [Verdonschot et ai, 1991a], if other sources of variation
during exposure and development of bitewing radiographs or variations
induced by biological variation in lesion properties are dominant, the
number of observers is irrelevant and calculation of фм v and ψΜ v should be
based on the number of carious and sound surfaces. In that case 0 M/ „ = 0.530
± 0.056 and ψΜ,ν = 0.913 ± 0.018 were obtained. These values are even lower
than the estimates based on the number of scoring decisions. The statistically
significant differences indicate that not in all studies of the second collection
a valid estimate was obtained of фм and ψΜ in populations with a low caries
prevalence.
Another indication that фм and ψΜ are systematically underestimated
in the studies of collection V was obtained from the algorithm to correct for
bitewing radiographic misclassifications [Verdonschot et al., 1991a]. The
estimated фю and y/F0 from the agreement between bitewing radiographic
readings and ΡΟΉ scorings were both not in the interval [0..1]. From varying
фм and ψΜ it was concluded that much higher фм and ψΜ are required to
obtain фрО А and ψτονΑ -values in the interval [0..1].
The output of the algorithm described in the appendix are ф^.л/ ΨΚΛ,Α'
фюл, and ψΐ0Λ-combinations that solve the set of equations specified by the
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contingency table. To obtain a range of possible combinations, additional
information is required. If it is assumed that pAiRA, obtained from figure 2, is
апс
a valid estimate of pA, then only one Φ^,Λ, ΨΜ.Α> ФТО.А>
* ΨΓΟ,Α-combination
is o b t a i n e d . In t h a t case b o t h sensitivity a n d specificity of b i t e w i n g
r a d i o g r a p h y are higher than those of ΡΟΉ. However, based on figure 3 it is
a s s u m e d that pAKA
is to a certain extent a systematic underestimation of pA.
H e n c e , pAM
b e c o m e s a lower limit of pA a n d w i t h that r e d u c e s to a
b o u n d a r y condition. It should be noted, however, that from figure 3 it cannot
b e c o n c l u d e d t h a t pAiRA
s y s t e m a t i c a l l y u n d e r v a l u e s pA.
From
+
V v.RA -Р Ф .м 0-~PV){^~^V,RA)'
denoting how the prevalence estimate using
bitewing r a d i o g r a p h y comes into being, it can be inferred that the a p p a r e n t
u n d e r e s t i m a t i o n in figure 3 m a y to some extent be a side-effect of t h e
c h a n g e d distribution of the p o p u l a t i o n sample w i t h respect to the target
p o p u l a t i o n because ф м a n d ψν M are affected. For sure the m a g n i t u d e of
the a p p a r e n t effect is influenced by the foregoing. Consequently, the outcome
pA = 0.059 ± 0.002, using the ratio of ρ V R A and pv to approximate the ratio of
Ρ л. RA a n d V AI is n o t a reliable estimate of ρ A. The conditions actually limiting
the range of possible φΜΛ, ψΜ,Α, ФЮ,А> ап<^ ΨΪΟ,Α -combinations in this study
are фм A < 1 and the u p p e r limit of caries prevalence in the sample pA= 0.059
+ 0.002.
The r a d i o g r a p h i c estimate pARA
of pA comes into being, too, b y
Ρ A.RA =P ΑΦΑΜ+^-Ρ
Α){1-ΨΑ,ΚΑ)- If the actual φΜΑ is significantly lower than
1, u n d e r the present circumstances this expression can be approximated b y
Ρ A.RA =ΡΑΦΑΜ· I n that case pARA
systematically undervalues pA.
In this s t u d y two separate samples were used to estimate sensitivity
and specificity. Consequently, also two outcomes were obtained. In figure 5a
Фвл. , a r , d Фял. , were plotted as function of caries prevalence in the samples.
Since n o a p p a r e n t relation was found, it was impossible to correct for such an
effect a n d to obtain single estimates of φΜ, ψ^, фю, a n d ψτο.
In particular the фму plotted in figure 5 show a tremendous variation.
An explanation may be that, subconsciously, the mere diagnosis is translated
into a t r e a t m e n t decision a n d that there are large differences in stages of
lesion progress were a single dentist starts restorative intervention [Espelid et
ah, 1994]. In that case фМУі and ψ^,ν, should strongly correlate and figure 5b,
in w h i c h фМі
is plotted as function of wMiVi, transforms in a m i n i a t u r e
receiver operating characteristic (ROC) curve. However, note that in the one
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study in which actually treatment decisions were used to estimate фм and
ψΜ [Kay and Knill-Jones, 1992], the lowest ψΜ v¡ was reported.
If both caries prevalence and 'treatment decision making' in studies of
collection V donot fully explain the variance in φΜχ and ψΜχ, then these
values are a measure of lesion properties in the sample and the diagnostic
method together. This unexplained variance is a third clue to support the
conclusion that фм and ψΜν undervalue фм and ψΜ. As a consequence
also ΦΜ,Λ' ΨΚΛ.Α> Фео,л> a n d ΨΤΟ,Α become dependent on the actual population
sample.
Sensitivity and specificity were estimated using only bitewing
radiographs. In clinical practice radiographic examination is used in
conjunction with visual inspection and also other factors are involved in the
diagnostic process. It has been argued that this increases the validity of the
diagnostic procedure [van Rijkom and Verdonschot, 1995]. Moreover,
sensitivity and specificity were estimated using dentinal involvement as
disease cut-off. It has been demonstrated that the diagnostic accuracy of
bitewing radiography decreases for lesions restricted to the enamel
[Svensson, 1994].
In conclusion, for populations with a low caries prevalence an upper
limit of sensitivity and specificity of bitewing radiography and FOTI in
diagnosing dentinal approximal lesions has been obtained. Due to fact that
the actual caries prevalence in the sample remains unknown only a range of
sensitivity and specificity values can be obtained. Hence, it can be concluded
only that, having comparable specificities, the sensitivity of FOTI is
significantly lower than the sensitivity of bitewing radiography.
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DRA

DM

Dra

a

с

DF0

b

d

D
and D r o denote the number of decayed and non-decayed
surfaces, respectively, as diagnosed with bitewing radiography and FOTI,
respectively, a and d represent the numbers of surfaces for which diagnosis
from bitewing radiography and FOTI were identical, b and с represent
surfaces for which the bitewing radiographic readings and FOTI scorings
were different. However the true disease status is unknown and even when
both diagnostic tests have the same outcome, a certain possibility exists that
both diagnoses are incorrect.
Suppose that the true disease status of the diagnosed surfaces were
known. Then the contingency tables for the decayed and sound surfaces,
respectively, can be constructed
DRA> DRA'

F0

DRAID

RAID

DRAÍD

^FOID

*D

cD

D

"rOID

bD

do

Dra5

m

FO

(MID

a

C

h

do

D

D

Since the true disease status is known, sensitivity and specificity of both
techniques can be calculated directly. Also the cell contents of these two
contingency tables can be expressed in terms of sensitivity and specificity of
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bitewing radiography and ΡΟΉ, respectively, and the number of carious and
sound surfaces.
The original contingency table, where the true disease status is
unknown, can be thought of as being a composition of a population of
carious and a population of sound surfaces. If erroneous outcomes from
bitewing radiography and FOTI are mutually independent, this original table
can be rewritten
DM
E>ro

DF0

ORA

+ (1-V™)(1-VFOK«/

+

=a

=c

0™(l-0ro)"a,r

(1-0КА)(1-0ГОКГ

(1-VJM)VFO«-

=b

=d

Solving the set of four equations in the table above, the four unknowns
Фм' WRA' ФГО' a n d Ψτο a r e expressed in terms of a, b , c, and d and one free
parameter, namely the disease prevalence p=nar/(nar + nsnl) in the
population. Thus
0кл=0™М,с,<і,р)
¥ял=Уял{а,Ъ,с,а,р)
4>Fo = <t>Fo{a>b>c,d,p)

If ρ can be determined using additional information, a unique set of
solutions is obtained. Otherwise, a range of possible φΜ, ψ^, фю, and ψΐ0combinations is obtained by boundary conditions.
On condition that the contingency table contents are sufficiently large
numbers, the 95% confidence interval of an estimate of a 0 and ψ, i.e., φ and
ψ, at a specific ρ are given by
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0(P)±2

» r (p)

and
|У(Р)(І-УМ)

W±2

Ì

respectively.
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Chapter 3
Detection of hidden defects in the turbid
medium 'tooth'

'Get right to the heart of matters'
Counting Crows
"Omaha"
August and Everything After

3.1 Abstract
Teeth are turbid media with some particular properties. Hence, the complex
problem of optically detecting approximal caries defects hidden in such
media should be reduced to a number of smaller, easier problems. To this
end, a simplified description of a tooth with an approximal caries lesion is
introduced, and the parameters characterising a caries lesion are defined.
Subsequently, several aspects of detecting hidden defects in turbid media are
discussed. This results in an operationalisation of the problem.
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3.2 Introduction
When teeth are being transilluminated to detect approximal caries lesions, a
complex optical system comes into being. Nevertheless, in the cause of time a
lot of information has been acquired about this optical system. In addition, in
other research areas related problems have been encountered. The aim in this
study is to define the optical system 'tooth' and to specify the known and
unknown system properties.

3.3 Simplified description of a tooth with a caries
lesion at the approximal surface
With an optical technique, developed to enable a quantitative diagnosis of
caries lesions, at best changes in optical properties due to the caries process
can be measured. To draw valid conclusions from an optical measurement, or
sequence of measurements, regarding the caries status, or process, the
abstraction "caries lesion" has to be defined. Not only in terms of an optical
parameter set that characterises the caries lesion, but also in terms of other
quantities for which the optical parameters are a measure. The two parameter
sets are given in figure 1 in which simplified 2D pictures of a carious tooth
are depicted.
The degree of mineral loss in figure 1(a) is optically represented with
three parameters in figure 1(b). In a transillumination geometry the scatter
coefficient and the asymmetry parameter are closely related and for practical
purposes almost inseparable, so that effectively two parameters remain. It is
necessary to focus on this point, since an optical measurement to determine
mineral loss is influenced by the light extinction process, which, if
unaccounted for, may affect the validity of an optical measurement. If,
however, it would be indeed possible to reliably distinguish between light
extinction by absorption and scattering, additional information about the
caries lesion would be gained with respect to bitewing radiography.
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Figure 3.1 Simplified 2Ό description of a tooth with an approximal caries
lesion in terms of mineral loss, AC, (a) and in terms of optical
parameters, Αμα, Αμ3,αηά, Ag (b).
The way lesion depth is represented in the figures 1(a) and 1(b) differs
too. On bitewing radiographs the DEJ is clearly visible. In this case total
lesion depth and the position of the DEJ are used. If desired, this information
can easily be represented in terms of lesion depth in the enamel, de, and in the
dentine, dd. Information about the DEJ is not so clearly obtained in an optical
measurement. If an optical technique were to be used for larger lesions too, it
should be noticed that the effects induced by a change in optical properties in
the dentine and enamel may differ.
36

Detection of hidden defects in the turbid medium 'tooth'

A major simplification in the lesion description itself is the
homogeneity of the carious material. However, this simplification is not a
fundamental limitation inherent to the description, but only a matter of
(required or obtainable) resolution. In that respect figure 1(a) is a
schematised, but notwithstanding an even more complex, description of the
information obtained with bitewing radiography. Then only one parameter is
used, namely total lesion depth. Information about mineral loss is not
explicitly used. On top of that, lesion depth is often estimated on an ordinal
scale, or even dichotomised. Apart from practical grounds, the use of lesion
depth only is based on the assumption that lesion progress into the dentine is
accompanied by macroscopical cavitation [Bille and Thylstrup, 1982]. Hence,
in case of restorative decision making, lesion depth is a measure for mineral
loss.
In line with the above, the relation between maximum lesion depth and
mineral loss was investigated [Arends et al, 1987]. The data in figure 2, which
were acquired under relatively ideal conditions, show however that the
correlation between maximum lesion depth and average mineral loss may
not be very strong for initial lesions. This relation has been studied for
naturally developed lesions too. Though in one study a rather high
correlation, f= 0.96 (95% CI: 0.82 .. 0.99), was obtained [Brinkman et al, 1988]
in another, more elaborate study only a moderate correlation was found
between different lesion parameters [Theuns, 1987]. Hence, a lesion may not
be accurately described by only one characteristic. As a consequence the
choice of a validation parameter is of importance.
Another important aspect of a caries diagnostic technique is the
possibility of monitoring lesion progress. Since currently lesion depth, d, is
used as the characteristic lesion parameter, as performance measure also the
detectable increase in lesion depth can be chosen. The change in lesion depth
that can be detected is defined here as two times the standard error, ε, in a
2
lesion depth measurement. Using the equation e=aJl/t (d,d]-l with σ the
sampling standard deviation [Ferguson, 1976], from determining the
reproducibility of lesion depth estimates [Pitts and Renson, 1986], it follows
that a change in lesion depth of approximately 0.32 mm can be detected
using bitewing radiography. However, for two reasons this estimate may be
even too optimistic. Firstly, the same set of bitewing radiographs were scored
twice by the same observer. Both factors increase the reproducibility.
Secondly, the lesions were scored to be in the enamel, while upon histological
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validation it appeared that in fact all lesions, but two, had penetrated into the
dentine. Hence, σ is underestimated. The calculated detectable change in
lesion depth can be considered also as an approximation of the size of
detectable lesions in this case. Hence, using bitewing radiography lesions
with depths larger than approximately 0.32 mm can be detected. This is in
accordance with another study in which a diagnostic accuracy, the fraction of
correct decisions, of 0.57 was found for caries lesions that extended to 1/3 of
the enamel depth [Svenson et al., 1994].
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Figure 3.2 Average mineral loss in [vol % · μτη] and [kg • nr2] plotted as a
function of lesion depth for artificially produced lesions [data from
Arenas et al, 1987]. pm = 3.13 IO3 [kg · m-3] [ten Bosch and

Angmar-Mânsson, 1991].
Development of a procedure to estimate the optical parameter set
indicated in figure 1(b) for an arbitrary tooth is a restatement of the goal of
the research project and within this framework several aspects of 'detection
of hidden defects in turbid media' will be discussed in the following.
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3.4 Detection of hidden defects in turbid media
3.4.1 Detection of h i d d e n defects in turbid media
In the previous section the parameters describing an approximal caries lesion
were defined. To specify caries lesions of interest, in this section the typical
order of magnitude of, optical, changes induced by the caries process is
estimated from a literature review.
After demonstrating that transillumination can be used to qualitatively
diagnose approximal caries lesions [Friedman and Marcus, 1970], also work
to quantitatively diagnose incipient caries lesions was initiated and the
changes in optical properties of carious material were investigated. It was
established that at 450 ran the increase in decadic scatter coefficient can go up
to = 40 mm" 1 [Spitzer, 1976]. Using light scattered in backward direction, for
tooth surfaces visible to the eye the 'optical caries monitor' was developed
[Groenhuis et al, 1983; ten Bosch et al, 1984]. In an evaluation of the device
naturally developed white spot and discoloured caries lesions were used
with 'total' mineral losses up to 0.3 kg.nr 2 and lesion depths up to 550 μπ\
[Brinkman et al., 1988]. In a longitudinal in vivo research it was shown that
this device can be used to monitor the regression of white spot enamel
lesions [0gaard and ten Bosch, 1994].
In a transillumination geometry, i.e., illuminating the labial surface and
directly viewing the approximal surface, regarding the early diagnosis it was
reported that, upon reaching a mean depth of 164 \im, artificially
demineralised enamel spots could be detected [Parker et al, 1981]. Using a
photocell to measure the amount of light coming through an approximal
caries lesion, it was shown that caries lesions of = 1 mm 2 are detectable [Wist
et al, 1993]. Regarding lesion quantification, in a similar geometry a
Spearman rank correlation between optical signal and lesion depth of rs=
0.77 (95% CI: 0.48 .. 0.91) was obtained [Verdonschot et al., 1991]. In this
study also teeth were included with frank cavitation and lesions progressed
beyond the DEJ. In addition, using teeth with artificially demineralised
lesions, it was shown that, to facilitate early lesion detection, the colour
contrast can be enhanced with a dye [O'Brien et al, 1989].
Based on the idea that the natural fluorescence decreases with respect
to sound enamel [Alfano and Yao, 1981; Bjelkhagen and Sundström, 1981] a
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quantitative detection system has been developed [de Josselin de Jong et al,
1995]. Using ten enamel samples, which were artificially demineralised in
four stages up to = 0.13 kg nr 2 , a correlation between fluorescent signal and
average mineral loss of rs= 0.86 (95% CI: 0.74 .. 0.93) was obtained [HafströmBjörkman, 1992]. Large variations were observed too when relating the
fluorescent signal to the lesion depth of artificially demineralised enamel
[Ando et al, 1995].
Lesions of interest at the approximal surface lesions are not visible to
the eye. Consequently, the approaches above are not applicable and other
solutions have to be found to diagnose these lesions. A technique already
applied in vivo to diagnose these approximal caries lesions is ΡΟΉ. Teeth are
transilluminated with white light using a fibre to transport the light from a
light bulb to the approximal tooth surface. Approximal lesions are diagnosed
when a dark spot or 'shadow' is perceived at the occlusal tooth surface. In
this manner qualitative information is obtained, leading to a somewhat
subjective diagnosis. The diagnostic performance of FOTI is generally
investigated in vivo and expressed in terms of sensitivity and specificity using
dentinal decay as a cut-off between sound and diseased [see chapter 2 for an
overview].
A method in principle capable of quantitatively detecting approximal
caries lesion in vivo is based on heterodyne detection [Devaraj et al, 1995].
Tomographic images of an extracted human tooth with submillimetre
resolution (= 0.5 mm) were obtained.
A completely different approach is based on staining approximal
lesions with a fluorescent dye [van de Rijke et al, 1990a]. Measuring the
fluorescent signal at the sample surface the correlation between fluorescent
signal and mineral loss was r= 0.89 (95% CI: 0.69 .. 0.96) [van de Rijke et al,
1990b]. Measured on whole teeth with naturally developed and artificial
caries lesions the correlation between fluorescent signal divided by the
amount of transmitted light and total mineral loss was r = 0.86 (95% CI: 0.70 ..
0.94) [van de Rijke et al, 1991]. In this study lesions with total mineral loss
values up to = 0.60 kg n r 2 were used. In table 1 the obtained correlation
coefficients between different lesion characteristics are summarised.
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Table 3.1

Estimated correlations between different lesion characteristics and
95% confidence intervals for artificial and natural lesions, d is the
lesion depth, Φ is the measured light flux, and ФршпхсЫ the
measured fluorescent flux. ACa and ACm are chemically and
micro radiographically established mineral loss, respectively. dm
and dM are micro radiographically and bitewing radiographically
established lesion depth, respectively. The natural lesions consisted
of both white spot and discoloured lesions.
Φ

d

MR

Artificial

Natural

ACCI,

ACMR

0.71 b
0.96c
(0.67..0.74) (0.82..0.99)
xd

dMR
dM

-

0.82h

Artificial

Φ„
fluorescent

Natural

0.93a
(0.87..0.96)
0.95a
(0.91 ..0.97)
0.67e
0.89a
(0.79..0.94) (0.02..0.92)
0.90a
0.77e
(0.81 ..0.95) (0.48..0.91)
~
0.71e
(0.18..0.92)
-

Artificial

Natural

0.86f
0.866
(0.74..0.93) (0.70..0.94)

