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Recently, we have introduced a transillumination technique for biomedical diagnosis. The technique, pass-
through photon-based transillumination, relies on interferometric measurements to recover the information of
interest. In this work, we present the forward-calculated analytical interferograms that describe the behavior
of the system. Stochastic modeling of radiation interacting with tissue enables determination of amplitude and
phase parameters, indispensable for computation of the interferograms. Sample variability is assessed by
studying tissue phantoms similar to those used in the experimental verification of the technique and that are
representative of (abnormal) dental tissues. For tissue characterization, perfect recovery of the integrated at-
tenuation ensues by employing spatially compact radiation sources. For tissue imaging, spatially extended
sources with broad bandwidth are superior due to the implicit longitudinal coherence filter. For both applica-
tions, sample variability issues may be neutralized by permitting spatial divergence of scattered photons.
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1. INTRODUCTION

During the past decades, health care professionals have
witnessed noteworthy improvements in diverse fields of
medicine. Specifically with respect to dentistry, in the
past thirty years various preventive procedures have
served to reduce the occurrence of dental caries and tooth
decay. However, several important topics still need to be
addressed. These topics include: the identification of early
lesions and those progressing actively, thorough descrip-
tions of the natural history of caries, and the proposal of
objective methods for diagnosis [1]. In addition, the scien-
tific community in dentistry is promoting a paradigm
shift. Surgical interventions are gradually being set aside,
and a more medically based approach is being adopted
[2]. Such preventive approach implies the need of early
detection, imaging, and characterization of incipient and
hidden carious lesions [3].

Early development of caries manifests only as a dem-
ineralization of dental tissues. Furthermore, such lesions
are reversible provided clinical strategies are employed.
Hence, the potential value of early lesion detection re-
sides in the possibility of treating patients with nonsurgi-
cal methods, including remineralization. However, tradi-
tional diagnostic methods exhibit limitations when
utilized for detection of incipient and hidden carious le-
sions [4]. Therefore, alternative solutions are required to
enable preventive intervention.

Diverse methods for detecting early demineralization of
dental tissues have been proposed in the past decade [5].
These include detection systems based on electrical cur-
rent measurements [6,7], digital radiography [8,9], as
well as ultrasound [10,11] and optical techniques. The lat-
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ter include quantitative light-induced fluorescence
[12,13], optical coherence tomography [14,15], near-
infrared imaging [16,17], and fiber optic transillumina-
tion [18,19]. In our group, we have proposed a transillu-
mination interferometric setup for analysis of biomedical
samples, including dental tissues [20]. In contrast to the
optical techniques described before, pass-through photon-
based transillumination does not employ diffuse radia-
tion. Instead, we utilize pass-through (i.e., ballistic) radia-
tion as the information carrier for diagnosis [21-25].

Pass-through photon-based transillumination may be
especially suited for the detection of incipient and hidden
carious lesions, because sound enamel is seemingly trans-
parent to near-infrared (NIR) radiation [26]. Demineral-
ization of enamel, however, increases tissue attenuation
significantly. Thus traversal of ballistic photons through
potential carious lesions is inhibited. The probability of
light absorption per unit length wx, [mm=!] for sound
enamel in the NIR region is fairly small: u,<0.1 mm™'.
In addition, the probability of scattering u, [mm™!] is also
weak for NIR radiation. The value of u, is equal to
0.3 mm™! at 1310 nm. In stark contrast, the attenuating
characteristics of demineralized enamel may increase up
to fifty-fold. The attenuation coefficient w;=pu,+ u, at the
same NIR wavelength is ~18 mm~™! [27].

Penetration depth in a turbid medium such as enamel
follows an exponential distribution. The expected value is
given by the inverse of the attenuation coefficient of the
medium. Thus, mean penetration depths at 1310 nm for
sound and carious enamel can be 2.5 mm and 0.056 mm,
respectively. Correspondingly, the probabilities of ballistic
transmission through a 10 mm sample are 0.0183 and 0.
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Hence, isolated detection of ballistic photons may provide
a way of distinguishing between sound and carious
enamel. Furthermore, pass-through photon-based tech-
niques are appealing because of the sensitivity of the
method in detecting changes in composition and morphol-
ogy.