~

~

-

(0.75..0.87)
a
b
c
d

e
f

8

h

ten Bosch et al. [1984]. Soft and surface lesions, respectively.
Calculated from Arends et al. [1987].
Brinkman et al. [1988].
Theuns [1987]. Only a weak correlation between lesion depth and mineral
loss in the lesion body was found. The correlation was not quantified.
Verdonschot et al. [1991].
Hafström-Björkman [1992].
van de Rijke et al. [1991]. The sample contained both natural and artificial
lesions.
Pitts and Renson [1986].
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In conclusion, lesions to be detected have depths ranging from ~ 0.15
mm up to = 0.6 mm and an affected surface of = 1 mm 2 . In principle the size
of defects to be detected determines the required spatial resolution. Average
mineral loss for white spot lesions goes up to = 0.13 kg nr 2 , corresponding
with an increase in decadic scatter coefficient of = 40 mm -1 . 'Total' mineral
loss for discoloured lesions goes up to = 0.6 kg nr 2 . No information was
found about the increase in absorption coefficient for discoloured lesions.
With the clinical application in mind, an additional condition is that possible
methods to diagnose approximal caries lesions should be suitable for clinical
usage, e.g., the method should be non-destructive and the geometry of light
source and detector should be, in principle, applicable in the mouth.
3.4.2 Detection of h i d d e n defects in turbid

media

In the previous section the order of magnitude of changes in, optical, material
properties due to lesion development is estimated. However, the impact at
the outer turbid medium surface of the defect thus formed, depends, among
other things, on the properties of the turbid medium. This aspect is discussed
using a flat semi-infinite homogeneous slab as turbid medium.
From an imaging (transfer) point of view use of optical transfer
functions may be useful. When there is no feedback between subsystems, e.g.,
when viewing a defect through a turbid medium, the total system can be
analysed as a product of the subsystems [Zege et al, 1991].
An important class of modern techniques to image hidden defects in
turbid media is based on selecting the non-, or least, scattered light from the
light arriving at the medium surface. For this non-, or least, scattered light the
Beer-Lambert law can be used to describe light propagation through the
medium. Hence, from combining the Beer-Lambert law and the expression of
the signal-to-noise ratio for the entire system, the maximum optical thickness
of the medium at which still non-, or least, scattered light can be detected can
be expressed as function the desired signal-to-noise ratio and properties of
the light-source detector system [Jarry et al, 1995]. The influence of the
medium properties on the gain in spatial resolution of time-gated
transillumination has been investigated experimentally [Mitic et al, 1994;
Chen et al, 1993].
Without specifying the precise optical properties of sound enamel,
from some qualitative experiments it can be inferred that it should be
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possible to image through sound enamel. For example a black and white bar
code can be discerned easily through an approximately 1 mm thick enamel
layer, in broad day light and when transilluminated. However, when an
approximately 1 mm thick tooth hemisection is transilluminated the outer
enamel surface looks dark and is not transparent. Since the outer surface
contains small irregularities, it may act as a diffusing screen. Hence, when the
system 'tooth' is divided in subsystems the tooth surface should be taken into
account.
In conclusion, though the attainable resolution is largely determined by
the unknown optical properties of the turbid medium 'enamel' in which the
caries defect is hidden, it can be concluded that 'small' carious lesions should
be detectable through a sound enamel layer.
3.4.3 Detection of hidden defects in turbid media
Ultimately, the material properties limit the layer thickness through which
can be imaged. However, also the detection technique imposes, fundamental,
restraints. Hence, in this section the resolution achieved with the currently
available detection techniques is described. The subject is discussed
simplifying the turbid medium to a semi-infinite layer. In that case the
location of the defect is fully specified by its depth.
For transillumination imaging the resolution is proportional to the
depth of the defect from the entrance surface, with the worst case situation
when the defect is near the light source [Chen, 1994]. Yet, for detection
purposes the induced change in intensity at the surface is strongest when the
object is near one of both surfaces. Also for other imaging modalities the
relation between attainable resolution and defect depth was studied [Chen et
al, 1993; Chen, 1994]. It was shown experimentally that with an holographic
gating technique the image resolution can be increased with a factor of * 20
[Chen, 1994].
Though the first visual symptoms of coronal caries are an increase in
opacity of the enamel, if lesions stay for a longer time in the oral environment
they discolour. In addition, it is also possible that macroscopic cavitation
occurs. Hence, three different types of defects can be distinguished, i.e., light
scattering, light absorbing and transparent. A clinically practical method,
suitable for lesion monitoring purposes, should be able to differentiate
between these lesion types.
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The spatial resolution has been studied for these three types of defects
and for a defect that both absorbs and scatters light. Using a plane wave and
a point light source in a multiple scattering medium a good agreement
between theoretical predictions from the diffusion approximation and
experimental results was found [den Outer et al, 1993]. Using a time-gated
transillumination technique a similar behaviour as function of the defect
properties was observed [Mitic et al, 1994]. Dependent on the properties of
the medium in this study the spatial resolution could be improved by a factor
of 1.6 to 2.8 with respect to continuous wave illumination.
In the last ten years also other approaches to image hidden defects
have been investigated. An idea that received a lot of attention is based on
minimising the difference between the calculated and measured disturbance
induced by a defect. The fitted parameters in these calculations describe the
properties of the defect. Methods based on the idea are still under
investigation and at present a good correspondence between measured and
calculated disturbances has been reported [Singer et al, 1991; Schmitt et al,
1992; Fishkin and Gratton, 1993; den Outer et al, 1993; Kang et al, 1994].
3.4.4 Detection

of h i d d e n defects in turbid media

In the foregoing it has been established that it is possible to image through
sound enamel and what gain in resolution can be achieved with the current
techniques to detect defects hidden in turbid media with respect to
continuous wave illumination. However, teeth cannot be considered as semiinfinite slabs and the detectability of a defect hidden in the approximal
enamel may be affected by the tooth geometry. In that case full knowledge
about the relation between optical changes at the approximal surface and
measurable optical quantities cannot be derived from only the bulk material
properties of sound enamel and dentine.
Due to the arrangement of teeth in the mouth, also possible detector light source configurations are limited. When the options are confined to a
transillumination geometry, and when using localised sources because the
detectable changes are largest in such cases [Zege et al, 1991], the light source
- detector assembly can be rotated around teeth with caries lesions to find the
optimal configuration. Observation of a transparent long drink glass filled
with water, i.e., a transparent homogeneous medium with a flat surface and a
refractive index approximately equal to dental enamel, indicates that it may
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be difficult to acquire surface information at the approximal site in a buccal lingual light source - detector configuration. This observation was confirmed
for a tooth with a drilled cavity filled with totally absorbing, black plastic.
Hence, the geometry depicted in figure 3, corresponding to the FOTI set-up,
was used.

С

CCD

Fibre
Figure 3.3 Schematic outline of experimental set-up. On the free end of the
glassfibrea halogen light bulb was projected with an objective.

3.5 Problem operationalisation
From the above the following problem operationalisation is inferred:
- Possible methods to diagnose approximal caries lesions should be in
principle clinically applicable, thus, e.g., non-destructive and nonhazardous.
- Approximal lesions of interest are not accessible to direct visual
inspection.
- Different stages of caries lesion progress should be distinguishable. If a
lesion has reached the dentine, or is cavitated, it is no longer considered
a small lesion.
- The group of small caries lesions should be further subdividable in
white spot and discoloured lesions. Two different light extinction
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mechanisms play a role. Hence, to quantify the changes in optical
properties it is required to differentiate between these lesion types.

3.6
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Chapter 4
Propagation of light through human
dental enamel and dentine

'I'm learning to fly, but I ain't got wings,
Coming down is the hardest thing'
Tom Petty/Heartbreakers
"Learning to fly"
Into the great wide open

4.1 Abstract
Techniques based on transillumination of teeth with visible light will be a
valuable aid in caries diagnosis, if a higher sensitivity than that of the present
FOTI method is achieved. Therefore, a better understanding of light
propagation through teeth is required, and hence it is useful to investigate
the propagation of light through sound dental material. In this study the
intensities emanating from the surfaces of enamel and dentine bars were
measured when these bars were illuminated using a fibre rod transporting
the light from a HeNe laser (λ = 633 nm) as a light source. From the measured
intensities, the radiant fluxes emanating from the surfaces were calculated.
To account for a directional dependence of these fluxes, optical anisotropy in
dental material was investigated by comparing the transmitted light intensity
in a direction perpendicular and parallel to the approximal surface of the
tooth from which the sample was cut. The mean ratio of the transmitted
intensities in perpendicular and parallel direction was 0.86 ± 0.06 for enamel
and 2.88 ± 0.43 for dentine. In addition, for enamel the asymmetry parameter,
g, was estimated. The averaged value was g= 0.68 (95% CI: 0.21.. 0.89). It was
concluded that for dentine the optical anisotropy as measured supports the
idea that tubules are the predominant cause of scattering in dentine. For
enamel the results indicate that the hydroxyapatite crystals contribute
significantly to scattering and that the influence of the prism structure on the
light propagation is small.

Published in Caries Research 1995; 29: 8-13 as: Propagation of light through human
dental enamel and dentine. J Vaarkamp, J J ten Boschx and Ε Η Verdonschot
(xLaboratory for Materia Technica, Dental School, State University of Groningen,
The Netherlands).
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4.2 Introduction
For many years X-rays have been used for qualitative approximal caries
diagnosis and restorative decision making. If carious lesions could be
detected and quantified at an early stage, it would be possible to take
preventive rather than restorative actions. If, in addition, non-ionising
radiation is used, it will be possible to monitor the caries process without any
health hazard. Therefore, several researchers have investigated optical
alternatives to bitewing radiography, and results indicating that quantitative
methods are achievable have been reported [O'Brien et ai, 1989; van de Rijke
and ten Bosch, 1990; Verdonschot et al, 1991]. Yet, to exploit the full potential
of these quantitative optical methods, it is necessary to obtain a thorough
understanding of light transport through human teeth.
The optical properties of bulk dental material are an important factor in
the propagation of light through teeth. Some optical properties of dental
material have already been studied. Spitzer and ten Bosch [1975] measured
the scattering and absorption coefficients of human and bovine enamel as a
function of wavelength. Brodbelt et al. [1981] measured the translucency of
human dental enamel as a function of both wavelength and degree of
dehydration. O'Brien [1988] observed Fraunhofer diffraction patterns when
illuminating human enamel slabs. His observations indicate that the prism
structure in enamel might influence light propagation, possibly resulting in
optical anisotropy. Finally, Zijp and ten Bosch [1991] investigated the angular
dependence of HeNe laser light scattering by bovine and human dentine. The
optical properties of dentine have been summarised [Ten Bosch and Zijp,
1987], and the mechanism of light scattering in dentine has been described
[Zijp and ten Bosch, 1993]. From this research, it is known that the tubules are
the most important scattering particles in dentine, and as the tubules are
oriented from pulp towards the dentino-enamel junction, the anisotropic
structure of dentine may result in a directionally dependent light
propagation.
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Since a carious lesion can be regarded as a deformation of the internal
structure in a diffusing object, the detection of approximal carious lesions in
teeth might be achieved using the procedure for reconstructing images of the
internal structure of objects that diffuse radiation as described by Singer et al.
[1990]. In the present study, the relative radiant fluxes emanating from small
cubic volumes of dental hard tissue, which constitute the parameters in the
above-mentioned model, were estimated from measurements.

4.3 Materials and methods
4.3.1 S a m p l e s
Approximately square, 0.85 ± 0.03 mm thick enamel and dentine bars with
heights varying between 2.5 and 5.0 mm were cut from the approximal sites
of human premolar teeth using a saw microtome (Leitz 1600, Hamburg,
Germany; sawblade hardness D46, grain size 45 μπι). The samples were
checked under a light microscope, and those with cracks or other
irregularities were discarded. A total of 15 enamel and 15 dentine samples
were cut and stored in a physiological salt solution.
4.3.2 Experimental arrangement
The samples were illuminated using a 5 mW HeNe laser light source (λ = 633
nm), the beam of which was projected on a 50/125 μπ\ graded-index glass
fibre to transport the light to the sample. The numerical aperture of the fibre
was 0.2. The enamel samples were illuminated parallel to the approximal
tooth surface, whereas the dentine samples were illuminated in a direction
perpendicular to the approximal tooth surface. The light radiated from a
sample surface was measured with a photocell, mounted in a holder with a
lens placed approximately 5 mm before the photocell. A green filter
(standard Schott minus infrared filter) in front of the lens was used to reduce
the sensitivity of the photocell to red and infra-red wavelengths. The detector
was rotated around the sample for measurements at different angles to the
sample surface. The distance between sample surface and lens of the detector
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was 18 ± 0.5 mm. The width of the square-shaped diaphragm of the lens was
1.0 ± 0.05 mm, and the field of view of the detector system was
approximately 3.2 . To measure the intensity emanating from only one
sample surface at a time, surfaces not used to illuminate or measure the
intensity were covered with black light-absorbing plastic material. The
experimental set-up for measurements in forward (F) and sideward (S)
direction are depicted in figure 1. The set-up for measurements in backward
(B) direction is obtained from the set-up in forward direction by shifting the
detector so that it faces the back surface of the sample.

a
Detector

Fibre
Sample

Sample

r = 18 mm
0.8 m m

^partO)
lF,per(0)

Detector
Figure 4.1 Experimental set-up to measure the intensity distribution in
forward direction (a) and in sideward direction (b). The set-up for
measurements in backward direction is obtained from the set-up in
forward direction by shifting the detector so that it faces the back
surface of the sample. The thick black lines indicate a lightabsorbing black cover, and the shaded squares indicate glass bars.
The glass bars in (b) were glued together, (c) Projection of the
enamel samples on the occlusal surface. Indicated are the sample
surfaces F, S, and В and the intensities measured in forward
direction for the glassfibrepositions, indicated by the straight lines,
parallel and perpendicular to the approximal surface.
Before a measurement was carried out, the surfaces of a sample were
blotted dry with a tissue. To avoid dehydration of the sample [Spitzer and
ten Bosch, 1975; Brodbelt et al., 1981], the surface of the sample holder was
covered with a thin water film, and a drop of water was put on top of the
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sample. The intensity distribution of every surface was determined five times
with intervals of at least 4 h.
Part of the light intensity measured in backward direction is due to
reflection at the sample surface and is not caused by scattering in backward
direction. To separate the effects of scattering and surface reflection, an
additional measurement was performed on a glass bar, and the reflected light
measured for glass was subtracted from the enamel and dentine results in
backward direction.
To account for a directional dependence of the radiant fluxes, the
optical anisotropy of enamel and dentine was investigated by measuring the
intensity lF,per(0) and lF,par(0) of 15 enamel and 15 dentine samples. lF,per(0) is
the intensity measured in forward direction at θ = 0 with the light source
perpendicular to the approximal surface of the sample. Likewise, lF,par(0) is
the intensity measured when source and detector are parallel to the
approximal surface of the sample (figure 1). As a measure for anisotropy, the
ratio lF,per(0) / lF,par(0) was adopted.
For the anisotropy measurements the same equipment was used as for
the measurements of the intensity distribution. However, to increase the
power received by the detector, the distance between sample surface and the
lens of the detector was reduced to 5 ± 0.5 mm. Consequently, the interval of
θ over which radiation was received from the sample surface, ΔΘ, became
approximately 11 . Samples were removed from the storage liquid, and their
surfaces were blotted dry. The bottom of a sample was fixed in a holder of
sticky wax, and the transmitted light was measured to obtain lF,per(0) 1 rnin
after the sample had been removed from the liquid. The hole in the wax was
partly filled with water to reduce dehydration of the sample. Then the
sample was submersed in the storage liquid for 1.5 min, after which the same
procedure was repeated to measure the transmitted light in the other
direction to obtain lF,par(0). The entire procedure was repeated seven times
for every sample, alternating the order in which lF,per(0) and lF,par(0) were
measured, with at least a 4 h interval between measurements.
4.3.3 Calculations
From a measured intensity distribution of the surfaces F, S, and B, the total
light emission by a particular surface, the radiant flux, Φ [W], was calculated,
using the following expressions:
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in which the indices indicate the surfaces from which the light emanates, and
Ι(Θ,Ο) [W-Ω"1] is the intensity measured in a direction θ at φ = 0°. In figure 2,
the coordinate system and the symmetries that have to be assumed to apply
these equations are visualised. Due to the symmetries, the definition of the
angles θ and φ for surface S differs from the definition for the surfaces F and
B. However, in both cases it is assumed that the intensity is independent of
the angle φ.

Figure 4.2 Symmetry of the intensity distribution at the sample surfaces and
definition of the coordinate system used for calculation of the
emitted radiant fluxes. The subscripts F, S, and В at the angles θ
and φ denote the forward, sideward, and backward direction,
respectively.
For every sample a radiant flux, averaged over the five measurements,
and a standard error of the mean were calculated for the three surfaces
measured. Assuming no absorption of light, the total radiant flux, Ф ^ , was
calculated as: ФІ0І = Φι + 4Фэ + Фв· Finally, for this particular intensity
distribution of the applied light source, the relative radiant fluxes were
calculated as follows: F = Фр / Φκ>ι, S = Фэ / Фюі and В = Фв / Ф ^ ·
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To obtain the radiant fluxes for illumination in both perpendicular and
parallel directions to the approximal tooth surface, the following equations
were used: F p e r = F p a r · lF,Per(0) / lF,Par(0) and Sper = 4S p a r / (lF/Per(0) /
lF,par(0))/ assuming no change in backward direction.
For calculating the fluxes for arbitrary source distributions, the
asymmetry parameter, g, is needed. The asymmetry parameter of dentine is g
= 0.44 (95% CI: 0.20 .. 0.62) [Zijp and ten Bosch, 1991], and the asymmetry
parameter of enamel was estimated from the measurements, assuming single
scattering in the bar and no absorption. A least-squares fit of a measured
intensity distribution in forward direction was optimised with a calculated
intensity distribution using g as parameter. The calculated distribution was
obtained by convolution of a function describing the intensity distribution of
the light source with the Henyey-Greenstein phase function [Henyey and
Greenstein, 1941] which accounted for the single scattering events. The
intensity distribution of the light source, the fibre rod, was Gaussian with
cfibre = 11°· The extinction coefficient, ßext, was set to a value 0.11 mnv 1
[Spitzer and ten Bosch, 1975]. To correct for intensity losses due to diffuse
surface reflection, the source distribution was multiplied by the factor 0.52.
This factor was obtained from a transmission measurement through a glass
bar that was cut with the saw microtome used to prepare the dentine and
enamel samples. A 95% confidence interval of the estimated optimum value
of the asymmetry parameter was calculated using chi-square boundaries as
outlined by Press et al. [1988].