We are interested in describing the response of the
transillumination technique for two applications: charac-
terization and imaging. The former is aimed at providing
quantitative description of the medium. Such information
may enable objective assessment of samples, including in-
cipient and hidden carious lesions. Meanwhile, the latter
application may become the basis for an imaging modality
similar to computed axial tomography. This approach, in
turn, may complement the techniques being currently uti-
lized to identify the presence of caries earlier.

In Section 2, we describe the importance of stochastic
modeling and the procedure for recovering the optical
properties of the sample in the transillumination interfer-
ometer. Dental tissue models, and their corresponding
random walk attenuation coefficients, are addressed in
Section 3. Section 4 is devoted to the calculation of the
analytical response of the system, including the recovery
of attenuation coefficients. In Section 5, we discuss sys-
tem performance and 2-D imaging. Finally, we summarize
the results of this work and present plausible future di-
rections in pass-through photon-based biomedical transil-
lumination.

2. THEORY

A. Mathematical Model

The mathematical model describing our experiment is
rooted in partial coherence theory and has been discussed
in detail [20]. In our proposal for biomedical diagnosis,
the sample under test is located in one arm of an interfer-
ometer. The other arm includes a phase delay line. The
electric field of the source is divided into reference E, and
sample E; beams. The latter, in turn, is composed of
forward-scattered E;. and pass-through E, contributions.
At the detection plane, sample and reference fields are su-
perposed and interference is observed:

P(t,Ty) = {E(7+8) +[Ey(7) + B (7+ T I}
X{E(7+8) + [Ey(7) + Eg (7+ T I1). - (1)

Here, P stands for detected power, 7is the reference time
for partial coherence modeling, ¢ represents the modula-
tion time, and T describes the random time that scat-
tered photons take to traverse the sample. The chevrons
denote time average and the asterisk demarcates complex
conjugation. Throughout this work, we use bold letters for
complex-valued quantities.

By relating reference and sample beams to the incident
field of the source, we arrive at the partial coherence
model describing the experiment:
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P(tyTsc) = Fl,L(O)((l - kspl)(l - ksp2) + ksplksp2|‘)/m|2
+ ksplksp2| 73c|2 + stplkspZ‘ 7m||7/sc|
X | 'Yi,i(Tsc) |cos[q)i,i(Tsc)]

[ / i
+ 2\”ksp1\“ 1- ksplvksp2 \"1 - kspZ

X {1Vl v: (&) |cos[@; ;(8)] + | Vel |, it + T
Xeos[@; (¢ + T ]h). (2)

Here, I'; ;(0) is the total collected power upon proving a
small area. ky,; and kg, denote the splitting coefficients
of the beam dividers. |y, ;(7)| and ®; ;(7) designate ampli-
tude and phase of the complex degree of self-coherence. In
addition, y,, and y,. are the complex material and scat-
tering coherence functions. The former describes the bal-
listic exponential attenuation of the incident field, the lat-
ter relates forward-scattered to incident fields.

The expression in Eq. (2) is most useful in understand-
ing the recovery of information from interferometric
quantities. An alternative interpretation of the transillu-
mination technique follows from the theory of low-
coherence optical tomography [28]. Such interpretation
provides additional benefits. First, a distinctive feature of
the transillumination interferometer is highlighted. Sec-
ond, the interpretation contextualizes the proposal within
the scope of other well-established biomedical techniques.
Third, it provides a seemingly intuitive approach for cal-
culating the analytical response of the interferometer. For
these reasons, we assess the transillumination interfer-
ometer in the context of the theory of low-coherence opti-
cal tomography.

In analogy to Eq. (1), the detected power is found by su-
perposition of sample and reference beams:

P(AL/c) = {f E.(r,L,)dL,+E,(7+ t)]

*

><|:J E;(T,LS)dLS+E,(T+t):| . (3)

Here, AL=L,-L, is the optical path-length difference be-
tween interfering beams, ¢ stands for light velocity in
vacuum, L, and L, are optical path-lengths of reference
and sample arms, and E’(7,L,) is defined as the path-
length-resolved field density, E'(7,L,)=JdE(7,L,)/JL,.

Equation (3) represents the multiple interactions be-
tween sample and reference beams. Sample path-lengths
are independent of the reference scan delay. Therefore, we
may rewrite Eq. (3) as

P(L,) =P, +P,+2(P,P,)'”

X J [T(Lo)]V?|%;/(AL)|cos[®; ,(AL)]dL,  (4)

where
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P, =(E(r+ )E!(r+1)),

Ps= f E;(T,Ls)dLsf E;*(T;Ls)dLs ’

T(Ly) = [dPy(Ly)/dL,]/P;.

P, and P, are the dc contributions of the reference and
sample fields. In addition, T(L,) is the path-length-
resolved transmittance. In reflection geometries, T(L,) is
replaced by the path-length-resolved reflectance.

The offset in Eq. (4) does not contribute to the signal
because it is filtered. Thus, the interferometer response is
described by the convolution

P(L,) = 2(P,P)*(IT(L)]"* @ {|7;4(Ly)|cos[®; (L)1) -
(5)

Here ® denotes the convolution operator. From the convo-
lution theorem, the preceding equation may be calculated
by passing the path-length-resolved transmittance
through a filter. The shape of the filter is determined by
the power spectrum of the source. The central frequency
of emission determines the localization of the filter. Mean-
while, the emission bandwidth establishes the extent of
filtering. For radiation sources employed in partial-
coherence interferometry, filters have narrow bandwidths
and are centered at high frequencies. Thus, the system is
mainly sensitive to the fast-varying components of
[T(Ly)]2.

It is precisely this feature that is most suitable for
pass-through transillumination. Ballistic radiation repre-
sents an ideal high-frequency component of sample trans-
mittance. Therefore, the transillumination interferometer
is highly sensitive to the information of interest. This is a
salient characteristic of our proposal. As sample attenua-
tion increases, the behavior of the system resembles more
that of traditional low-coherence optical tomography.
Eventually, when solely diffuse radiation emerges from
the sample, both systems are comparable.

Equations (2) and (4) are equivalent descriptions of the
transillumination interferometer. However, the latter pro-
vides a more intuitive approach for calculating the ana-
lytical response of the interferometer. In essence, we com-
pute the convolution of the self-coherence function with
[T(Ly)]¥2. The former is a feature of the instrument,
whereas the latter is characteristic of the sample. To de-
termine amplitude and phase parameters of the interfero-
grams, we resort to stochastic modeling for describing the
interactions between radiation and turbid media.

B. Stochastic Analysis

The assessment of the partial-coherence interferometer
would be straightforward if the sample under test were
purely transparent. The scenario is rather different when
the evaluation of a turbid sample is in order. Photon
transport in turbid media is modeled as a random walk
process in three dimensions [29,30]. Thus, the description
of radiation—tissue interactions is not deterministic, but
rather stochastic. In addition, a comprehensive account of
the random process is required for the evaluation of the
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interferometer. Thus, we have written a Monte Carlo
(MC) code to determine the outcome of the stochastic pro-
cess as needed for our application.

In MC simulations, a specific amount of radiation is
subdivided into a number of packets of photons. Each of
these individual packets, or ensembles, is then propa-
gated through the sample. The position for starting the
propagation of an ensemble is determined randomly, by
sampling the spatial distribution of the source. Flat-field,
Gaussian, and point-source distributions may be selected
in our code. The initial direction of propagation of the
packet is identical to that of the beam, and need not be
collinear with the optical axis.

The ensemble propagates deterministically in trans-
parent media, such as glass or air. In random media, how-
ever, the description of radiation transport accords with
the Markov property of stochastic processes. Thus, the
packet of photons takes random steps and may scatter re-
gardless of prior history. The step size or penetration
depth of the ensemble is computed by sampling an expo-
nential distribution. Path-length information ensues from
these random and deterministic steps. In the program, we
store this information as time-of-flight values [25]. When
the packet of photons traverses the medium in one step, it
is classified as ballistic. In any other case, part of the en-
semble is absorbed, and its weight is reduced accordingly.
If the packet of photons is still significant, it proceeds to
vary randomly its propagation direction.