4.4 Results
In figure 3 a typical example of the angular intensity distribution measured at
the surfaces F and S for enamel is shown. The difference between the
intensity emanated from surface В of enamel and the intensity emanated
from surface В of glass was not statistically significant. This implies that
surface reflection can account fully for the measured signal. A typical
example of the angular intensity distribution measured at the surfaces F, S
and В for dentine is shown in figure 4.
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Figure 4.3 A typical example of the angular intensity distribution and
standard deviations of an enamel sample in forward (a) and in
sideward (b) direction. The results are divided by the intensity
measured for air in direction θ=0 .
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Figure 4.4 A typical example of the angular intensity distribution and
standard deviations of a dentine sample in forward (a), sideward
(b), and backward (c) direction. The results are divided by the
intensity measured for air in direction 6 = 0°.
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For enamel and dentine the ratio lF,per(0) / lF,par(0) averaged over 15
samples was 0.86 ± 0.06 and 2.88 + 0.43, respectively. Since the 95%
confidence interval of the ratios for enamel and dentine do not contain the
null value, i.e., 1, the results are statistically significant. The relative radiant
fluxes calculated from the intensity distributions and the anisotropy ratios,
averaged over the 15 dentine and enamel samples, are given in table 1. For
the asymmetry parameter, g, of enamel a value 0.68 (95% CI: 0.21 .. 0.89) was
found.
Table 4.1

Measured relative radiant fluxes perpendicular and parallel to the
approximal tooth surface in forward, sideward, and backward
direction for dentine and enamel.

*per

'par

^рег

^раг

"per

"par

Dentine 0.20 + 0.013 0.07±0.03b 0.15±0.02a 0.19±0.10b 0.19±0.01a 0.19±0.01b
Enamel 0.48±0.12b 0.56±0.02a 0 . ^ 0 . 0 5 * 0.11±0.01a
a
b

Values derived from intensity measurements.
Values calculated from values in the other sample direction and the
anisotropy ratio lF,per(0) / lF,par(0).

4.5 Discussion
Measurements on a glass bar were performed to correct the measured
intensities in backward direction for surface reflection when light enters a
sample. The error which is introduced because the refractive indices of
dentine (n = 1.45) [ten Bosch and Zijp, 1987] and enamel (n = 1.62) [Spitzer
and ten Bosch, 1975] are unequal to the refractive index of the glass bar (n =
1.55) is much smaller than other error sources and can be neglected.
Intensity distributions were measured with the light source in a
direction parallel to the approximal tooth surface for enamel and
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perpendicular for dentine because the anisotropy measurements showed that
the materials had the lowest extinction in these directions. From the
measured intensity distributions fluxes were calculated. For the other
directions the fluxes were derived from the anisotropy ratio and the intensity
distribution in the sample direction that was measured. Due to the intensity
distribution of the light source, the anisotropy ratio will be slightly
underestimated. However, the same effect would also have occurred if the
intensity distribution had been measured instead of calculated. Therefore, the
single scattering assumption is a sufficient condition for the calculation of the
fluxes to be valid.
For dentine the effect of anisotropy is not only underestimated due to
the light source distribution, but also due to multiple scattering. Similar to
enamel, both effects would also have occurred when the fluxes had been
measured instead of calculated. However, the crucial difference between
enamel and dentine is that due to multiple scattering, the anisotropy ratio
measured for θ = 0 with ΔΘ ~ 11 , is lower for larger angles Θ. Therefore, it is
likely that in particular F p a i is underestimated.
The relative radiant fluxes were experimentally determined for enamel
pieces of specific size and with a specific light source distribution. Values for
arbitrary but small enamel sizes or arbitrary source distributions can be
estimated using part of the algorithm that was used to estimate the
asymmetry parameter, i.e., by convolution of the light source distribution
with the Henyey-Greenstein phase function assuming single scattering and
no absorption and adopting fixed values for the asymmetry parameter and
extinction coefficient. Flux values for arbitrary dentine sizes are easiest
estimated using a Monte Carlo simulation, since the single scattering
assumption is violated for the used dentine samples. All necessary data, i.e.,
the refractive index, the asymmetry parameter, and the scattering and
absorption coefficients, are available. To account for single scattering events
in the Monte Carlo algorithm, the Henyey-Greenstein phase function can be
adopted [Zijp and ten Bosch, 1991].
The measured anisotropy for dentine is a very strong effect and can be
understood by the structure of dentine, thus confirming an earlier suggestion
by ten Bosch and Zijp [1987] and Zijp and ten Bosch [1993] that dentinal
tubules are the predominant cause of scattering. The anisotropy for enamel
was less pronounced and the translucency was larger in the parallel than in
the perpendicular direction to the approximal tooth surface. The
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experimental design excluded the possibility that the effect was caused by
drying of the sample. Furthermore, because the samples were of the same
size, and all samples but one - for which the intensity in parallel and
perpendicular direction was the same - showed anisotropy, neither variation
in size nor surface defects do explain the results. Because transmission in the
parallel direction is larger than in the perpendicular direction, it can be
concluded that the contribution of the prism structures to light scattering is
small as compared with the contribution of the hydroxyapatite crystals. Some
additional support that the hydroxyapatite crystals are the dominant cause of
scattering is the yellow discolouration of the transmitted beam and the bluish
glare of the scattered light, a phenomenon observed for Rayleigh scattering.
The anisotropy might be explained by the changing chemical composition of
enamel going from the outer surface to the dentinoenamel junction, e.g., a
contribution from organic substances.
The shape of the measured angular intensity distributions for enamel
indicates that the asymmetry parameter must be high. This was confirmed by
estimation of the asymmetry parameter fitting the results in forward
direction to a model in the single scattering approximation. An effect causing
a systematically lower asymmetry parameter was scattering at the surface
due to surface roughness. Furthermore, an inaccuracy in the extinction
coefficient will also produce a systematic effect, since this coefficient
determines the ratio between the scattered and directly transmitted
component of the propagating light beam.
Usually, estimation of the asymmetry parameter is performed with
much thinner samples than the ones used in this study, this to avoid multiple
scattering effects. However, it was suggested by Wist et al. [1993] that a
possible advantage of the relatively large sample sizes might be that
relatively more of the structure of the material stays intact. This is an
important consideration when it is not clear what the predominant cause of
scattering is in a material, i.e., for enamel the prism structure or the crystals
themselves. Now that there are signs that the crystals are the most important
scattering particles do the multiple scattering effects, caused by the relatively
high thickness of the samples, result in a systematically lower estimation of
the asymmetry parameter.
The asymmetry parameter has a relatively high value. Hence,
scattering events result in only a small deviation from the original direction
of light propagation. The high asymmetry parameter, together with the low
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extinction coefficient of enamel, indicates that light propagation through the
enamel layer of teeth cannot accurately be approximated with the light
diffusion model. Although no restrictions are imposed on the parameter
values in the formulation of the model proposed by Singer et al. [1990],
somewhat unrealistic light distributions at the volume surface will be
obtained if one of the relative fluxes through a surface of the small cubic
volumes, in which the total volume is divided, is much bigger than the
relative fluxes through the other surfaces of these small volumes. The
measurements showed that the relative flux in forward direction of enamel is
much bigger than the relative flux in sideward and backward direction. Since
the outer enamel layer will be such an important factor, the model proposed
by Singer et al. [1990] might not be the most suitable to model light
propagation through teeth.
In summary, from measurements of the angular intensity distribution at
the enamel and dentine sample surfaces, radiant fluxes were estimated.
Optical anisotropy was shown for both enamel and dentine. For dentine the
results support an earlier suggestion that dentinal tubules are the
predominant cause of scattering, whereas for enamel the results indicate that
the crystals contribute significantly to scattering. The asymmetry parameter,
g, for enamel was estimated by fitting the angular intensity distribution of
enamel measured in the forward direction to a model describing the
experimental system. In future research an optical model will be developed
to gain more insight in light propagation through teeth when using ΡΟΉ.
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Chapter 5
Light propagation through teeth
containing simulated caries lesions

'Not much choice in the matter now'
Mary Black
"Babes in the Wood"
Babes in the Wood

5.1 Abstract
The methods currently utilised in dentistry to detect caries lesions have their
limitations and alternatives are being investigated. A promising option is
tooth transillumination which is based on an increase of light scattering or
light absorption in the affected tissue region. In this study transillumination
applied to detect approximal caries lesions was investigated using premolar
teeth containing simulated caries lesions. Cavities were drilled at the
approximal surface and filled with light absorbing and light scattering fluids
in different dye and particle concentrations to model successive stages of
lesion progress. For light absorbing cavities the extinction as function of the
decadic absorption coefficient measured at the occlusal surface could be
approximated by the Beer-Lambert law (?= 0.98 (95% CI: 0.97 .. 0.99)). For
light scattering cavities a straight line was fitted to the extinction as a
function of the decadic reduced scatter coefficient for μ'5(λ = 633 nm) < 1.25
mm- 1 (r= 0.98 (95% CI: 0.95 .. 0.99)). For higher reduced decadic scatter
coefficients the curves levelled off due to multiple scattering. In addition, the
contribution of the dentinal cavity part to the radiance change induced by the
total cavity was estimated. For light absorbing cavities illuminated with red
light the average contribution was 10.5 (SD 4.2)% and illuminated with green
light it was 1.4 (SD 0.9)%, indicating that the radiance change caused by a
caries lesion is mainly determined by the enamel lesion part.

Published in Physics in Medicine and Biology 1995; 40: 1375-1387 as: Light
propagation through teeth containing simulated caries lesions. J Vaarkamp, J J ten Bosch*
and Ε Η Verdonschot (xLaboratory for Materia Technica, Dental School, State
University of Groningen, The Netherlands).
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5.2 Introduction
Human teeth consist of the turbid materials enamel and dentine, and soft
tissue, the pulp. Enamel is the very hard outer tooth crown layer exposed to
the oral environment and dentine is the softer, bone-like material covered by
the enamel. Enamel and dentine can be subject to dental decay, a process
which ultimately can lead to the total destruction of the tooth. One of the
predilection places for dental caries is at the contacting, approximal, surface
of the tooth (figure 1). These approximal surfaces are for the greater part
inaccessible for direct visual inspection, which seriously hampers an early
detection of caries lesions.

Figure 5.1 Molar and premolar tooth with caries lesion at the contacting
approximal surface. Indicated are e: enamel; d: dentine; p: pulp; g:
gingiva; o: occlusal surface; c: contacting approximal surfaces; I:
two approximal caries lesions at adjacent surfaces. The surface layer
between enamel and dentine is called the DEJ.
The methods currently in use to detect approximal caries lesions at
molar and premolar teeth are visual inspection and bitewing radiography.
Yet, it is known that during clinical examination a large number of incipient
caries lesions are being missed, whereas a great number of sound surfaces are
wrongly being diagnosed as carious [Wenzel, 1993]. Furthermore, being
based primarily on qualitative information, the diagnosis is somewhat
subjective [Verdonschot et ai, 1991b]. Hence, alternative diagnostic methods
are being studied [O'Brien et al, 1989; van de Rijke and ten Bosch, 1990;
Verdonschot et al., 1991b]. An additional incentive for investigating
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alternatives to bitewing radiography is the recent awareness that the lifetime
cancer risks from exposure to low levels of ionising radiation may be greater
than previously estimated [UNSCEAR, 1988; ICRP, 1990].
As early as 1927 it was recognised that the detection of caries lesions
can be facilitated by tooth transillumination [Cameron, 1927]. Lesion
detection by transillumination is based on an increase in light scattering of
the affected tissue. At visible tooth surfaces the increased opacity of the
enamel is the first visual symptom of coronal caries. Since lesions in the oral
environment often gradually discolour, an increase in light absorption can
also become a mechanism for lesion detection. When the caries process
reaches the dentine, the lesion not only progresses into the dentine, but also
spreads laterally along the DEJ. Hence, the outer edge of affected dentine
may be covered by sound enamel. For dentine also the visual symptoms are
an increase in light scattering, soon followed by discolouration, i.e., an
increase in light absorption [Colby et al, 1961].
When glass fibres became commercially available in the late sixties,
and with them cold, high-intensity light sources, a resurgence of interest in
tooth transillumination was aroused [Friedman and Marcus, 1970].
Currently, teeth are transilluminated with white light using a fibre to
transport the light from a light bulb to the tooth, and approximal lesions are
diagnosed when dark spots or 'shadows' are perceived at the occlusal tooth
surface. In this manner qualitative information is obtained, leading to a
somewhat subjective diagnosis. This may be a cause of the remaining
controversy about the true validity of the method [Verdonschot et al, 1991a].
Despite this controversy, the results of clinical studies suggest that dentine
involvement might be a prerequisite for lesion detection [Mitropoulos, 1985].
If true, incipient lesions will remain undetected, though preventive care
might have resulted in lesion remineralisation.
The main objective of this study was to investigate how lesion
characteristics affect the radiance at the occlusal tooth surface when the
approximal surface is being transilluminated. Insight into the relation
between lesion characteristics and induced signal is required to be able to
change the present qualitative transillumination technique for approximal
caries detection to a more quantitative method. However, deduction of such
relations is seriously hampered by the fact that for a tooth only one stage of
lesion progress is available. In addition, though a technique has been
developed that gives an impression of the optical properties of the lesion if
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the lesion surface is available for measurements [Borsboom and ten Bosch,
1982] still a noteworthy uncertainty remains because in principle only
information about the outer surface layer is obtained. Finally, also using teeth
with artificially demineralised lesions it will be difficult to separate the effects
induced by different lesion characteristics, e.g., lesion depth and local mineral
loss. Hence, this study was performed with simulated lesions with
manipulable and accurately known optical properties.
In this research, after introduction of an optical model of caries lesions
and a simplified description of light transport through teeth, the influence of
lesion absorption, lesion scattering, and the contribution of the dentinal
lesion part to the signal induced by the total lesion were studied, with light
wavelength as parameter.

5.3 Materials and methods
5.3.1 Simulation of approximal caries lesions
Approximal caries lesions were simulated in freshly extracted sound
premolar teeth which were stored in water at room temperature between
measurements. The simulated lesions consisted of cavities filled with
modelling materials. The cavities were prepared at or below the largest
diameter of the tooth crown, either up to the DEJ or up to the pulp chamber,
and with diameters of 1.15 ± 0.1 mm. White spot lesions were modelled using
Intralipid (20%, Kabi Pharmacia AB, Sweden) and discoloured lesions using
coffee as fill material.
To model subsequent stages of lesion progress, 1 - 32x dilutions of the
coffee and Intralipid were used. Sound enamel was modelled using water
and, to have an estimate of the maximum possible signal induced by a cavity,
a black-painted needle was inserted in the cavity. This black needle was
regarded as a total light absorber.
To get an impression of the validity of the model for discoloured
lesions, the absorption spectra of coffee and the organic material in
discoloured lesions were determined. Three discoloured lesions were
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separateci from the teeth and ground into small fragments. To dissolve the
minerals, the fragments
were
p u t in a buffered
10%
ethylenediaminetetraacetate (EDTA) solution for one week after which the
absorption spectra were measured. EDTA was used as reference sample. All
spectra were determined with a standard photospectrometer. The fluid layer
in the glass cuvette was 5 mm thick and prior to the measurement the coffee
sample was diluted lOOOx in distilled water. The absorption spectrum of
undiluted coffee and the average of three curves, each obtained from organic
material isolated from a discoloured lesion, are depicted in figure 2.
Coffee
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Figure 5.2 The absorption spectrum of organic material in discoloured lesions
averaged over three samples and standard deviation, and the
absorption spectrum of the coffee. Plotted is the extinction E = cfal
of the fluids, with с the dye concentration.
To investigate the validity of the model for white spot lesions, the
transmission spectrum of Intralipid, both measured and obtained from
literature [Flock et ai, 1992] was compared with the transmission spectra of
demineralised bovine enamel as determined in the past by Spitzer [1976].
These spectra were also rather similar and contained no sharp peaks. The
optical properties of dental hard tissues and fill fluids at λ = 633 nm are
summarised in table 1.
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Table 5.1

Material
Enamel
(Sound)
Enamel c
(Carious)
Dentine

Estimated optical properties at λ = 633 nm of dental hard tissues
and materials to simulate caries lesions, i.e., the decadic absorption
coefficient, μα, the decadic scatter coefficient, μ$, the asymmetry
parameter, g, the decadic reduced scatter coefficient, μ'Β, and the
refractive index, n. The numbers between parentheses are standard
deviations.
M«
[mnv 1 ]
a

ßs

[mm"1]

μ'.
[mm" 1 ]

g

H

η

Η

b

0.68
(0.16)
-

0.3 '
(-)
-

1.62a
(0.01)
-

29f
(-)
"

1.45S

(-)
"

0.44f
(0.08)
"

a

a b

Water

0.04
(-)
0.042 a ' d
(-)
0.26f
(-)
"

Coffee

1.Φ

~

-

-

Intralipid
(20%)

(-)
0.0054*
(0.0308)

32 h
(-)

0.75k
(0.18)

e.o*1*

I
(-)
24732 d
(-)
52f

(-)

(-)
1.33
(-)
1.33*
(-)
1.33'
(-)

a

Spitzer and ten Bosch [1975].
From Vaarkamp et al. [1994].
c
Values obtained from model calculations and artificial déminéralisation
measurements.
d
From Spitzer [1976].
e
From Groenhuis [1980].
f
From Zijp and ten Bosch [1991].
ε ten Bosch and Zijp [1987].
h
Experimentally determined, using a standard photospectrometer.
1
Refractive index of water.
І Data from Flock et al. [1992] multiplied with a factor two, to account for the
concentration difference between Intralipid (10%) and (20%).
k
Flock et al. [1992] determined for Intralipid (10%).
b
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5.3.2 System analysis and signal definition
The total radiance at tooth surface position (x,y) and measured in a certain
direction (θ,φ) can be written as
LM{x,yA<p) = Lthrnugh

(χ^,θ^+Ι^^χ^,θ,φ)

(1)

In this equation Llhrough (χ,γ,θ,φ) represents the contribution of light that went
through the lesion and hence contains information about the optical
properties of the material in the cavity. Ι^χ,γ,θ,φ)
represents the
contribution of light that went past the lesion. For ease of notation the
(χ,γ,θ,φ) dependence will be dropped in the following. When the black
needle is inserted in the cavity Lllirough =0 and only L^ is observed. When
water is inserted, modelling sound enamel, the highest possible value for
Llhroughf denoted as L 0 , can be determined.
When the cavity is filled with (diluted) coffee, light paths are not
affected since coffee only absorbs and does not scatter. However, the
transmission along all light paths through the cavity is decreased by
absorption. For each separate light path the absorption in the cavity is
determined by the Beer-Lambert law. As there are many light paths
contributing to L!hrmgh, the influence of absorption on Lthrough cannot be simply
expressed. However, for very small absorption coefficients μα c the radiance
Lthrough decreases linearly with μαζ. For small, but not very small absorptions,
the insertion of an effective path length in the cavity, 'lc, and the use of the
Beer-Lambert law
¿*«* = V 0 - * A

(2)

is a reasonable approximation. In this equation μαο is the decadic absorption
coefficient in the cavity.
In other work on tissue optics the concept of substituting some average
path length for the collection of path lengths through a medium that is not
only light absorbing but also light scattering has been used [Delphy et al.,
1988]. After substitution of this average path length, called the differential
path length, the attenuation by the medium is again approximated by the
Beer-Lambert law [Matcher et al, 1993]. However, the differential path length
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accounts for the fact that the geometrical path length through the medium is
prolonged due to scattering in the medium itself, which implies that the
paths through the medium are dependent on the scatter and absorption
coefficient of this medium. In the case of the light absorbing cavity the
existence of a collection of path lengths in the medium is caused outside this
medium and differences in absorption coefficient in the cavity only change
the number of path terminations, not the paths themselves. Hence, in the
present paper the term effective path length is used.
For Intralipid, used to model white spot lesions, the situation is more
complicated because now light paths through the cavity are not terminated
by absorption, but changed in direction by scattering. This scattering
elongates light paths, both inside and outside the cavity. For small scatter
coefficients, however, an equation similar to the Beer-Lambert law will hold
L,w=L<,™-"'"b