The directional dependence of scattering in the medium
is described by a phase function [31,32]. In the code, sev-
eral phase functions related to dental enamel are avail-
able. These include the familiar Henyey—Greenstein and
isotropic phase functions [32]. In addition, a modified
Henyey—Greenstein phase function may be employed.
This function describes more closely scattering in enamel
tissues [27]. The new propagation direction of the en-
semble is determined by sampling the corresponding
phase function of the medium. Thereafter, the packet of
photons propagates farther, until it is entirely attenuated
or leaves the sample. Scattered packets of photons that
are transmitted through the medium conform the diffuse
transmittance. In addition, all packets of photons retain
recollection of their three-dimensional journey, thus en-
abling the assessment of the transillumination interfer-
ometer.

The program described does not take into consideration
depolarization effects or losses of spatial coherence. The
former phenomenon may be incorporated in the analysis
by representing the polarization in terms of the Stokes
vector [33,34]. Meanwhile for coherent phenomena, an
electrical field MC approach may be employed [35]. These
two issues are of secondary importance for pass-through
photons. Nevertheless, they do affect diffuse radiation. In
this respect, our MC analysis represents a worst-case sce-
nario for the transillumination interferometer. In addi-
tion, we should point out that conventional MC simula-
tions yield the average diffuse reflectance (.e.,
transmittance) of turbid media [36]. Therefore, the effects
of multiply scattered radiation are somewhat underesti-
mated. In our analysis, however, diffuse radiation repre-
sents optical noise, and an average measure of such be-
havior is adequate.
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The path-length-resolved transmittance of pass-
through photons exhibits a delta-like behavior. In our pro-
gram, we trace each packet of photons individually.
Therefore, whenever a packet of photons encounters an
interface, transmitted and reflected packets are created.
Thus, various delta-like peaks may appear as a result of
Fresnel reflections. The path-length-resolved diffuse
transmittance is calculated similarly to the reflected
counterpart in low-coherence tomography. The single dif-
ference is that, after MC simulations, we fit the diffuse
transmittance. The fitting function is a spline, which
helps account for any discrete features in the data.

We conclude this section by describing the steps needed
to compute the analytical response of the system. First,
we perform the random walk simulations to determine
path-length-resolved transmittances. Then, we calculate
the convolution of Eq. (5) by making use of the convolu-
tion theorem. This approach helps lessen the computa-
tional burden. Finally, we note that only those photons in-
side the interference area are considered during
calculations.

C. Recovery of Information

Pass-through photons provide a predictable measure of
the integrated attenuation of the sample. In contrast, the
information of forward-scattered photons is random.
Moreover the expressions of interference, Egs. (2) and (4),
predict presence of signal comingled with noise. There-
fore, isolation of the detected signal is necessary for accu-
rate recovery of information. Hereafter we refer only to
Eq. (2), because more insight is gained from this expres-
sion. After removing the fluctuating offset, the system re-
sponse is composed exclusively of temporally modulated
signals:

PG, Tyo) = T3 0) 2 gy 1 = g1\ Egpo T = gy
XY O v: (F,8)[cos[D; ;(7,)]
+ |73c(;, Tsc)H'yi,i(’?yt + Tsc)|cos[q)i,i(F,t + Tsc)]})
(6)

In contrast to Eq. (2), the expression without fluctuat-
ing offset includes the spatial dependence r explicitly. The
undesired contributions of forward scattering may induce
random variations. This hindrance may be overcome by
employing a compact spatial extent or coherence filtering.
Assuming that either procedure is successfully imple-
mented, the temporal maximum of the detected power
yields a proportional measure of the information of inter-
est:

max{P(7,t)} = 2T (0)\Egp1\1 = kgp1\apa 1~ Fgps

1
XRgH exp{— §[Mai(7?) + /'Lsi(F)]Di(F)} .
(7

Here, we have considered a radiation source with even
power spectrum. Also, we have substituted the material
coherence function [20]. R, and D;(r) are the Fresnel re-
flection coefficient and the ith sample thickness. To re-
cover the information of interest, we must cancel
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instrument-related contributions. For this purpose, a ref-
erence value of dc-filtered power P, is necessary. The re-
sulting expression, after normalization, is

1
Rgexpy >, - E[Mai(F) + s (F)ID;(7)

= max{P(F,t)}/max{P,Ar,t)}. (8)

In summary, for in vitro studies, we may recover the at-
tenuation coefficient of the sample from interferometric
quantities. This assertion is true whenever a sample of
one constituent is assessed. For general in vitro or in vivo
studies, the transillumination interferometer yields infor-
mation similar to that of computed axial tomography (.e.,
integrated values of attenuation).

3. DENTAL MODELS AND RANDOM WALK
ATTENUATION COEFFICIENTS

A. Tissue Characteristics and Sample Variability
Accurate descriptions of the optical properties of turbid
media are challenging. Absorption and scattering coeffi-
cients are required to emulate photon transport in turbid
media. In addition, the scattering phase function is
needed to determine the random propagation direction. In
radiation—tissue interactions, scattering is predominantly
forward directed [31,32]. Thus, polar-scattering and inci-
dent angles are similar to each other. In light propagation
studies, this correspondence is expressed in terms of the
anisotropy factor g, or expected value of the cosine of the
polar angle.

In the ballistic interferometer, presence of optical noise
is a function of scattering coefficient and anisotropy fac-
tor. Concerning enamel tissues, differences exist with re-
spect to both parameters. On the one hand, reported scat-
tering coefficients vary, e.g., from 1.5mm™' [37] to
5 mm™! [38] at 700 nm. On the other hand, discrepancies
are found in the anisotropy factor. The values range from
0.68 [37] to 0.96 [38]. These variations may result from
differences in the design phase of the experiments. How-
ever, they could also be attributed to sample variability.
Such variability represents a caveat for pass-through
photon-based transillumination. Isolation of optical noise
is more intricate when these parameters increase.

Lipid-based phantoms are not an exception with regard
to differences in the optical properties between batches
and trademarks. The most cited lipid-based material uti-
lized as tissue phantom is Intralipid [39]. Diverse groups
have studied the spectral optical properties of Intralipid
for light propagation purposes. Specifically, van Staveren
et al. [40] and Flock et al. [41] have made available least-
square fits relating the optical properties of Intralipid
10% to wavelength. In this work, we utilize both refer-
ences to construct three tissue models. The lipid-to-total-
volume concentration considered is 6.25/1000 [wl/ul]. At
this concentration, we have observed disparities between
theory and experiment [20]. We are, therefore, interested
in understanding more in detail the source of these devia-
tions. In addition, the concentration is kept constant to
emulate the certain variability between samples.
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Tissue Phantom Air
n=1335 n=
D=1 [mm
g=0.731; 0.827; 0.93
1,=0 [mm"] ,__Container Glass

4=591; 4.28; 591 [mm’] n=1515

==

Air
n=1 |~
Fig. 1. Tissue models utilized in the random walk program are

representative of abnormal dental samples. Semicolons separate
the characteristics of each model.

@=0.5; 7.5 [mm]

Table 1. Summary of Tissue Models

Tissue

Model Reference e [mm™]  u, [mm1] g¢
(1) van Staveren et al. [40] 0 591 0.731
(2) Flock et al. [41] 0 4.28 0.827
3) van Staveren et al. [40] 0 5.91 0.93

and Flock et al. [41]

“The Henyey—Greenstein phase function is employed in all calculations.

For the first two models, we use the aforementioned
concentration and the data of van Staveren et al. and
Flock et al. In the third model, we combine the informa-
tion from both references. We utilize the scattering coeffi-
cient of van Staveren et al. [40]. In turn, the anisotropy
factor is the weighted mean plus one standard deviation
reported by Flock et al. [41]. Greater attenuation values
and highly forward-directed scattering are distinctive fea-
tures of most biological tissues. The resulting tissue mod-
els are shown in Fig. 1 and summarized in Table 1.

In Fig. 1, we separate by semicolons the optical proper-
ties of the three scenarios. In all cases, the sample is con-
tained in a 1 mm thick cuvette surrounded by air. More-
over, the radiation impinging on the sample is visible. The
attenuation of the lipid phantom in the red portion of the
spectrum is comparable to that of enamel in the NIR.
More specifically, the attenuation of the dental models is
representative of abnormal enamel. Values of optical
depth are greater than those expected for sound enamel.
Finally, two beam sizes are also shown. These represent
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the applications of characterization, @=0.5 mm, and im-
aging, @=7.5 mm.