(3)

In this equation ßsc is the decadic reduced scatter coefficient, which is
defined asrfSiC= ßs.c{l-gc), with μ!€ the decadic scatter coefficient and gc the
asymmetry parameter in the cavity. The decadic reduced scatter coefficient,
rather than the decadic scatter coefficient, is used, because due to the
experimental geometry some of the forward-scattered light is still detected.
For higher scatter coefficients, the extinction is reduced due to multiple
scattering.
From the above it follows that by definition of the extinction E

E = -log„

'h
'-'lot

-L
'-•¡mi

•(«,, +ІЛ Д *

(4)

the average path length in a cavity, lt, can be determined from measured
radiances, since μ,Μ and μ1,, are known for coffee and Intralipid, respectively.
When the optical properties of the material in the cavity would be position
dependent, as is the case for naturally developed lesions, (μιΜ. +//„)/,. should
be replaced by the more general reduced optical thickness, here defined as
Λ = Í (Д,.+ /Л. .>".·
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The slope άΕ/άμαΐ of the linear regression line fitted through the
determined points £ as a function of μα c served as an estimate of 'lc in a light
absorbing cavity. For the light scattering cavities the linear regression line
was fitted through the four points E with the lowest decadic reduced scatter
coefficients.
The average path length in a cavity in its turn is related to the cavity
diameter. However, the exact relation between path length and cavity
diameter is dependent on, e.g., the intensity distribution of the light source
and the optical properties of the material between light source and cavity. As
a first estimate of the magnitude of the average path length given the cavity
diameter, the light source was modelled as a homogenous parallel beam
directed at a light absorbing cylinder perpendicularly at its axis. The average
path length follows from integration of the paths through the cylinder circle.
In the above the role of dentine was neglected. For this, one has to
assume that light having reached the dentine, will not reach the occlusal
surface or will only contribute to a homogenous background. Either
assumption is conflicting with the findings of Mitropoulos [1985] who
inferred that dentine involvement may be a prerequisite for lesion detection.
Therefore, these assumptions will be tested in this paper.
5.3.3 The experimental set-up
The light source consisted of a 20 W halogen light bulb (black-body radiator
at 3000 K) projected on one end of a glass fibre (diameter 300 μπι) with an
objective (20x). The free fibre tip served as the point light source for the teeth.
The position of the light source with respect to the cavity introduced in the
premolar tooth is outlined in figure 3. Optical coupling between enamel and
fibre tip was improved using water.
2
The occlusal surface of the premolar teeth ( = 6 x 6 mm ) was imaged
with a CCD camera (eight bits; 512 χ 512 pixels; lens ƒ = 135 mm). Though for
displaying purposes the radiance distribution was measured over the entire
surface, for data analysis a region of interest (ROI) with approximately the
size of the cavity was defined above the cavity (figure 3(b)). To determine the
cavity position and dimensions a protruding needle was inserted in the
cavity (figure 3(c)) and a reflected light image of the tooth was made, using
an ordinary desk lamp as light source. In the ROI thus obtained the average
radiance, L, was calculated.
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Light with a limited bandwidth in the blue, green, and red part of the
electro-magnetic spectrum was obtained by introducing a red absorbing blue
(BG23), a green (VG5) and a red sharp cut-off (RG610) Schott glass filter,
respectively, between detector and tooth. IR radiation was blocked by a heat
reflecting mirror. Images for tooth transillumination with IR radiation were
obtained by subtraction of the image obtained using the red sharp cut-off
filter and heat reflecting mirror from the image obtained using only the red
sharp cut-off filter.

CCD

Z)
Schott glass
Needle/

u

Perpendicular

Parallel

ROI
Fibre

Figure 5.3 An approximal view of a premolar tooth and the light source
position with respect to the prepared cavity. Indicated are a light
path, Ipast, that contributes to the background and a light path,
hhnughr that carries information about the optical properties in the
cavity (a). Occlusal view of a premolar tooth with a region of
interest for which the averaged radiance L was calculated.
Indicated is the co-ordinate system for the radiances Ь(х,у, ,ф) (b).
A cavity with an inserted total light absorbing needle and the
definition of the directions perpendicular and parallel to cavity axis
(0.
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From the wavelength characteristics of the components that constitute
the optical system the relative contribution of a specific wavelength to the
measured signal for a specific glass filter was calculated as follows

(5)

C,(A) =
/„"S,™, (Α)7>(σ (A)Kdel(A)dA

with Swurce(X) the spectral dependence of the light source, Tfilur(X) the
transmission of the applied filters, and ΑΛ1(Α) the spectral response of the
detector. The curves obtained for the different filters are depicted in figure 4.
To plot the extinction as a function of the extinction coefficient of the fill fluid
the extinction coefficient was taken at the median wavelength for light in the
blue, green, red and IR parts of the electro-magnetic spectrum, respectively.
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Figure 5.4 The relative wavelength contribution Cf, defined in equation (5), to
the measured signal of the total optical system except the fill fluid in
the cavity.
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5.3.4 Investigated l e s i o n parameters and experimental procedure
Cavities were filled with the black-painted needle, Intralipid (20%) and coffee
in 0,1, 2, 4, 8,16 and 32x diluted particle and dye concentrations, and water,
respectively. Five premolar teeth were used with cavities prepared up to the
DEJ. Prior to a measurement the tooth was blotted dry and during
measurement of a series with all fillings the teeth were not removed from the
set-up. Three teeth were used for the transillumination measurements with
IR radiation. For these measurements only undiluted Intralipid and coffee
were used.
Four premolar teeth were used to study the contribution of the dentinal
lesion part to the radiance change induced by the total lesion. First cavities
were prepared up to the DEJ. The cavities were filled with water, and
undiluted coffee and Intralipid (20%), respectively. The radiance at the
occlusal surface was determined nine times for red light (all four teeth) and
green light (for the last two teeth). Subsequently, the cavities were deepened
up to the pulp chamber, and filled with coffee and Intralipid, respectively. To
measure the contribution of the dentinal cavity part to the total radiance
change, the quantity

z = ( L e ;-'~- + J 'f" , : > xiOO%

(6)

(ko-k~)
was used. Le Ца is the averaged radiance for a cavity restricted to the enamel
and with extinction coefficient, μίΠ, of the fill fluid. Similarly, Le+d
is the
radiance for a cavity in both enamel and dentine. By categorising the light
paths into through sound material, through the enamel cavity volume and
through the dentinal cavity volume, it can be verified that the numerator of
expression (6) represents the radiance contribution to the total signal induced
by a cavity of the light paths through the dentinal cavity volume. Similar to
expression (4) the denominator represents the maximum radiance change
induced by a cavity restricted to the enamel.
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5.4 Results
The results of the transillumination measurements with IR radiation showed
no measurable differences between cavities filled with water and with coffee.
The difference in IR measurements between cavities filled with Intralipid and
water was approximately the same as with red light.
In figure 5(a) the extinction defined in expression (4) for light absorbing
cavities is plotted as a function of the decadic absorption coefficient for blue,
green and red light. The estimated average path lengths in the cavity, i.e., the
slopes dE/dßac of the linear regression lines fitted through the measured
points, are summarised in table 2. The extinction for light scattering cavities
is plotted as function of the decadic reduced scatter coefficient in figure 5(b).
The slopes of the linear regression lines fitted through the four points with
the lowest decadic reduced scatter coefficient are also summarised in table 2.
The estimates of the quantity Z, to determine the contribution of the
dentinal cavity part to the total radiance change, are given in table 3 for red
and green light.
Table 5.2

Estimated average path length in cavities, 'lc, of five teethfilledwith
light absorbing (left) and light scattering fluids (right), for light in
the blue, green and red parts of the electro-magnetic spectrum,
respectively.
μ3

μ'5

Tooth

'іАы)

Uhr)

IM

No

[mm]

[mm]

1
2
3
4
5

1.50
0.97
1.10
1.31
1.15

Mean
SD

1.2
0.2
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Tooth

lOvù

No

[mm]

' c (bgr)
[mm]

1(λτά)

[mm]

1.13
0.98
1.04
0.99
1.13

0.69
0.41
0.83
0.83
0.69

1
2
3
4
5

1.01
3.84
1.44
1.09
2.08

0.38
0.48
0.56
0.54
1.36

0.17
0.33
0.44
0.46
0.76

1.1
0.1

0.7
0.2

Mean
SD

1.9
1.2

0.7
0.4

0.4
0.2

[mm]
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Figure 5.5 A typical example of the extinction for a cavity at the approximal
surface illuminated with red, green, and blue light as a function of
the decadic absorption coefficient (a) and of the decadic reduced
scatter coefficient (b) for a cavity filled with coffee and Intralipid,
respectively.
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Table 5.3

The contribution of the dentinal cavity part, Z, to the change in
radiance measured at the occlusal surface for light absorbing and
light scattering cavities in four teeth, for light in the green and red
parts of the electro-magnetic spectrum.
μ3

Vs

Ζ(λ Γ α )

Tooth

Z(Xgr)

Ζ(λ Γ ά )

[%]

[%]

No

[%]

[%]

1
2
3
4

0.7

4.8
13.7

-2.4

2.0

13.5
10.0

1
2
3
4

1.1

4.1
-3.2
5.0
5.7

Mean
SD

1.4
0.9

10.5
4.2

Mean
SD

-0.7
2.5

2.9
4.1

Tooth

Z(Xgr)

No

5.5 Discussion
5.5.1 Validation of the m o d e l
In the model light is reflected and refracted at the cavity surface. Because
water-based fluids were used, the influence of reflection and refraction is
reduced. Using water to model sound enamel has the advantage that both
scatter and absorption coefficient are effectively zero, so that a well defined
reference is used. However, the use of water as a reference results in a small,
but systematic, overestimation of the radiance change induced by lesions.
A second property of the model is the absence of a transition region
from sound to heavily affected material, as is present for caries lesions. This
omission will affect details in the radiance distribution but the magnitude of
the dominant effects will primarily be determined by the increase in optical
thickness due to the lesion presence. This optical thickness increase is
determined by the physical dimensions and material properties of the
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cavities and lesions, respectively. Dimensions and material properties of the
cavities filled with Intralipid and white spot lesions have the same order of
magnitude.
The transmission spectra of Intralipid and demineralised 'white spot'
enamel resemble each other. The asymmetry parameters g(X) of carious
enamel are unknown. To a first approximation at λ = 633 nm the asymmetry
parameter of sound enamel can be used. At other wavelengths the spectral
behaviour of g(X) has to be assumed. Note that the asymmetry parameters
g(X) of Intralipid (20%) are the values determined for Intralipid (10%) by
Flock et al. [1992]. Due to differences in preparation there may be more
differences than just the concentration [van Staveren et al, 1991].
Furthermore, intersample variations and variations between brands also exist
[Flock et al, 1992].
No quantitative data are available on the absorption or scatter
coefficient of discoloured lesions. Since the signal measured for a total
absorber and for coffee in the highest dye concentration were of the same
order, it was assumed that measurements were performed over the entire
range of discolouration.
The absorption spectra determined for the organic material in
discoloured lesions showed no absorption peaks and were continuously
increasing with decreasing wavelengths. These spectra were similar to the
spectrum of the coffee used to model the discoloured lesions. The scatter
coefficient of coffee was considered to be negligible compared to the
absorption coefficient because the coffee was a coloured but transparent fluid
when viewed through it.
In this study the effect of absorption and scattering were measured
separately. Yet, it is likely that during lesion discolouration the enhanced
scatter coefficient initially remains unchanged. Hence, to describe the
behaviour of discoloured caries lesions the effect of absorption and scattering
should be combined.
5.5.2 Extinction
For light absorbing cavities the extinction as function of the decadic
absorption coefficient was well approximated by the regression line (r= 0.98
(95% CI: 0.97 .. 0.99)). Therefore, light propagation is fairly well described by
the Beer-Lambert law. The slopes άΕ/άμα€{λ) of the regression lines
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increased with decreasing wavelength. Note that the extinction is plotted as
function of the decadic absorption coefficient and not as a function of the dye
concentration. Therefore, the curves should have had approximately the
same slopes. This deviation can be explained from wavelength-dependent
scattering in the sound enamel [Spitzer and ten Bosch, 1975] when light
propagates from the light source to the cavity. Due to scattering the vector
describing the propagation direction, which was initially perpendicular to
the cavity cylinder axis, acquires an increasing component parallel to the
cavity axis (see fig 3(c)), thus prolonging the average path length in the
cavity. Hence, the estimated path length will increase with decreasing
wavelength because the scatter coefficient of sound enamel increases with
decreasing wavelength. This implies that the slope of the curve obtained for
the red light can be considered as the most accurate approximation for the
cavity diameter. For a parallel homogeneous beam oriented perpendicular to
the cylinder axis of a light absorbing medium the ratio between average path
length and cylinder diameter has the value 0.785. The estimated slopes are in
acceptable agreement with the average cavity diameter of 1.15 mm
(subsection 2.1) multiplied with this correction factor.
For light scattering cavities a straight line was fitted to the extinction as
a function of the decadic reduced scatter coefficient for μ'8(λ = 633 nm) < 1.25
mm- 1 (f= 0.98 (95% CI: 0.95 .. 0.99)). For higher decadic reduced scatter
coefficients the curves levelled off due to multiple scattering. Also for the
scattering fluid the slopes dE/dßsc(X) of the regression lines increased with
decreasing wavelength. This observation can partly be explained in the same
way as for the absorber. However, since there is a difference in magnitude of
the effect for the absorbing and scattering fluids, an additional factor may be
involved. This may concern an inaccurate estimation of fi „(λ), since a
wavelength dependence of the slopes dE/d//JC(A) can also be induced by a
wavelength-dependent underestimation or overestimation of ίί^(λ). To
determine /¿«(A) experimentally determined values μ,,.{λ) and asymmetry
parameters g(X) derived from Flock et al. [1992] were used. The intersample
variations or variations between brands which exist also for the measured
curve g(X) (compare the curves g(X) by van Staveren et al. [1991] and by Flock
et al. [1992]) may have caused a wavelength-dependent underestimation or
overestimation of ßsc (A) for the light scattering cavities.
The transmission spectra of the different materials, measured from the
IR to the blue part of the electro-magnetic spectrum, show the highest
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extinction at the lowest wavelengths. Hence the biggest change induced by
lesions will be observed when using these lower wavelengths, and hence
when using lower wavelengths a more sensitive detection technique will be
obtained. However, for quantification purposes it may be more suitable to
choose a higher wavelength since for that higher wavelength the induced
change may be distributed more evenly over the occurring déminéralisation
and discolouration range. Hence, higher wavelengths might be more suitable
for lesion monitoring purposes.
From the relative high correlation values f it can be inferred that the
random variations in the average radiances, e.g., due to cavity refilling, are
small. Since the standard deviation of the estimated path lengths in the cavity
is of the same order as the standard deviation of the cavity diameter, the
influence of repositioning on the estimated path lengths seems to be small.
5.5.3 The contribution of the dentinal part of the lesion
The results shown in table 3 indicate that the dentinal contribution to the
total change in radiance at the occlusal surface induced by a lesion is small.
This inference is not necessarily in disagreement with the observation
reported in literature that lesions diagnosed with transillumination have
regularly progressed into the dentine [Mitropoulos, 1985], since it seems a
fair assumption that for these lesions the enamel will be more demineralised
and discoloured, with the affection expanding over a bigger volume, than for
lesions not yet progressed into the dentine.
Note that the contribution of the dentinal cavity part was measured
with the total dentinal cavity covered by the enamel cavity. Naturally
developed lesions reaching the DEJ start to expand on the DEJ itself. And the
outer edge of the affected DEJ may not be covered by carious enamel. This
effect may increase the 'dentinal' contribution somewhat for naturally
developed lesions.
The quantity Z, defined to estimate the contribution of the dentinal
cavity part to the total decrease in radiance, was larger when illuminated
with red light then when illuminated with green light. A possible explanation
for this phenomenon is that more of the red light that arrived in the dentine
arrives at the occlusal surface. Note that this statement indicates that the
assumptions to justify neglecting the dentinal cavity part are only a first
approximation and that light propagating through the dentine does arrive at
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the occlusal surface. That more of the red than of the green light arrives at the
occlusal surface may be due to the fact that both absorption and scattering
are lower for the red than for the green light for sound and simulated carious
material. So, these results can be interpreted as an illustration of the fact that
light with higher wavelengths penetrates deeper into turbid materials. In
itself this is an interesting observation since it is a mechanism to extract
information from the deeper dentine volume. Unfortunately, because the
contribution itself is small, the effect may not be applicable for lesion
quantification purposes.

5.6 Conclusion
For transilluminated premolar teeth with simulated caries lesions at the
approximal surface the radiance at the occlusal surface as function of the
decadic absorption coefficient of the light absorbing fill fluid in the cavity
was fairly approximated by the Beer-Lambert law. For light scattering
cavities, with μ'β(λ = 633 nm) < 1.25 mm - 1 , the radiance as function of the
decadic reduced scatter coefficient was fairly approximated by an equation
similar to the Beer-Lambert law. For higher decadic reduced scatter
coefficients the curves levelled off due to multiple scattering.
The small contribution to the signal of the dentinal cavity part strongly
indicates that the supposed prerequisite of dentinal involvement for lesion
detection using transillumination is not caused by the dentinal lesion part
itself, but more probably by the processes accompanying lesion progress into
the dentine, i.e., an increased déminéralisation and discolouration expanding
over a larger volume in the enamel itself.
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Quantitative diagnosis of small
approximal caries lesions utilising
wavelength-dependent fibre-optic
transillumination

simply the best'
Tina Turner
"The Best"
simply the best

6.1

Abstract

The clinically available instruments to diagnose approximal caries lesions are
inadequate to detect lesions early and quantitatively. The aim of this study
was to investigate if wavelength-dependent light scattering and absorption of
carious tissues may be utilised to quantitatively diagnose these small
approximal caries lesions. 17 extracted premolars were transilluminated at an
approximal surface with a glass fibre, which transported the light from a
halogen light bulb. Seven approximal surfaces contained a naturally
developed small white spot lesion, and five surfaces a small discoloured
lesion. Five teeth were sound. The occlusal surface was imaged with a CCDcamera. Light in the blue and red part of the electro-magnetic spectrum was
selected using Schott glass filters. From the obtained images average effective
decadic optical thickness differences, Аы_ті1ф, were determined. These were
plotted as a function of average mineral loss assessed by means of
wavelength-independent microradiography, ACWIM. The correlation
coefficient between Аы_ых€ and ACmM -values was τζΑ^τ^, ACWIM) = 0.79
(95% CI: 0.47 .. 0.93). Different sources of variation that influence the
observed correlation were defined and quantified. From these measurements
the correlation coefficient between Abi_rdxeff and 'true' average mineral loss,
AC,, was estimated to be г(Ды_„,т^,ДС,) = 0.92 (95% CI: 0.77 .. 0.97). The
results indicate that early, and in principle also quantitative, diagnosis of
approximal caries lesions is feasible utilising the wavelength-dependent light
propagation through carious tissues.