B. Random Walk Attenuation Coefficients

Previously, we have evaluated the number of particles
that need to be assessed in the stochastic computations
[25]. We found that the use of 100,000 photons yields sta-
tistically significant results for the study of enamel tis-
sues. The standard deviation of total transmittance was
shown to be zero up to the third decimal place. This is
most important for the calculation of reference attenua-
tion coefficients, because a determined “random walk” un-
certainty exists. Considering the attenuation of the media
discussed in this work, the “random walk” uncertainty is
more considerable for the first and third tissue models.
However, Monte Carlo simulations are known to be time-
consuming. Thus, we employ the same number of photons
in all computations.

We perform two random walk simulations—for charac-
terization and imaging—of each dental model. Following
the stochastic analyses, we determine random walk un-
certainties and attenuation coefficients. For this purpose,
ballistic transmittance values are necessary. We divide
into ten subsets the total amount of assessed particles.
We then calculate mean, standard error of the mean, and
99% confidence intervals (CI) of ballistic transmittance. It
is the standard error of the mean that we define as the
random walk uncertainty.

Attenuation coefficients are related to transmittance
values through an exponential function. In addition, the
determination of attenuation coefficients requires the
cancellation of Fresnel reflections. All information needed
is available from the random walk program. We employ it
to calculate expected values and 99% CI of the attenua-
tion coefficients. In Table 2, we present the statistical
findings for the stochastic processes under study.

The attenuation coefficients input to the stochastic pro-
gram are listed in Table 1. Meanwhile, those resulting
from the random simulations are described in Table 2. A
comparison between these values serves to establish that
the former are subsumed in the 99% CI of the latter. Fur-
thermore, from the data of Table 2, we ascertain that the
random walk uncertainty is more considerable for the
first and third tissue models. Nonetheless, attenuation co-
efficient variability remains in the first decimal digit. In

Table 2. Pass-Through Transmittance Values and Reference Random Walk Attenuation Coefficients

Attenuation 99% Confidence

Tissue Intended Pass-Through 99% Confidence Coefficient Intervals®
Model Application Transmittance® Intervals [mm™1] [mm™!]

1 Characterization 0.00276+0.00017 [0.00232, 0.00320] 5.799 [5.652, 5.972]

(2) Characterization 0.01238+0.00036 [0.01145, 0.01330] 4.298 [4.226, 4.376]

3) Characterization 0.00260+0.00014 [0.00224, 0.00297] 5.857 [6.726, 6.007]

@8] Imaging 0.00242+0.00018 [0.00196, 0.00288] 5.929 [6.755, 6.141]

(2) Imaging 0.01322+0.00030 [0.01246, 0.01399] 4.232 [4.176, 4.292]

3) Imaging 0.00229+0.00014 [0.00194, 0.00265] 5.983 [5.841, 6.150]

“The first value corresponds to the sample mean, the second to the standard error of the mean. For the standard error of the mean, we estimate the standard deviation by

calculating the square root of the sample variance.

Confidence intervals for the attenuation coefficients are determined from the corresponding values for pass-through transmittances.
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what follows, the benchmark coefficients are the mean
values listed in Table 2 instead of the quantities input to
the random walk program.

4. ANALYTICAL INTERFEROGRAMS AND
RECOVERED ATTENUATION
COEFFICIENTS

In order to calculate the response of the system, certain
parameters of partial-coherence interferometry are
needed. We begin by describing the spatial characteristics
of the source. The transversal distribution of the colli-
mated beam is flat-field. The spatial extent is 0.5 mm for
characterization and 7.5 mm for imaging (refer to Fig. 1).
Each value determines the area for collecting transmitted
photons after random walk computations.

The spectral signature of the source determines the
longitudinal coherence filter. We evaluate two partially
coherent sources with Gaussian spectra. The first exhibits
a narrow emission, while the second has a broader band-
width. The former is representative of a commercially
available superluminescent diode. The center wavelength

X is 640 nm, while the bandwidth A\ equals 8 nm. The
latter source emulates the light emitting diode employed
during the experimental verification of the technique

(A=637 nm and A\=20 nm). Finally, the detection plane
is located 1 mm after the sample. Path-length-resolved
transmittances and forward-calculated interferograms
are depicted in Fig. 2.