Conditionally accepted by the Journal of Dental Research 1996 as: Quantitative
diagnosis of small approximal caries lesions utilizing wavelength-dependent fiber-optic
transillumination. J Vaarkamp, J J ten Bosch3, Ε H Verdonschot and S Tranaeus
(aLaboratory for Materia Technica, Dental School, State University of Groningen,
The Netherlands; Department of Cariology, School of Dentistry, Karolinska
Instirutet, Huddinge, Sweden).
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6.2 Introduction
The clinically available instruments to diagnose approximal caries lesions,
i.e., visual inspection and bitewing radiography, are inadequate to detect
lesions early and quantitatively. Early detection may lead to the arrest, or
even regression, of lesion size when preventive measures are reinforced, e.g.,
by topical fluoride application and improved oral care [Angmar-Mânsson
and ten Bosch, 1987]. Quantitative diagnosis enables an objective assessment
of lesion severity and the monitoring of lesion progress. Thus, there have
been numerous attempts to improve bitewing radiography and to develop
new techniques [see review by Angmar-Mânsson and ten Bosch, 1993].
However, to date reliable detection still occurs at a stage were damage is
irreversible, nor has any method been demonstrated to correlate well enough
with, e.g., lesion depth to reliably monitor lesion progress in vivo [AngmarMânsson and ten Bosch, 1993].
A promising alternative to detect approximal caries lesions is tooth
transillumination. Clinically, teeth are being transilluminated with fibres,
which transport the light from a halogen or tungsten projection lamp to the
tooth, and lesions are diagnosed when dark spots or 'shadows' are perceived.
After the introduction of fibres as light source in dentistry [Friedman and
Marcus, 1970] several clinical studies have been conducted to estimate the
performance of ΡΟΉ. A wide range of diagnostic sensitivity values has been
reported and several explanations have been proposed [Verdonschot et al,
1991]. Nonetheless, there are indications that FOTI might at least be a
valuable supplement to the diagnostic armamentarium [Pieper and
Schurade, 1987; Peers et al, 1993]. Hence, to establish the limitations of ΡΟΉ
or to improve the technique, research into factors that influence the
performance of FOTI is worthwhile.
An important issue is the suitability of ΡΟΉ to detect small lesions, i.e.,
non-cavitated lesions restricted to the enamel. Some studies signify that FOTI
may be suitable to detect exclusively lesions progressed into the dentine
[Mitropoulos, 1985; Pieper and Schurade, 1987; Heinrich et al, 1991; Peers et
al, 1993]. Nonetheless, previous research indicates that radiance changes at
the occlusal surface are mainly induced by the enamel part of a lesion
[Vaarkamp et al, 1995]. Hence, also lesions restricted to the enamel may be
detectable using FOTI.
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As a first step to use FOTI as a quantitative technique, a suitable signal
quantity has to be defined. Definition of a relative, rather than an absolute,
signal quantity may be advantageous since this yields immunity to, e.g.,
variations in optical coupling and light source strength [Svanberg, 1992]. A
suitable relative signal quantity may be based on data obtained from
sequential transillumination with different light wavelengths.
The aim of this study was to investigate if FOTI can be used to
quantitatively diagnose small approximal caries lesions.

6.3 Materials and methods
6.3.1 C h a n g e s in optical properties accompanying mineral loss
In incipient, white spot lesions mineral loss is accompanied by an increase in
light scattering. In older, discoloured lesions also light absorption is
enhanced. In a set-up as depicted in figure la, the induced effect at the
occlusal surface is caused by a combination of material properties and the
distance light propagates through tooth material from the light source to the
detector. This combination is denoted by τ#(λ), with λ the light wavelength,
and will be called the effective decadic optical thickness. It is assumed that in
case of small lesions т^ (Я) increases linearly with mineral loss [ten Bosch et
ai, 1984; Brinkman et al., 1988]. In the bl(ue) part of the visible spectrum this
increase is stronger than in the r(e)d. In appendix 1 it is outlined that use of
an average difference %(b/)-T^(rd), ΔΜ_„,τ^, as relative signal quantity,
instead of the absolute average signal quantity LKC (bl ), may lead to
suppression of variations introduced by refractive index transitions at the
outer enamel surface.
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CCD

J
Schott glass

ROI
Fibre
Figure 6.1 Schematic outline of experimental set-up: Approximal view of a
premolar (a). Occlusal view of a premolar with a region of interest
in which the averaged radiances L^.fil) and Locc,(rd) were
calculated when the premolars contained simulated lesions (b).

6.3.2 Natural and simulated l e s i o n s
To compute the required number of approximal surfaces in the sample to
show an existing effect, the parameters: effect size, significance level a, and
the power 1 - β, are required [Cohen, 1977]. To approximate the effect size, it
was assumed that the correlation between Аы_ыт^ and 'true' average mineral
loss, AC, [kg-nv2], is in principle perfect, i.e., г(Лы_г</7<?, AC,) = 1, but that due
to e.g. de- and remineralisation processes r(Aw_n(:f#,AC,) is reduced to
Г(А _ Т ,АС,) = 0.95. In addition, since it has been stated that, "all
correlation coefficients of 0.7 - 0.8 deserve further study" [Angmar-Mânsson
and ten Bosch, 1993], as the null hypothesis H 0 : г(Аы_^т^,АС,) < 0.7 was
chosen. This results in an effect size of 0.25. The significance level and the
power were put to α = 0.05 and 1 - β = 0.95, respectively. Given the above,
minimally 15 approximal surfaces are required.
Optical and microradiography measurements were performed using 17
freshly extracted premolars. Seven approximal surfaces contained a naturally
developed small white spot lesion, and five surfaces a small discoloured
lesion. Five teeth were sound. After the optical measurements had been
performed, mineral loss was determined from microradiography
Ы
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measurements. To this end the enamel layer at the approximal surface was
cut from the tooth, approximately at the DEJ. Upon visual inspection it was
checked that the lesions had not progressed into the dentine. The teeth, and
later the samples, were stored in water at room temperature between
measurements.
Additional optical measurements were performed on 5 other freshly
extracted sound premolars with simulated approximal lesions. To simulate
approximal caries lesions, cylindrical cavities with a diameter of 1.15 ± 0.1
mm were prepared at the approximal surface, at or below the largest
diameter of the tooth crown, and up to the DEJ. White spot lesions were
modelled with Intralipid (20%, Kabi Pharmacia AB, Sweden, scatter
coefficient μ, = 32 mm - 1 at λ = 633 nm) and discoloured lesions with coffee
(absorption coefficient μα - 1 m m - 1 at λ = 633 nm) as fill fluid. To model
subsequent stages of the lesion process, 1 to 32 times fluid dilutions were
used. Sound enamel was modelled using water as fill fluid. This model was
described in more detail elsewhere [Vaarkamp et al, 1995].
6.3.2 Wavelength-independent microradiography measurements
Lesion mineral loss was assessed by means of wavelength-independent
microradiography, WIM [Herkströter et ai., 1990; Herkströter and ten Bosch,
1990]. An interpolation algorithm was applied to reconstruct the sound
situation and, compared to this reconstruction, average mineral loss, ACWIM
[kg-nr 2 ], was calculated [de Josselin de Jong et al, 1995]. An indication of
average lesion depth, d [m], was obtained using: d =ACWIM/(2.2xl0~7pm)
[Arends et al., 1987]. In this expression pm is the mineral density of sound
enamel, which is approximately pm= 3.13 x10s [kg-πν 3 ] [ten Bosch and
Angmar-Mânsson, 1991].
The WIM measurements were performed twice and Pearson's product
moment correlation coefficient, î(ACmM1,ACWIM2), was calculated. One
sample with a discoloured lesion and two of a sound surface were so
severely damaged during preparation that no WIM measurements could be
performed. To determine the magnitude of variation in a ACWIM -value, i.e.,
ε Δε , the standard deviation s(ACWIM) was calculated over 6 sound samples.
Since only 3 sound samples had remained, an additional 3 samples were
prepared.
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6.3.4 Illumination and detection
Optical measurements were performed using the set-up depicted in figure la.
The incandescent wire of a 20 W halogen light bulb was projected on one end
of a glass fibre ( 0 300 μηα) with an objective (20x). To illuminate the teeth the
free fibre tip served as the point light source. Optical coupling between
enamel and fibre tip was achieved with water. Light with a limited
bandwidth in the blue and red part of the electro-magnetic spectrum was
obtained by introduction of a blue (BG23) and a red sharp cut-off (RG610)
Schott glass filter, respectively, between detector and occlusal tooth surface.
Infrared radiation was removed with a heat reflecting mirror. The detector
was a CCD-camera (8 bits; 512*512 pixels; lens f = 135 mm) imaging the
occlusal surface of the teeth.
6.3.5 Estimation of optical quantities
LKC(bl), was calculated averaging the 600 highest pixel values. It was
observed that in doing so the pixels above the illuminated approximal
surface were selected. By multiplication with the detector response LKC{bl)
was obtained in [ W m ^ s r 1 ] .
To determine the quantity Аы_„,т^, new images were calculated from
the original images, using: -]о^к(Аы.ы xL„{bl)[i,j\/L„{rd)[i,j\), with [i,j] the
pixel co-ordinates. The constant /!,,,_„, takes the wavelength dependence of
light source and detector sensitivity into account and was measured by
directly illuminating the detector with the fibre. From these computed
images, Аы_гіт^ was calculated averaging the 600 lowest pixel values.
In case of two discoloured lesions illuminated with blue light, less than
600 pixel values larger than zero were measured. To obtain a lower limit of
m e
^bi-rd^eff
'missing' pixels were set to value one and Аь,_ыт^ was calculated
as described.
6.3.6 Natural lesions: optical measurements
To quantify the advantage of using Α,,,^τ^ instead of L^ftl) the ratio of
changes due to the presence of a caries lesion σ, i.e., the real effect, and
variations due to the experimental procedure ε, e.g., the effect of positioning,
in both Аы_ыт^ and LKC(bl), has to be compared.
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σΔΜ ыТ , the range of Аы_гі?^ values occurring in the measurement set,
was approximated with s(Abl_rif^) of all 17 measured surfaces in the first
measurement series. The magnitude of variation in a Δ,,,.^τ^-value, i.e.,
е
д„ „r / due to positioning was obtained from a duplo-measurement over the
17 surfaces studied and calculated from ΐ(Δ(,/_ηίΤ#,ι-ΔΜ_„,Ί^ 2)/лІ2. In
wa
addition, the correlation coefficient τ(\,^^Λ,Κι-**$¿)
s computed. In a
similar way <5y .... and ετ .... were obtained.
To approximate the magnitude of variation attributable solely to
biological variation in sound material properties and tooth geometry, firstly
the total magnitude of variation in a Δ^^ϊ^-value was approximated as
s A
( bi-rä^) o v e r ш е 5 sound surfaces. Subsequently, s2{\l_rdl^fii
-Δ„_^ι2)/2
2
obtained from the duplo-measurements was subtracted from s (Aw.nJf^) of
the 5 sound premolars.
6.3.7 Relation b e t w e e n optical and microradiographical data
The average effective decadic optical thickness differences, ΔΗ_τίτ^, were
plotted as a function of average mineral loss, ACWIM, in both cases using the
first measurement series. The correlation coefficient т^ы_ыт^, Δ0ηΐΜ) was
calculated and the linear regression line was calculated using the Demingalgorithm (Appendix 2).
From the m a g n i t u d e of variation in both optical and
microradiographical data, both degrading the observed correlation
r(Aw_rdT^,ACWIM), the correlation coefficient г(Аы_гД^,ЛС() was estimated
(Appendix 2).
6.3.8 Simulated lesions: optical measurements
The relation between Аы_ых^ measured at the occlusal surface and the
change in optical properties at the approximal surface was investigated using
simulated approximal lesions with accurately known optical properties.
In the images obtained of each tooth with a simulated lesion, a fixed
region of interest (ROI) was defined at the occlusal surface above the cavity
(figure lb). In the ROI the average grey level, Lm.(bl) and Lxc.(rd), were
determined and Ь.ы_тіх^. was calculated.'The asterisk in a subscript signifies
that the quantity is calculated in a predefined ROI. Δ„_„,Ύ€. was plotted as a
function of the dye and particle concentration of the absorbing and scattering
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fill fluid, respectively. A straight line was fitted through all points in case of
the light absorbing fluid and through the four points with the lowest decadic
reduced optical thickness differences in case of the scattering fluid and
correlation coefficients ^Δ,,,^^.,μ,,) and ΐ ^ , ^ τ ^ . , μ ^ ) , respectively, were
calculated.

6.4 Results
In Table 1 the magnitude of the signal range and variation sources are
summarised of the transillumination techniques and WIM. Disregarding two
apparent outliers (Cornbleet and Gochman, 1979) the correlation coefficient
of the repeated WIM measurements was î(ACWIM1, ACWIM2) = 0.74 (95% CI:
0.32.. 0.92).
Table 6.1

Variation

Magnitude of the signal range, d, and sources of variation in a
measurement, ε, of wavelength-independent microradiography and
the transillumination techniques.
£A7=

OA7,

[kg.m-2]
Total
Positioning
Biological

0.20
-

0.19
0.05
0.19

[kWm-2.sr-i]

[-]
0.45

0.17
0.14
0.09

0.59

χ
0.35
χ

+

From Herkströter et al. [1990]
χ Missing data

93

In figure 2 the average effective decadic optical thickness differences
&bi-rd?eff a r e plotted as a function of average mineral loss, ACWM. The bars in
horizontal and vertical direction denote 2χε Δ ϋ and 2хс Ды f , respectively.
Correlations between Аы_тіх^ and mineral loss are summarised in Table 2.
The mean average lesion depth approximated from average mineral loss
ACWIM was 168 (s.d. 112) μπ\ in case of the white spot lesions and 370 (s.d.
372) μπι in case of the discoloured lesions.

2η
r = 0.79
1.71.4l*%

1.10.8-

D Sound
О White spot

D
Δ Discoloured
0.5ι ' ι ' ι ' ι ' ι •ι ' ι ' ι
-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

ACWIM[kg.m-2]
Figure 6.2 Average effective decadic optical thickness differences Аы_ыт^
determined using fibre optic transillumination as a function of
measured average mineral loss, ACwlM, of seven premolar teeth with
white spot lesions, four premolar teeth with discoloured lesions and
three sound premolar teeth. Mineral loss is expressed in kg-mr1,
with 1 kg-mr1 - ЗЛЭхШ5 Vol%-ßm. Through the measured points
a regression line was fitted using the Deming-algorithm. The bars
denote 2 χ standard deviation in a measurement.
A typical example of Δ,,,.^τ^. as a function of dye and particle
concentration of the simulated lesions is depicted in figure 3. The correlation
coefficients were τ(ΑΜ_„,τ#.,μα) = 0.999 and т(АЬІ_гі1ф.,ц\) =0.992.
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Figure 6.3 Example of the average effective decadic optical thickness difference
Ab¡_rdT^. in a region of interest at the occlusal surface above the
cavity as a function of the decadic absorption (a) and decadic
reduced scatter coefficient (b) of a simulated approximal lesion.

Table 6.2

Correlations between the average effective decadic optical thickness
difference and measured and 'true' average mineral loss, arising
from different assumptions according to the formulae in Appendix
2.
0.79 (0.47 ..0.93)

0.94

A2.1:
1
A2.2:

V
1 +Ч
\?ь»-«и )
r ( A n - r d % , àCW!M)

A2.3:

Î(AC„ACW1M)

0.93

0.92 (0.77 ..0.97)
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6.5.1 Lesion characterisation
To characterise lesion progress average mineral loss was determined using
WIM. This method has the advantage that the entire lesion is characterised
by the obtained data. To enable measuring differences in mineral content
induced by caries lesions, an interpolation algorithm was used which
reconstructed the sound situation. Due to the curved tooth surface some
offset may occur which explains the negative mineral losses in Figure 2.
Table 1 and the duplo-measurement indicate that the effect of the
curved outer enamel surface has probably a strong variation enhancing
effect. The sample quality may be another factor causing the determined
standard deviation in a WIM measurement to be considerably larger than the
value S(AC WIM ) = 0.05 kg-nr 2 reported by Herkströter et al. [1990]. Some
samples were damaged during preparation, some had hypoplastic enamel
near the lesion and some were partially covered with a thin dentine layer,
which makes the obtained value ACWIM less accurate.
In case of large variations a large number of samples is required to
obtain a reliable value of a quantity. In this respect the total variation І д е in
Table 1 is not reliable. Using expressions similar to A2.1 and A2.2, with
ACWIM instead of Δ,,,.^τ^, the total variation was approximated to be е д £ =
0.12. This approximation is more reliable, because it is based on more
samples. In addition, there is no systematic effect due to variations in sound
material properties, because, inherent to the method, these effects are
suppressed because mineral loss is determined relative to the sound
environment.
From mineral loss also lesion depth was approximated. The expression
is based on the assumption that initially only the interprismatic enamel is
dissolved [Arends et al., 1987]. That expression was derived pooling the
results of eight artificial déminéralisation and remineralisation studies.
Brinkman et al. [1988] obtained a similar result in case of naturally developed
lesions. However, a large study by Theuns [1987] into the relation between
mineral loss and lesion depth, also using naturally developed lesions,
suggests that average mineral loss is only a rough indication of the order of
magnitude of lesion depth.
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6.5.2 Quantitative optical diagnosis
From Table 1 it can be concluded that the use of АЬІ_ыт^ is superior to using
LKC(bl). Regarding the correlation т{Аы_ыт€, ACWIM) Table 1 shows that the
determination of ACW[M has a significant impact on this observed correlation.
This conclusion is supported by the results obtained with simulated lesions.
These results showed that it is well possible to measure at the occlusal
surface changes that occur at the approximal surface. Table 2 shows to which
extent a more precise validation technique may have resulted in a higher
correlation. The small difference between the result of A2.1 and A2.2
illustrates the conclusion from Table 1 that repositioning is an important
source of variation. Part of the repositioning effect in the optical
measurement may be due to the fact that a caries lesion is a strong
inhomogeneity and, hence, that the measured effect becomes in part
dependent on the exact position and direction of the light source compared to
the lesion. The small difference between the result of A2.2 and A2.3 indicates
that to a large extent variations in lesion geometry are incorporated in the
repositioning effect.
In conclusion, the results indicate that early, and in principle also
quantitative, diagnosis of approximal caries lesions is feasible utilising the
wavelength-dependent light propagation through carious tissues.
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Appendix 6.1 Description of light propagation and
signal definition
To develop a quantitative optical transillumination technique, in this section
the relation between optical changes occurring at the approximal surface and
measurable quantities at the occlusal surface is derived within the framework
of a simplified model describing light propagation through teeth.
In a previous study [Vaarkamp et al, 1995] light propagation through
simulated approximal caries lesions was studied. Light extinction in cavities
up to the DEJ filled with light absorbing fluids could be approximated by the
equation
^ΛΚ)=Κ{Κ)™~μΜ

(A1.1)

with Afc being a certain light wavelength. In this expression Lllmugh is the
radiance contribution, estimated in a specific direction at the occlusal surface,
of light that propagated through the lesion. L0 is the value of Llhrough obtained
with a cavity filled with water, which simulated sound enamel. μα c is the
decadic absorption coefficient of the light absorbing fluid and lc the average
path length through the cavity. When cavities were filled with a nonabsorbing light scattering suspension in low particle concentrations a similar
relation held with μαί replaced by ß'sc, the decadic reduced scatter
coefficient. μ\ c is defined as ß'sc=ßsc(l-gc),
with μ ΐ£ the decadic scatter
coefficient. gc is the asymmetry parameter in the cavity which was not
changed during the measurements. However, at higher particle
concentrations light extinction increased less than was to be expected based
on expression (Al.l). This was probably due to multiple scattering.
When dealing with teeth with naturally developed lesions only the
light extinction by all material between light source and detector can be
estimated. However, when using a point light source, emitting at a certain
wavelength, in the light source - detector geometry depicted in figure Al.l, it
is assumed that also in that case to a first approximation light extinction in
the enamel can be described by an expression similar to equation (Al.l)
V t o M A c .9» ) = Rd«KL«c (*/У/б„>« )
= RáeiKaml
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In the above equation is
fibre \

J

appwx ' тарртих J

[W-sr1] : Intensity emitted by the fibre.
[sr] : Function describing the effects
of the change in refractive index
at the enamel surface when light
enters the enamel.
[-] : Effective

(*'У)

thickness.

decadic
This

optical
quantity

includes the optical properties,
absorption and scattering, in the
enamel, and

the

distance

between light entrance and exit
position,
[m] : Enamel layer thickness between
light source and detector.
[sr 1 ] : Function describing the effects

<Хои,іХ>У)

of the change in refractive index
at the enamel surface when light
departs the enamel,
К

[sr] : Imaging properties of the
camera lens system.
[VW_1m2] : Response of the sensor.

R
Lxc {х>У, Кс 'Ψ™ )
а«{х'У'

осо<Росс)

[W-m^-sr1] : Radiance at the occlusal surface.
tV] : Detector output voltage.
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Figure 6.A1.1 Schematised optical system. Rdet is a cell of the CCD-chip. In the
light source - detector geometry т^ and a^ depend on the
position (x,y) at the occlusal surface.
With increasing mineral loss the optical thickness of the enamel layer
increases, as implicitly shown in the past with regard to white spot lesions
[ten Bosch et al, 1984; Brinkman et al, 1988; 0gaard and ten Bosch, 1994].
Consequently, quantitative FOTI may be based on measuring, increases in,
However, due to the tooth geometry, measuring x^{x,y) is subject to
large variations. To assess if part of these variations can be suppressed by
measuring x^{x,y) at two different wavelengths and determination of the
difference Teff(x,y,X2)-Teff(x,y,Xl)r
Δ ^ τ ^ (z,y), the wavelength dependence
of the quantities in expression (A1.2) is analysed. 1^е[\,θαπ^ ,φβρρπιχ ) can be
written as ν ^ , β ^ ,φ^ ) = Ф*іи(Хк, тпІ ,φ^,) in which Ф^ is the
source strength and и[\, аррТ0Х ,φαπη% ) a function describing the angular
intensity distribution. It is assumed that the wavelength dependence of this
distribution is neglectable, thus u\Xkfim„ ,φηψπα ) = и{ щті ,ц,19рпх ). In that
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case it can be assumed too that the wavelength dependence of am{\) is
small, hence am{\) = am. orm, is not only a function of wavelength, but also of
the position at the surface, i.e., aaul = ccml(Xlc,x,y). Assuming the surface area
above the lesion more or less flat, the dependence on the position can be
dropped. Consequently, characterising the entire lesion, also an average
decadic optical thickness, Ί^(λ^), was determined. The wavelength
dependence in αΜ,{\) is, to a large extent, caused by a change in the
distribution of incident angles at the enamel-air surface due to light
scattering and absorption in the lesion. After incorporation of this secondary
effect of lesion presence in ^ ( ^ ) , aoul (λ*) ~aml. The angular distribution of
the radiance at a point at the tooth surface is determined by light scattering
and absorption in the enamel and by the outer enamel surface layer.
However, the wavelength dependency of the effect of scattering and
absorption in the enamel on the angular radiance distribution at the enamel
surface was incorporated in x^{\). Thus, K(^), and consequently the
product К(1е,(/1)к)К(Д)к)Ф/Іі, becomes independent of the optical system between
fibre and detector. Hence, К а е і(^)^(^і) ф ^ c a n be determined by direct
illumination of the detector. In conclusion, in determining Δ^.^τ^ variations
in x^ (Afc ) induced by variations in optical coupling and small variations in
angle between fibre and enamel surface are suppressed.
Using the above, Δ^.^τ^ can be obtained from
f

Av^%

=_lo

Si

A

VJtâ

(A1.3)

in which Ah_K is defined as ыт,Ля{Х1)І
with V ^ . ^ A , ) and
лн,а.Лл{Х1),
Vsmra iel{X¡) measured when illuminating the detector directly with the fibre.
If it is assumed that, in case of small lesions, x^ (A* ) increases linearly
with average mineral loss [ten Bosch et al, 1984; Brinkman et al, 1988] then
estimation of х^ (A,. ) and Δ^_^τ^ are fully equivalent as a measure of mineral
loss. In case of a linear relation between Т^ (А^) and АС^, 7^ (A*) can be
written as
^eff(Xk)

= a(^)+b(Xk)&Cl

(A1.4)

я(Д*) is the value of 7^(4) measured when the approximal surface would be
sound and b (A* ) = d x^ (Aj )/d C,. In the following a {\ ) and b ( \ ) are expressed
in terms of the optical properties of sound and carious enamel.
103

Chapter 6

Ee{^,x,y)

= WTiXt'I'i>)Ie^'e°ppm2''(Pmmi>

(A1.5)

If the medium is also light scattering the irradiance consists of a component
through and past the lesion, or: Ee (\ ) = Ëlhmgk (Дк) + Ё(Ма,(Д1). In determining
Д-ц-л,^/ t n e c o m P o n e n t Ё^ДЯц) can be incorporated in а(\) and is further
neglected. If it is assumed that the lesion size, tc, is small compared to t then
Т^ (\ ) can be approximated as
Ъ(Ъ)-Ъ[Ь.М)+

\*&))Щ*Р*Л*І)+Ф.Л*ІІ))

<A1·6)

/^, is the average path length in the sound enamel. μα¡ÍH¡ and μ\/ίηΙ are the
absorption and reduced scatter coefficient of sound enamel, respectively. lc is
the average path length in the carious enamel. Δμ„ c and Afl'sc are the average
increase in absorption and reduced scatter coefficient of the enamel in the
lesion, respectively. Finally, in case of white spot lesions
dfac(\)+ß\,c(\))/dC,~dß\iC(Xk)/dCl=Constw(^)
[ten Bosch et al, 1984;
Brinkman et al., 1988]. In case of discoloured lesions, it is assumed that
d(Д, c (^)+^' S ( .(An))/dC ( = Const„(Aj). If, in addition, it is assumed that
Constw(\) = Const„(Д*) then, expressing a(\) and b(AJ in terms of the
optical properties of sound and carious enamel, я(А1) = Цд, sni (\)+ß's %ni (A^))

and
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Appendix 6.2 Influence of variation sources in the
validation method
If a validation method is subject to variations which have the same order of
magnitude as variations in the validated method, application of least-squares
linear regression is inappropriate. Furthermore, the correlation between the
data sets deteriorates compared to the situation in which the correlation with
some 'true' set of values would have been computed. In this part it is treated
how the influence of variation sources in the validation technique can be
resolved.
To calculate proper linear regression lines in situations as above,
several solutions have been proposed and the method suggested by Deming
[1943] was found to be the most useful [Cornbleet and Gochman, 1979].
Hence, the linear regression line was calculated using the Deming-algorithm.
The deterioration introduced by variations in the validation method
can be determined from assessment of the magnitude of variation sources,
i.e., an estimate of г(Дм_піт^,ДСІ) can be obtained. Assuming a perfect
correlation between Δ,,,.^τ^ and ДС,, and that a value г(Ды_г^т^,ДС,)<1 is
only caused by random experimental variations, then г(Ды_ыт^,ДС() can be
determined from a duplo-measurement using the expression [Ferguson,
1976]

If also biological variation in optical properties of the sound tooth causes a
т[Аы_ыт^,ДС,)<1, then use of expression (A2.1) overrates ^Δ,,,^τ^,Δϋ,). In
that case г(Ды_п,т?у, AC,) should be determined from [Ferguson, 1976]
г(Ды.п/т^,ДС() = -

г

= 1

=

(A2.2)

1+
»H-ríV /

If variation in lesion geometry deteriorates г(Ды_п,т#,ДС() too, or
εΑ T increases with lesion severity, also expression (A2.2) overrates
г(ды_п,тчГ, ДС,). If г(ДС(/ ДСШМ) is approximated using an approach as above,
a third approximation of г(Ды_гД#/ДС,) is obtained from [Ferguson, 1976]
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г(ЛС(/ АС,^) was approximated from a duplo-measurement.
Applying the above, to some extent the effect of using a validation
method which cannot be regarded as a "gold standard" can be resolved.

106

Chapter 7
Wavelength-dependent fibre-optic
transillumination of small approximal
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comparison to bitewing radiography
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7.1 Abstract
The mere detection of caries lesions is insufficient for optimal treatment
decision-making. Hence, the aim of this study was to investigate if
quantitative information about approximal lesion depth can be obtained from
a technique based on the wavelength dependency of light propagation and
additional use of a dye. Another aim was to compare the diagnostic
performance of the optical technique and bitewing radiography.
Measurements were performed on 33 extracted premolar teeth. 12 proximal
surfaces had white spot, and 17 had discoloured small lesions. Four surfaces
were sound. The teeth were transilluminated with a single glass fibre at the
approximal surface before and after dye application. The occlusal surface was
imaged with a CCD-camera. Light in the blue and red part of the electro
magnetic spectrum was selected using Schott glass filters. Average decadic
optical thickness differences, Аы_ыт^, were estimated and plotted as a
function of normalised lesion depth, d ш , established from histological
validation by two observers. The Spearman rank correlation was
h{Abi-rd*eff>dh,st) = 0-87 (95% CI: 0.74 .. 0.94). A marked increase in average
decadic optical thickness in the blue part of the electro-magnetic spectrum,
Δ-dy, %/ w a s observed for those lesions that, upon direct visual inspection of
the approximal surface, clearly showed dye uptake. Bitewing radiographic
depth ratings of two observers were plotted as function of dhisl . The
correlations were г$(амл,аш)
= 0.62 (95% CI: 0.34 .. 0.80), ? s (d M i 2 ,d f a s ( ) = 0.75
(95% CI: 0.54 .. 0.87), and between the observers rs{dMл,ам,2) = 0.44 (95% CI:
0.10 .. 0.69). The p-value of r s (A b ,. rá f^,d te( )-rs(dRA udhlsl ) and
r

s(Aw-n/%'dtei)-rs(dRA,2'dtei) w a s Pi = ° · 0 1 and Vi ~ ° · 0 8 ' respectively. It was
concluded that quantitative information about lesion depth can be obtained
optically. The dye penetrates into only a limited number of caries lesions, in
which cases dye uptake is detectable in a transillumination geometry. Under
the laboratory circumstances the optical technique performs as well as
bitewing radiography in the diagnosis of small approximal caries lesions.
Conditionally accepted by Caries Research 1996 as: Wavelength-dependent fibre-optic
transillumination of small approximal caries lesions: the use of a dye and a comparison to
bitewing radiography. J Vaarkamp, J J ten Boschx, Ε H Verdonschot and M С D N J M
Huysmans (xLaboratory for Materia Technica, Dental School, State University of
Groningen, The Netherlands).
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7.2 Introduction
Caries has become a slow process and when the oral conditions change
incipient lesions may fully remineralise [Pine and ten Bosch, 1996]. Therefore,
early and quantitative detection of caries lesions may lead to a shift from
restorative interventions to "curative" and preventive treatments [AngmarMänsson and ten Bosch, 1993]. To monitor the result of preventive treatment
a very sensitive quantitative method is required. Furthermore, to decide for
restorative intervention at "lesion progress into the dentine" [Verdonschot et
al., 1991], lesion depth has to be established. Consequently, for optimal
treatment decision-making the mere detection of lesions is insufficient and a
sensitive quantitative method to monitor lesion progress would be valuable.
Though the diagnostic sensitivity of ΡΟΉ for lesions progressed into
the dentine is significantly lower than that of bitewing radiography
[Vaarkamp et ai, 1996a], in previous research it was shown that quantitative
information about an approximal lesion is transferred to the occlusal surface
when transilluminating teeth [Vaarkamp et al, 1995]. In addition, where the
diagnostic performance of bitewing radiography for incipient lesions is
known to be low [Rüssel and Pitts, 1993; Svenson et al, 1994], small lesions
could be detected using wavelength-dependent fibre-optic transillumination
[Vaarkamp et ai, 1996b]. Though no distinction could be made between
white spot and discoloured lesions, it remains to be investigated if
wavelength-dependent fibre-optic transillumination has a better diagnostic
performance than bitewing radiography.
At visible surfaces the visual appearance of lesions provides some
information about the lesion process and activity, since of "older",
discoloured lesions it is assumed that the surface porosity decreases [Bibby,
1971]. This may prohibit dye penetration. On the other hand, it has been
shown that artificially demineralised white spot lesions can be stained,
thereby increasing the colour contrast [O'Brien et al., 1989]. Moreover, in a
transillumination geometry and measured on whole teeth with both natural
and artificial white spot lesions, the correlation between fluorescent dye
signal and average mineral loss was r= 0.86 (95% CI: 0.70 .. 0.94) [van de
Rijke et ai, 1991]. Hence, to distinguish white spot from discoloured lesions at
surfaces which cannot be inspected visually, dye application may be a
fruitful approach.
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The aims of the present research were to investigate, firstly, if it is
possible to obtain quantitative information about approximal caries lesion
depth using tooth transillumination at different wavelengths, secondly, if it is
possible to differentiate between approximal white spot and discoloured
caries lesions and, thirdly, if there is a difference in diagnostic performance
between bitewing radiography and wavelength-dependent tooth
transillumination.

7.3 Materials and methods
7.3.1 Tooth material
In this study freshly extracted premolar teeth with naturally developed small
approximal caries lesions were used. A total of 33 approximal surfaces was
investigated. Four surfaces were clinically sound, 12 had a white spot and 17
had a discoloured lesion. A lesion was classified as discoloured when, part
of, the lesion had a yellow-brownish or darker appearance. The teeth were
stored in water at room temperature between measurements.
7.3.2 Optical measurements
Optical measurements were performed before and after dye application. The
approximal surfaces of the premolar teeth were illuminated using a single
fibre ( 0 300 μπι). On the other end of the fibre the incandescent wire of a 20
W halogen light bulb was projected with an objective (20x). A water film was
used to improve optical coupling between enamel and fibre. The occlusal
surface was imaged using a CCD-camera. Light in the blue and red part of
the electro-magnetic spectrum was selected by putting the Schott glass filters
BG23 and RG610, respectively, between detector and occlusal tooth surface.
The experimental set-up for the optical measurements is depicted in figure 1.
In the area above the lesion position the average effective optical thickness
difference, Abl_rdT^, was determined for every approximal surface. Elsewhere
a more detailed description of these optical transillumination measurements
and the definition of Α,,,^τ^ was given [Vaarkamp et al., 1996b].
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CCD

Schott glass

Fibre
Figure 7.1 Schematic outline of the experimental set-up.
After measurement of Аы_ыт€ the optical coupling fluid was removed
with a tissue. The tooth was dried with warm air for 1 min using a hair drier.
Subsequently, a drop of water saturated with the red dye E124 was put on
the approximal surface for 5 min. The excess dye was removed using water
and a tissue. Subsequently, the increase in decadic optical thickness at the
blue part of the electro-magnetic spectrum due to dye imbibition, Adye τ^, was
measured.
7.3.3 B i t e w i n g radiography
After performing the optical measurements the premolar teeth were
mounted in rubber blocks in which also a C, Mi and M2 were fixated. Of
these artificial jaws bitewing radiographs were made (70 kV; 15 mA; E-speed
film), using a 1.5 cm thick acrylic layer to simulate the soft tissues. The
bitewing radiographs were developed under standardised conditions and
scored by two dentists on a four point ordinal scale: 0 = no signs of
déminéralisation; 1 = déminéralisation confined to the outer half of the
enamel layer; 2 = déminéralisation into the inner half of the enamel layer; 3 =
déminéralisation progressed into the dentine.
7.3.4 Histological validation and dye penetration depth
After performing the measurements, teeth were stored in water for 2 weeks.
From the visual appearance of the outer approximal surface it was judged if
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the dye had diffused out of the lesions. After these 2 weeks, the teeth were
once again dyed. Subsequently, approximately 0.75 mm thick sagittal slices
were cut from the teeth with a water-cooled diamond coated saw (blade
thickness 0.5 mm). Based on the clinical appearance cuts were made such that
the slice contained the central part of the lesion. It was verified how deep the
dye had penetrated the lesion. The maximum lesion depth and, dependent
on lesion progress, the local enamel or dentine layer thickness was assessed
independently by two observers on a continuous scale from direct visual
inspection under a stereo microscope (2.5x). The samples were placed on a
diffuse light source. Similar to the bitewing radiographic rating scale, the
normalised lesion depth, d tet , was obtained by division of the maximum
lesion depth by the local enamel or dentine layer thickness established by the
dentist.
7.3.5 Statistics
95% confidence intervals of the correlation coefficients f were calculated and
the difference between two correlation coefficients was tested using the
methodology described by Ferguson [1976]. To calculate 95% confidence
intervals, values of r were transformed to values zr using the transformation

The standard error of zr is given by

(2)

è

^ih

in which π is the number of surfaces. The 95% confidence interval of zr is
given by
[zr-têZr..zr

+

têZr]

(3)

in which t is the critical value of the t distribution at the 5% significance level
and at n-1 degrees of freedom. After converting back to f-values, the 95%
confidence interval of f is obtained.
Assuming independence between the data obtained to calculate the
correlation coefficient for wavelength-dependent transillumination and
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bitewing radiography, the statistical significance of the difference is tested by
calculating the normal deviate
2, = ,

(4)
3

И

3

М-- МУ ·*- )
and estimating the p-value p,.

7.4 Results
In figure 2 the average decadic optical thickness difference, АЫ.ГД^, is
plotted as a function of normalised lesion depth established from histological
validation, dhlst. The Spearman rank correlation between Δ,,,.,,,τ^ and dhlst
was г5(Ьы_ыТ0,аш) = 0.87 (95% CI: 0.74 .. 0.94). The correlation between
^ы-rä^eff a n d ^tei f ° r white spot and discoloured lesions separately was
ЧК-ыЪм>*ш)
= 0.77 (95% CI: 0.40 .. 0.92) and г Д А ^ т ^ A, s l ) = 0.84
(95% CI: 0.62 .. 0.94), respectively. The Pearson correlation between the
normalised lesion depths assessed by the two observers was г[аш,аш^
0.97 (95% CI: 0.94 .. 0.99).
In figure 3 the increase in average optical thickness at the blue part of
the electro-magnetic spectrum due to dye imbibition, аауеТ^, is plotted as a
function of d hBl. Except for a distinct reddish glow at the surface of two white
spot lesions which remained throughout two weeks of storage in water, after
three days no visual evidence of the dye was present at the tooth surface.
After again staining the lesions, it was observed in the sections that, if a dye
penetrated through the lesion surface, the whole lesion body was
impregnated.
In figure 4 bitewing radiographic scorings of two observers are plotted
as a function of dhisl. The correlations were rs{dRAA,dlml) = 0.62 (95% CI: 0.34 ..
0.80) and Гц(аМі2,аш) = 0.75 (95% CI: 0.54 .. 0.87), respectively. The
correlation between the two observers was г$(амл,аМіг)
= 0.44 (95% CI: 0.10
.. 0.69). Zj = 2.36 and z2 = 1.39, corresponding to a statistically significant
difference between wavelength-dependent transillumination and bitewing
radiography at the γχ = 0.01 and p2 = 0.08 level, respectively.
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Figure 7.2. Average decadic optical thickness difference, Abl_rdT^ff, as a function
of normalised lesion depth established from histological validation,
dhist. Discoloured and white spot lesions which infigure3 show a
marked increase in average optical thickness due to dye uptake are
indicated with filled squares and circles, respectively.
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Figure 7.3 Increase in average decadic optical thickness in the blue part of the
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function of normalised lesion depth established from histological
validation, dhist.
114

Quantitative diagnosis using wavelength-dependent FOTI and a dye

3-. D

D D DD

2-

2-

DEE

DD

CD D

»ч

Ui

О

О

ài

D ΠΊΙΤΠ

З-і

Ι

шаш

Observer 1
rs = 0.62 (95% CI: 0.34.. 0.80)

ОЩш-вшΟ

i-B-

DEJ

Normalised lesion depth

-i

Ρ

1-Е] Ш И Ш

Observer 2
rs = 0.75 (95% CI: 0.54.. 0.87)

0® ODD
0

—I

DE}

Ρ

Normalised lesion depth
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normalised lesion depth established from histological validation,

7.5 Discussion
In this study the maximum normalised lesion depth was considered the main
characteristic of caries lesions. The high correlation between normalised
lesion depths assessed by the two observers suggests that normalised lesion
depth can be reproducibly estimated. However, an important problem of
sagittal tooth sections is that the slice may not contain the maximum extent of
the lesion. Hence, not all sources of variation show up in reassessing the
normalised lesion depth by a second observer. Nevertheless, it is assumed
that due to the relatively thick samples this risk is low. To account for
biological variation in enamel or dentine layer thickness the maximum lesion
depth was divided by this local layer thickness. Since additional variation is
introduced, the inter-observer correlation decreases somewhat.
As main characteristic of lesions also average mineral loss is frequently
used. Since lesion depth and average mineral loss, AC, are only moderately
correlated, one particular lesion parameter may not suffice to fully define
lesion severity [Chapter 3]. Hence, the choice of a lesion parameter may
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influence a comparison with the outcomes of a diagnostic technique. Since
the signal in wavelength-dependent transillumination is determined by the
combination of affected volume and the severity of mineral loss, it is to be
expected that the correlation coefficients Щы-ы^>dш) ( ° · 8 7 ( 9 5 % C I : ° · 7 4 ··
0.94)) and г(Д ы _ г ^,АС) (0.79 (95% CI: 0.47 .. 0.93) [Vaarkamp et al, 1996b]),
are comparable to the correlation coefficient г{аш,&С) (0.71 (95% CI: 0.67 ..
0.74)[Chapter 3]).
The data in figure 2 indicate a non-linear relation between Аы_ыт^ and
normalised lesion depth. Hence, the Spearman rank correlation coefficient
^(^ы-пі >&hist) w a s used. At any specific lesion depth the ДЫ_Г(,?^ of a
discoloured lesion seems somewhat larger than the àbl_Tdl^ of a white spot
lesion. Nonetheless, in view of the large variations, the correlation between
д
ы-гД<# a n d ^tei w a s based on discoloured and white spot lesions together.
From figure 3 it can be concluded that with additional use of a dye an
increased number of small lesions can be correctly diagnosed. However, no
relation between the measure for lesion severity, lesion depth, and the
measure for dye uptake, Δ ^ τ ^ , was observed. In addition, no evidence of
dye penetration was visible on the surfaces for which no marked increase in
^dye^cff occurred. It requires further investigation why the dye did not
penetrate into some of the lesions. Consequently, though using this particular
dye no additional information about the "lesion progress into the dentine"
point is obtained, if, indeed, only the active lesions with a high surface
porosity absorb the dye, measuring the increase in average optical thickness
due to dye imbibition may still be a valuable tool. In particular, because
information about surface porosity cannot be obtained by tooth separation.
When disregarding the one exception for which the dye had penetrated
into the white area surrounding the discoloured lesion, Δ ^ ϊ ^ increased
more for the white spot than for the discoloured lesions, i.e., when actually
staining occurred. This may be caused by a greater amount of dye uptake,
but may also be due to the fact that an increase in absorption coefficient in a
scattering object causes a greater increase in extinction than the same amount
of absorption coefficient increase in a non-scattering light absorbing object.
The increase of Δ ^ τ^ for the sound surfaces may be due to dehydration of
the enamel. This increases the scattering in the enamel [Brodbelt et al, 1981]
and thus reduces the amount of transmitted light. The effect on the measured
Δ^„ Trf for surfaces with caries lesions is unknown.
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In a previous study, in which a fluorescent dye was used, a substantial
correlation with average mineral loss was obtained and all lesions showed
dye penetration [van de Rijke et al, 1991]. This may be explained by two
factors. First of all, in that study small artificial lesions and smaller, and
hence possibly still active, natural lesions were used. In larger older lesions
periods of remineralisation may have occurred degenerating the relation
between lesion porosity and both average mineral loss and lesion depth.
Secondly, the lesion characteristic mineral loss is probably a more direct
measure of lesion porosity than the characteristic lesion depth.
In accordance with other studies [Arnold, 1983; Mileman, 1985;
Verdonschot et al., 1993], the data in figure 4 demonstrate that there is a
considerable inter-observer variation in the interpretation of approximal
caries from radiographs, which was quantified by the Spearman rank
correlation. Consequently, such an assessment of lesion depth using bitewing
radiography is not very reliable.
The data in figure 2 and 4 indicate that wavelength-dependent
transillumination performs as well as bitewing radiography in the diagnosis
of small approximal caries lesions. To test the difference in diagnostic
performance between wavelenght-dependent transillumination and bitewing
radiography statistical independence between the data obtained in figure 2
and 4 was assumed because wavelength-dependent transillumination and
bitewing radiography are two entirely different methods. If the
independence assumption is not completely valid, because the same teeth
were used, in this approximation the actual significance level is somewhat
overestimated. In addition, as is common practice in dentistry, an ordinal
scale was used to score the bitewing radiographs. However, in this process
information is lost. Consequently, when the aim is to compare the
performance of two diagnostic techniques the power of the study design is
somewhat reduced.
Figure 2, 3 and 4 contain all information obtained about the diagnostic
techniques. From figure 2 the relation between Aw_rJT^ and dhtst can be
derived. If using only wavelength-dependent transillumination for operative
intervention decision-making, i.e., to determine the "lesion progress into the
dentine" point, the optimal cut-off level has to be determined. In a future
research it should be established how well this technique performs in terms
of proportions of correctly identified diseased and sound surfaces using that
cut-off level. Note however, that in a previous research it was shown that the
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outcomes of these calculations are strongly dependent on the distribution of
lesion characteristics in the sample [Vaarkamp et al. 1996a]. To obtain valid
sensitivity and specificity values only an at random selected population can
be used. E.g. in this research this condition would be severely violated.
Finally, it has been shown that when the correlation coefficient between
measured and "true" quantity of a certain diagnostic technique is highest, for
any population not only the performance in terms of sensitivity and
specificity will be highest, if the population characteristics are known also
sensitivity and specificity can be calculated [Chapter 8].
Optical techniques have an important clinical advantage over bitewing
radiography, since that they are repeatable without risk to the patient. Hence,
wavelength-dependent transillumination can be applied for monitoring
purposes. However, the measurement system described in this study has to
be miniaturised before the technique, with or without additional use of a dye,
can be applied in vivo.
In summary, quantitative information about lesion depth can be
obtained with wavelength-dependent transillumination. The dye penetrated
into only a limited number of caries lesions, in which cases dye uptake was
detectable in a transillumination geometry. Results indicate that under the
laboratory circumstances the optical technique performs as well as bitewing
radiography in the diagnosis of small approximal caries lesions.
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'All of it, all of it, all of it stripped down
All of it, all of it, all of it to truth and bone'
Heather Nova
"truth and bone"
Oyster
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8.1 Abstract
The ultimate goal of the research project described in this thesis is to develop
a sensitive, optical procedure to enable quantitative diagnosis of initial
approximal caries lesions. To be able to evaluate if the goal has been achieved
some aspects of quantifying diagnostic performance are outlined. A scheme
is indicated to determine for any population the sensitivity and specificity of
procedures to diagnose caries lesions. With respect to early detection it
follows that, under the laboratory circumstances, with the developed
wavelength-dependent transillumination procedure approximal caries
lesions with depths larger than approximately 0.5 mm are detectable. With
respect to quantitative detection it follows that after lesion identification,
changes in lesion depth of approximately 0.16 mm are detectable. Under the
laboratory circumstances the optical technique performed better than two
observers of bitewing radiographs at a p-level pa = 0.01 and p 2 = 0.08,
respectively. In this general discussion as well, research is proposed to
further evaluate and improve the wavelength-dependent transillumination
procedure before it is tested in vivo. It is concluded that a sensitive, optical
procedure has been developed which may enable a quantitative diagnosis of
initial approximal caries lesions.

122

General discussion: Sensitive and Quantitative optical detection

8.2 Introduction
The clinically available instruments to diagnose approximal caries lesions are
inadequate to detect lesions early and quantitatively. In the preceding
chapters the work done to develop a diagnostic technique for this purpose is
described. In this general discussion the main findings are analysed and
extrapolated. In addition, overall conclusions are drawn.

8.3 Measuring diagnostic performance
8.3.1 Conditions imposed on performance measures
In a diagnostic procedure information gathering and decision-making should
be distinguished. A diagnostic technique provides information, which may
not always be valid. The, human, operator interprets this information and
comes to a diagnostic and a treatment decision. Decisions which may not be
optimal, either. Consequently, different quantities are required to specify the
diagnostic information provided by the technique and the data processing by
an operator.
The result of data processing by an operator is some decision. A
diagnostic decision, which for now is assumed to be dichotomous, is not only
based on information about the disease status. Since diagnostic and treatment
decisions are strongly related, personal judgements about the consequence of
false positive and false negative decisions play a role, too, in the
interpretation of the provided, objective information [Kay and Nuttall, 1994].
When keeping the information content constant, as is the case when a set of
bitewing radiographs is scored by several observers, the quality of this
decision-making can be evaluated in terms of, e.g., the total fraction of
erroneous decisions. Using this performance measure, optimal performance
for an observer is achieved at one specific decision threshold. However,
when using this particular performance measure equal weights are put to
false positive and false negative decisions. Dentists in particular try to avoid
false positive decisions [Kay and Nuttall, 1994]. Yet, the extent in which
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varies between dentists [Kay and Knill-Jones, 1992]. By changing the cut-off
level the operator can adapt the fraction of false positive and false negative
decisions to a level considered to be optimal. Consequently, though the
absolute number of erroneous decisions may increase, in the perception of
the operator the diagnostic performance has increased. To evaluate, human,
decision-making, the receiver operating characteristic (ROC) method is the
appropriate technique.
To evaluate the quality of information provided by a diagnostic
technique, a quantity independent of the actual distribution of lesion
characteristics should be used. Due to the shape of the distribution of lesion
characteristics in populations, the ROC-method is dependent on the actual
distribution in a sample [Chapter 2]. On condition that the magnitude of
random variations in a measurement is independent of lesion severity, the
correlation coefficient is a quantity that meets the above requirement. If a
sufficient number of surfaces is included in the sample, this condition can be
verified in a plot of dependent versus independent variable. If the condition
is violated, the correlation coefficient becomes dependent, too, on the
distribution of lesion characteristics in the sample. However, in case of
multiplicative random variations a transformation can solve that problem.
An additional requirement to obtain valid correlation coefficients is that the
entire range of interest occurring in the population is included in the sample.
Moreover, in chapter 6 it is shown that to obtain valid correlation coefficients
also the random variations in the validation method should be small
compared to those in the validated method.
In conclusion, to establish the quality of information provided by a
technique used to diagnose caries lesions, the relation between dependent
and independent variable should be quantified.
8.3.2 Determination of sensitivity and specificity
The diagnostic applicability of a technique is not only determined by the
quality of the technique. Also the characteristics of the population in which
the technique has to be applied play a role. In this section it will be shown
how the properties of the population are incorporated in the sensitivity and
specificity of techniques to diagnose caries lesions. In addition, a scheme is
indicated to determine sensitivity and specificity.
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Figure 8.1 Imaginary example of a plot of measured versus true lesion depth in
a 'stratified' random sample (a) and the distribution of lesion depths
ht[dt) ina population, ι (b). Indicated are the linear regression line
dm=bd, + a, the 95% confidence interval around the regression
line, the standard error ed in a measurement of dm, the cut-off
levels DEJm and DE]„ and the pulp P,. Surfaces in the areas II and
III are correctly diagnosed as sound and diseased, respectively.
Surfaces in the area I and IV are erroneously diagnosed as diseased
and sound, respectively.
The direct way to determine sensitivity and specificity in a particular
population is establishing the true disease status in a random sample from
that population. Unfortunately, in the absence of a 'gold standard' in this
situation, such an approach is not feasible. However, assuming that the
conditions to obtain a valid correlation coefficient are fulfilled, because of the
independence of the distribution of lesion properties in the sample, for any
population sensitivity and specificity can be calculated from the correlation
coefficient. To this end the distribution of lesion characteristics in the
population in which the technique has to be applied should be known. In
addition, a cut-off level should be chosen. In figure 1 an imaginary example
is given with lesion depth as variable. In figure la lesion depth measured
with a certain diagnostic technique, dm, is plotted versus true lesion depth,
dr In this example the cut-off level is at lesion progress into the dentine,
DE},. Ρ, indicates the pulp. Surfaces in the areas indicated with II and III are
correctly diagnosed as sound and diseased, respectively. Surfaces in the areas
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I and IV are false positive and false negative, respectively. In figure lb the
lesion depth distribution, h,(d,), in a certain, target population, i, is plotted.
To calculate the sensitivity and specificity in the population i it is required
only that the entire range of lesions depths occurring in i is included in the
sample used in figure la.
If it is assumed that random variations around the regression line are
normally distributed, sensitivity φ, and specificity ψ, in population i follow
from
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The standard error ε^ i n a measurement of dm can be calculated from the
correlation coefficient r{dm,d,) using equation 6.A2.2.
Apart from being a scheme to calculate sensitivity and specificity, from
the above also the influence of the diagnostic technique and the population
properties on the resulting sensitivity and specificity is made clear. Without
actually calculating sensitivity and specificity, it can be concluded that, if
both techniques operate at the same cut-off level, both sensitivity and
specificity are highest for the technique with the highest correlation
coefficient. The two diagnostic techniques are applied in the same
population. Hence, for both techniques the distribution functions of lesion
characteristics are equal. However, if the cut-off levels at the d,-axis are not
the same for both techniques, it is possible that with the technique with the
lowest correlation the highest number of correct decisions is made. When
different cut-off levels are used, the distribution of lesion characteristics in
the population cannot be omitted from the analysis. Finally, it should be
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noted that for 'correct decisions' as performance measure, also some other
combination of true and false positive and negative numbers can be defined.
In the example a linear relation between dependent and independent
variable is assumed. In itself this is not a requirement. Yet, in case of a non
linear relation the condition ed *eim{dm) is easily violated. Though the
concept of calculating sensitivity and specificity remains valid, ε^ has to be
estimated at all dm in that case.
In chapter 2 another approach is outlined to estimate sensitivity and
specificity of a diagnostic technique. It was concluded that for the two
clinically applied techniques bitewing radiography and FOTI, having
comparable specificities, FOTI sensitivity is significantly lower than the
sensitivity of bitewing radiography. It should be noted, however, that in the
approach of chapter 2 specificity and, in particular, sensitivity are
overestimated. Because the methods described in the above and in chapter 2
use different assumptions, it may be useful to apply both approaches in one
study. In that case the function h, (d, ) has to be established. Unfortunately, as
stated a 'gold standard' is not available for this purpose. Hence, the function
should be approximated for which different approaches can be chosen. One
option is to assume that the distribution of lesion depths in a population is
the same as the distribution of MF-scores. A second option is to determine
the distribution of lesion depths with the diagnostic technique of which
sensitivity and specificity have to be determined. Subsequently the function
h r (d, ) can be calculated from the relation between measured and true lesion
depth.
In conclusion, in case of the diagnosis of caries lesions, for any cut-off
between sound and diseased and for any population, sensitivity and
specificity can be calculated from the relation between dependent and
independent variable.
8.3.3 O p t i m i s i n g a diagnostic procedure
After having assembled all information, a dentist has to make a treatment
decision. Given the imperfect set of diagnostic techniques, he or she may
wish to optimise the diagnostic process. To that end in practice, implicitly or
subconsciously some function of true and false positive and negative
numbers is minimised, e.g., f(TN,FN,TP,FP) = (FN + -¡FP)/(TN + FN + TP+FP).
In this function γ is a weight factor ultimately determined by personal
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8.4 Measuring caries lesion characteristics
8.4.1 Performance of wavelength-dependent transillumination
Often, and also in the previous sections, lesion depth is regarded as the
parameter characterising lesions. Using lesion depth as characteristic, under
the laboratory circumstances lesions with depths of approximately 0.5 mm
can be detected with the wavelength-dependent transillumination procedure
outlined in chapter 6 and 7. This estimate is obtained by adding two times
the standard error to the average decadic optical thickness difference of
sound teeth and using figure 7.2. Once an optical measurement has been
performed, under the laboratory circumstances changes in enamel lesion
depth of approximately 0.16 mm are detectable. This is estimated in a similar
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way as in chapter 3, using the reproducibility of establishing the decadic
optical thickness difference. Also, in chapter 3 it is shown that with bitewing
radiography, under laboratory conditions too, only changes larger than
approximately 0.32 mm are detectable. In chapter 7, under laboratory
circumstances, the optical technique performed better than two observers of
bitewing radiographs at a p-level px = 0.01 and p2 = 0.08, respectively.
8.4.2 Further tests of wavelength-dependent transillumination
For the minimal depth at which a lesion can be detected and changes in
lesion depth that can be detected, different numbers are found. This may be
caused by biological variation in optical properties of the sound enamel and
tooth geometry. If variation in optical properties of sound enamel contributes
notably to the total variation, smaller lesion may be detectable from an
additional measurement of the scatter coefficient on a free flat tooth surface.
In vivo the scatter coefficient can be measured using the Optical caries
monitor' [ten Bosch et al, 1984]. In such an approach it is assumed that
everywhere in the sound enamel the scatter coefficient is the same.
In the experiments described in this thesis only premolar teeth were
used. If the wavelength-dependent transillumination procedure is also to be
applied on molar teeth, a new decadic optical thickness difference average
level when the approximal surface is sound has to be measured.
Alternatively, from the scatter coefficient measured on a free surface and the
measured distance along the beam between fibre tip and occlusal surface, the
decadic optical thickness of the approximal enamel layer in the absence of a
caries lesion can be approximated. Measuring both thickness and optical
thickness of the enamel layer might reduce the size of detectable lesions, too.
In chapter 7 it was shown that smaller lesions could be detected when
using the dye E124. However, the dye did not penetrate into some of the
lesions. Hence using this approach some lesions will remain undetected.
Nevertheless, if only active lesions with a high surface porosity absorb the
dye, measuring the increase in average optical thickness due to dye
imbibition will be a valuable tool. Some information about surface porosity
can be derived from comparing local mineral loss of lesions in which the dye
did and did not penetrate. To establish if mineral loss would be the only
factor, experiments with artificially demineralised and remineralised lesions
could be performed
129

Chapter 8

The visual appearance of permanent teeth changes in the cause of time
[Young et al, 1994]. This indicates that the optical properties change. To
decrease the depth at which a lesion can be detected and to avoid
misinterpreting an increase in decadic optical thickness difference as lesion
progress, it may be useful to investigate the magnitude of the effect in
permanent and deciduous teeth.
The estimates of detectable changes in lesion depth are based on
reproducibility measurements. Experimental estimates can be obtained from
teeth with lesions which are artificially demineralised in steps. In addition,
from such experiments it can be established if properties of the sound
enamel, apart from an offset level, further influence the signal at the occlusal
surface. The slopes of curves of the decadic optical thickness difference
versus lesion depth should be the same for all teeth. To obtain some
information about the influence of lesion shape on the signal the results from
measurements with artificially demineralised lesions can be compared to
results from measurements with the experimental model developed in
chapter 5.
8.4.3 Expansion of wavelength-dependent transillumination
From a model simulating approximal caries lesions in teeth, in chapter 5 it is
inferred that light propagation through the approximal enamel layer can be
described by the Beer-Lambert law. However, the contribution to the signal
induced at the occlusal surface by the lesion part in the dentine is small. No
solution has been obtained to extract information about this lesion part in the
dentine. Since there is a tendency to postpone restorative intervention as long
as possible, i.e., beyond lesion progress reaching the dentine, this subject may
become more important in the near future. To use information about what is
occurring in the enamel for this purpose may be somewhat risky. The
decadic optical thickness difference may reduce again when macroscopic
cavitation starts.
Another aspect for which no solution has been obtained is
differentiation between a low average mineral loss extending over a large
volume and a high average mineral loss extending over a small volume.
Experiments as proposed in the previous section may be helpful to generate
ideas to solve this problem. However, measuring only one parameter to
characterise lesion progress may prove to be insufficient.
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In experimental research the diagnostic test outcome is generally
validated using only one parameter for which lesion depth, average mineral
loss, or total mineral loss are being used. When using only one validation
parameter, it is assumed, whether or not explicitly, that the validating
quantity of choice is the parameter specifying caries lesions. In addition, it is
assumed, whether or not explicitly, that the chosen validating parameter is
inducing the signal of the diagnostic technique. In reality the optical test
outcome is roughly determined by a combination of lesion depth, average
mineral loss, and total mineral loss. Since for different diagnostic techniques
the extent to which the diagnostic test outcome is determined by these
parameters may vary, the measured diagnostic performance is influenced by
the chosen validation parameter. Hence, in chapter 6 and 7 the optical signal
was plotted as function of average mineral loss and lesion depth,
respectively.
In chapter 3 a simplified description of a tooth with an approximal
caries lesion is introduced. In that description three parameters are used to
characterise an enamel lesion. Hence, if lesions are not characterised by one
parameter, the parameter chosen to validate diagnostic techniques may
influence the outcome of a comparison. To determine multiple parameters or
to obtain even a 3D image of the caries lesions one light source and detector
position will not do. From research reported in chapter 3 it can be concluded
that, in case of ordinary transillumination imaging of a defect hidden in a
turbid medium, the 2D image resolution is worst when the defect is near the
illuminated surface.
Recently results of a 'tomographic' approach were published [Devaraj
et al., 1995]. However, at the moment the spatial resolution, approximately
0.5 mm, is low and light source and detector positions were used which in
vivo cannot be utilised. To validate results from such techniques also a
validation procedure is required that can supply a 3D image of the lesion. To
this end it is an option to combine the wavelength-independent
microradiography method [Herkströter et al, 1990; Herkströter and ten
Bosch, 1990] as refined by [de Josselin de Jong et al, 1995] with back
projection algorithms [Frieden, 1980].
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8.5 General conclusions
The project described in this thesis produced the following results:
- For the two clinically applied techniques bitewing radiography and
ΡΟΉ, having comparable specificities, ΡΟΉ sensitivity is significantly
lower than the sensitivity of bitewing radiography.
In the diagnosis of caries lesions sensitivity and specificity are
determined by the performance of the diagnostic technique and the
distribution of lesion characteristics in the population in which the
diagnostic technique is applied.
To evaluate the performance of a technique to diagnose caries lesions,
the relation between dependent and independent variable should be
established and quantified with a correlation coefficient. The receiver
operating characteristic method should be used to analyse, and
optimise, decision-making in a diagnostic procedure.
- From a model simulating approximal caries lesions in teeth, it is inferred
that light propagation through the approximal enamel layer can be
described by the Beer-Lambert law. In addition, the contribution to the
signal induced at the occlusal surface by the lesion part in the dentine is
small.
Since lesions are not characterised by one parameter, the parameter
chosen to validate diagnostic techniques may influence the outcome of a
comparison.
- An optical procedure using two wavelengths has come available for
which it is inferred that under the laboratory circumstances lesions with
a depth of approximately 0.5 mm are detectable. In addition, after lesion
identification changes in lesion depth of 0.16 mm should be detectable.
With additional use of a dye an increased number of small lesions can be
correctly diagnosed. In addition, in that case a distinction can be made
between white spot and discoloured lesions.
Under laboratory circumstances the optical technique performed better
than two observers of bitewing radiographs at a p-level p a = 0.01 and p2
= 0.08, respectively.

132

General discussion: Sensitive and quantitative optical detection

8.6 References
ten Bosch JJ, van der Mei HC, Borsboom PCF: Optical monitor of in vitro
caries: a comparison with chemical and microradiographical
determination of mineral loss in early lesions. Caries Res 1984;18:540-547.
Devaraj B, Kobayashi M, Usa M, Takeda M, Inaba H, Ishihata H, Horiuchi H:
First demonstration of laser computed tomography of human tooth by
coherent detection imaging. Electron Lett 1995;31:874-876.
Frieden BR: The computer in optical research, methods and applications: Topics in
Applied Physics, Vol 41 (Berlin, Springer-Verlag, 1980).
Herkströter FM, ten Bosch JJ: Wavelength-independent microradiography: A
method for non-destructive quantification of enamel and dentin mineral
concentrations using polychromatic X-rays. J Dent Res 1990;69:1522-1526.
Herkströter FM, Noordmans J, ten Bosch JJ: Wavelength-independent
microradiography used for quantification of mineral changes in thin
enamel and dentin samples with natural surfaces, pseudo-thick tooth
sections, and whole teeth. J Dent Res 1990;69:1824-1827.
de Josselin de Jong E, Sundström F, Westerling H, Tranaeus S, ten Bosch J]
Angmar-Mânsson В: A new method for in vivo quantification of changes
in initial enamel caries with laser fluorescence. Caries Res 1995;29:2-7.
Kay EJ, Knill-Jones R: Variation in restorative treatment decisions:
application of Receiver Operating Characteristic curve (ROC) analysis.
Community Dent Oral Epidemiol 1992;20:113-117.
Kay EJ, Nuttall NM: Relationship between dentists' treatment attitudes and
restorative decisions made on the basis of simulated bitewing
radiographs. Community Dent Oral Epidemiol 1994;22:71-74.
Young L Jr., Glaros AG, Moore DJ, Collins JF: Assessing shade differences in
acrylic resin denture and natural teeth. J Prosthet dent 1994;71:575-580.

133

Compendium

'And when my time has come
IWÜ1 look back and see'
Chris Rea
"Gone Fishing"
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Summary
The ultímate aim of the research project described in this thesis is to develop
a clinically applicable optical method enabling an early and quantitative
diagnosis of approximal caries lesions. To this end it is required to
comprehend the major, optical processes when teeth are being
transilluminated to detect approximal caries lesions. Hence, acquiring such
an understanding is regarded a major aim, too.
Some background information about the research area is provided in
chapter 1. Subsequently, for two state-of-the-art techniques, i.e., bitewing
radiography and fibre-optic transillumination (ΡΟΉ), in chapter 2 a measure
for diagnostic performance in detecting dentinal approximal caries lesions is
estimated. It is shown that the sensitivity of the existing ΡΟΉ technique is
significantly lower than the sensitivity of bitewing radiography. In addition,
it is shown that sensitivity and specificity are not only determined by the
performance of a diagnostic system but also by the distribution of lesion
characteristics in the sample.
Though establishing the diagnostic performance of ΡΟΉ and bitewing
radiography does answer the question which diagnostic performance a
newly developed technique should have to achieve a diagnostic gain, the
question why FOTI performs worse than bitewing radiography remains
unanswered. Nor does it become clear from such research if ΡΟΉ can be
improved. Hence, in chapter 3 factors that determine the performance of an
optical technique to detect hidden defects in the turbid medium 'tooth' are
analysed in more detail. The prime result of this chapter is an
operationalisation of the problem definition.
To narrow down the problem further, values for the material
properties of the dental hard tissues are required. Hence, in chapter 4 optical
anisotropy of sound enamel and dentine is studied. In addition, the
asymmetry parameter of sound enamel is approximated. Furthermore,
imbued by the spirit of times, a simple computer model is developed to
describe light propagation through teeth. Since the simultaneously gathered
experimental results show that the basic algorithm is less suitable to describe
light propagation through teeth, the computer model is abandoned. Instead,
to investigate the relation between signal at the occlusal surface and
approximal lesion parameters, work on an experimental model is initiated.
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In chapter 5 measurements are reported with simulated approximal
caries lesions embodied in teeth. It is concluded that the relation between the
change in optical properties at the approximal surface and the measured
radiance at the occlusal surface can be approximated with the Beer-Lambert
law. Secondly, it is concluded that the ΡΟΉ signal at the occlusal surface is
largely determined by the part of the lesion in the enamel.
Based on the results obtained for the well defined simulated caries
lesions and within the framework of a simplified model describing light
propagation through teeth, in chapter 6 the relation between changes in
optical properties induced by naturally developed caries lesions at the
approximal surface and measurable optical changes at the occlusal surface is
derived. It is shown that, because of the transition in refractive index, light
entrance of, and light departure from, the enamel is a major source of
variation. These variations can be suppressed by transillumination at two
different wavelengths and determining the average decadic optical thickness
difference.
In chapter 7 the relation between decadic optical thickness difference
and approximal caries lesion depth is investigated. Secondly, the added
value of additional use of a dye is studied. It appears that the dye does not
penetrate into a number of white spot and discoloured caries lesions. Thirdly,
the performance of the optical technique and bitewing radiography in the
diagnosis of small approximal caries lesions are compared. Under the
laboratory circumstances the optical technique performed better than two
observers of bitewing radiographs at a p-level γλ = 0.01 and рг = 0.08,
respectively.
The main results and conclusions are discussed in chapter 8. Some
factors that determine light propagation through teeth when being
transilluminated to detect approximal caries lesions have been analysed. In
addition, an estimate has been obtained of the performance of the clinically
applied techniques bitewing radiography and ΡΟΉ in the detection of
dentinal approximal caries lesions. Finally, with respect to the ultimate aim it
is concluded that the approach described in this thesis in principle enables
the detection of small approximal caries lesions.
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Samenvatting
De einddoelstelling van het in dit proefschrift beschreven onderzoeksproject
is de ontwikkeling van een klinisch toepasbare optische methode waarmee
approximale cariëslaesies in een vroeg stadium quantitatief gediagnostiseerd
kunnen worden. Om deze doelstelling te bereiken is het noodzakelijk inzicht
te krijgen in de optische processen die optreden wanneer tanden worden
doorgelicht om approximale cariëslaesies te detecteren. Het verkrijgen van
dit inzicht wordt eveneens beschouwd als een belangrijke doelstelling.
In hoofdstuk 1 wordt enige achtergrondinformatie gegeven over het
onderzoeksgebied. Vervolgens wordt in hoofdstuk 2 voor twee op dit
moment toegepaste technieken, namelijk bitewingradiografie en fiberoptische doorlichting (ΡΟΉ), een maat bepaald voor hoe goed tot in het
dentine doorgedrongen approximale cariëslaesies gedetecteerd kunnen
worden. Gedemonstreerd wordt dat de sensitiviteit van de bestaande FOTImethode significant lager is dan de sensitiviteit van bitewingradiografie.
Bovendien wordt gedemonstreerd dat sensitiviteit en specificiteit niet alleen
worden bepaald door de kwaliteit van een diagnostisch systeem maar ook
door de verdeling van laesiekarakteristieken in de populatiesteekproef.
Hoewel bepaling van de diagnostische kwaliteit van FOTI en
bitewingradiografie de vraag beantwoordt hoe goed een nieuw te
ontwikkelen techniek moet zijn om een winst in diagnostische kwaliteit te
boeken, de vraag waarom FOTI slechter presteert dan bitewingradiografie
blijft onbeantwoord. Evenmin wordt door dit type onderzoek duidelijk óf, en
hoe, ΡΟΉ verbeterd zou kunnen worden. Derhalve worden in hoofdstuk 3
factoren geanalyseerd die de detectie van een verborgen defect in het troebele
medium 'tand' bepalen. Het belangrijkste resultaat van dit hoofdstuk is een
operationalisering van de probleemstelling.
Om het probleem verder in te perken, zijn waarden benodigd voor de
materiaaleigenschappen van de harde tandweefsels. Daarom wordt in
hoofdstuk 4 de optische anisotropie van glazuur en dentine bestudeerd.
Voorts wordt de asymmetrieparameter van gezond glazuur geschat.
Beïnvloed door de tijdgeest wordt bovendien een eenvoudig computermodel
ontwikkeld om de lichtvoortplanting door tanden te beschrijven. Omdat de
gelijktijdig verzamelde meetresultaten laten zien dat het basisalgoritme
minder geschikt is om lichtvoortplanting door tanden te beschrijven wordt
afgestapt van het computermodel. In plaats daarvan is gewerkt aan een
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experimenteel model om de relatie tussen het signaal op het occlusale vlak en
de parameters van de approximale cariëslaesie te onderzoeken.
In hoofdstuk 5 worden metingen gerapporteerd met in tanden
aangebrachte gesimuleerde approximale cariëslaesies. Geconcludeerd wordt
dat de relatie tussen verandering in optische eigenschappen op het
approximale vlak en de gemeten radiantie op het occlusale vlak benaderd
kan worden met de wet van Beer-Lambert. Een tweede conclusie is dat het
FOTI-signaal op het occlusale vlak vooral wordt bepaald door het deel van
de cariëslaesie in het glazuur.
Gebaseerd op de resultaten verkregen met de goed gedefinieerde
gesimuleerde cariëslaesies, en binnen het raamwerk van een vereenvoudigde
beschrijving van lichrvoortplanting door tanden, wordt in hoofdstuk 6 de
relatie afgeleid tussen door natuurlijke cariëslaesies geïnduceerde
veranderingen in optische eigenschappen op het approximale vlak en
meetbare veranderingen op het occlusale vlak. Gedemonstreerd wordt dat,
door de overgang in brekingsindex, het intreden en verlaten van het glazuur
door licht een belangrijke bron van variatie is. Deze variaties kunnen worden
onderdrukt door bij twee verschillende golflengten te belichten en het
gemiddelde decadische optische dikteverschil te bepalen.
In hoofdstuk 7 wordt de relatie bestudeerd tussen het decadische
optische dikteverschil en de approximale cariësleasiediepte. Ten tweede
wordt de toegevoegde waarde van een aanvullend gebruik van een kleurstof
onderzocht. Het blijkt dat de kleurstof niet binnendringt in een aantal witte
vlek en verkleurde laesies. Ten derde worden de diagnostische kwaliteit van
de optische techniek en bitewingradiografie in het detecteren van kleine
approximale cariëslaesies vergeleken. De optische techniek presteerde onder
de laboratoriumomstandigheden beter dan twee waarnemers van bitewings
met een p-waarde van respectievelijk p, = 0.01 en p2 = 0.08.
De belangrijkste resultaten en conclusies worden in hoofdstuk 8
besproken. Een aantal factoren zijn geanalyseerd die lichtvoortplanting door
tanden bepalen wanneer ze worden doorgelicht om approximale
cariëslaesies te detecteren. Bovendien is een schatting verkregen hoe goed
met de klinisch toegepaste technieken bitewingradiografie en FOTI
approximale dentine caries gedetecteerd kan worden. Tenslotte, met
betrekking tot de einddoelstelling wordt geconcludeerd dat met de in dit
proefschrift beschreven aanpak het in principe mogelijk is kleine
approximale cariëslaesies te detecteren.
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Appendix: Symbols
Roman symbols
CI
d
DEJ
ΡΟΉ
δ
L
η

г
i's

s()
WIM
(x,y,z)

Confidence interval
Lesion depth
Dentino-enamel-junction
Fibre-optic transillumination
Asymmetry parameter
Radiance
Refractive index
Pearson correlation coefficient
Spearman correlation coefficient
Standard deviation function
Wavelength-independent microradiography
Cartesian co-ordinates

[mm]

[W-m-2-sr-i]

Gree к symbols
Mineral loss

AC
д

д,

Δ* τ
e
Φ
Φ
Α>

т

Decadic optical thickness difference at two
wavelengths
Decadic optical thickness difference due to
dye application
Standard error
Diagnostic sensitivity
Radiant flux
Decadic absorption coefficient

[kg-m-2]
[Vol % · μτη]

Π
[W]
-1
[mm ]

Appendix

ßext
ßs
μ's

σ
τ
τ'

Ψ

Ο-Αφ)

Decadic extinction coefficient
Decadic scatter coefficient
Reduced decadic scatter coefficient
Sampling standard deviation
Optical thickness
Reduced optical thickness
Diagnostic specificity
Spherical co-ordinates

Subscripts
a
eff
m
s
t
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Absorption
Effective
Measured quantity
Scattering
True quantity

[mm -1 ]
[mm·1]
[mm -1 ]
[-]

Stellingen

bij het proefschrift

En route to mapping white spots
A colourful approach to a turbid matter

van

Jaap Vaarkamp

De diagnostische kwaliteit van bitewing radiografíe wordt
onderschat; die van 'fiber optische transilluminatie' overschat.
{Dit proefschrift}
In een'éénpuntsdoorlichtingsmeting bij twee verschillende
golflengten kan slechts de combinatie van mate van
mineraalverlies en aangetast volume worden geschat.
(Dit proefschrift}
Hoewel bij tanddoorlichting 'laesie progressie in het dentine'
wordt gehanteerd als diagnostisch criterium - en als criterium
voor restauratief ingrijpen - is, vergeleken met het glazuurdeel,
de bijdrage van het dentinedeel van een approximale laesie aan
het optische signaal gering.
(Dit proefschrift}

Niet elke (vooronder)stelling is feitelijk gefundeerd.
{Dit proefschrift)
In tegenstelling tot de verplichting proefschriften te labellen
met een klassiek wetenschapsgebied, zou een dergelijke
verplichting tot het gebruik van een 'inhoudelijke' titel wèl
meer duidelijkheid creëren.
(Dit proefschrift}
De Nederlandse vertaling van: Ά trial and error approach',
geeft precies weer hoe over deze aanpak als wetenschappelijke
methode gedacht dient te worden: 'Een beproeving en foute
benadering'.
Met Tetscan' wordt in het algemeen niet geduid op de kwaliteit
van een meting.
De modieuze uitroep: 'Gaaf!', is tenminste verwarrend om
bewondering te uiten over de kwaliteit van de afbeelding van
een carieus gebitselement.
De uitnodiging om de mond open te doen, dient in een
tandheelkundige omgeving letterlijk opgevat te worden.
'Absence of evidence is no evidence of absence.'

{N.N.)