The results are arranged as follows. The sample under
consideration is identified by the model number, which is
placed on the upper left corner of each representation. In
the upper part of the path-length-resolved transmittance
plot, we distinguish between applications. To construct
the abscissa of these representations, we subtract the
least path-length traversed by transmitted photons. The
ordinate is divided into two parts. Such feature allows the
details of both ballistic and diffuse contributions to be ob-
served. Moreover, in the inset, we depict the analytical in-
terferograms for narrow (top) and broad (bottom) emis-
sion sources. The x axes of the interferograms span four
coherence lengths and may be used to differentiate nar-
row from broad radiation sources.

Sample variability is clearly an important issue to con-
sider in the interferometer. Detection of optical noise is
closely related to the optical properties of the sample. In
general, for tissue characterization purposes, a compact
spatial extent is desirable. Nonetheless highly forward-
directed scattering is difficult to overcome, even when the
size of the source is compact. This assertion is verified by
analyzing the path-length-resolved transmittances. Spe-
cifically, the contributions of diffuse radiation increase ap-
proximately fivefold. This occurs when the anisotropy fac-
tor varies from 0.731, model (1), to 0.93, model (3).

The behavior of the partial coherence interferometer as
a narrow band-pass filter, centered at high frequencies, is
manifest in the interferograms. The transillumination
technique is highly sensitive to the information of inter-
est. Thus, both radiation sources perform alike. However,
a portion of diffuse radiation is quasi indistinguishable
from the ballistic. Masking of ballistic photons is more im-
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portant when attenuation increases. This assertion may
be validated by comparing the proportion of ballistic to
diffuse contributions from models (2) and (3).

For imaging applications, we are interested in obtain-
ing 2-D representations. Therefore, as a preliminary for
imagery of tissues, we assess the response when increas-
ing significantly the spatial extent. As expected, tissue
imaging plots in Fig. 2 exhibit more intermingled pres-
ence of forward-scattered and pass-through photons.
Similarly to the case of tissue characterization, variability
in the optical properties is important. Different samples
behave distinctly depending on their scattering character-
istics. Furthermore, the effects of highly forward-directed
scattering and marked attenuation are similar to those
described for tissue characterization. However, masking
of ballistic photons by diffuse radiation is more easily
identified. This assertion may be verified by analyzing the
second etalonlike reflection of ballistic radiation.

For imaging purposes consisting of spatially extended
sources, the utilization of broadband radiation is desir-
able. This stems from the implicit longitudinal coherence
filter of the source. However, the transillumination inter-
ferometer is rather flexible in terms of the broadness of
emission. The latter assertion is valid when diffuse pho-
tons do not obscure the ballistic counterpart. Such behav-
ior may be corroborated from the interferograms.

Multiple interactions between radiation and tissue
change the propagation direction of diffuse radiation.
Most probably, diffuse photons will diverge gradually af-
ter leaving the sample. We make use of this fact before
dealing with the recovery of information. Emphasis is
placed on proposing complementary methods to effec-
tively isolate the signal of interest, thus providing a solu-
tion to counteract sample variability issues. In Fig. 3, we
present the results when the interference plane is located
200 mm away from its previous position.

Qualitative improvements in system response are eas-
ily seen in Fig. 3. There are fewer—or even an absence
of—diffuse contributions in path-length-resolved trans-
mittances. This behavior implies efficient filtering of opti-
cal noise. Nonetheless, imaging applications tend to ex-
hibit the presence of diffuse radiation. Highly forward-
scattering remains the principal source of noise. However,
the interferometer response is governed mainly by the
signature of ballistic radiation.

The recovery of attenuation coefficients from interfero-
metric quantities is seemingly straightforward. As illus-
trated in Eq. (8), maxima of dc-filtered sample and refer-
ence interferograms determine the sought information.
The data of the sample interferograms are available from
Figs. 2 and 3. However, reference data needs be deter-
mined. For this purpose we assess anew the model of Fig.
1 with the scattering coefficient set to zero. The corre-
sponding value of maximum dc-filtered power reads
0.17041. Reference calculations serve to account for
Fresnel reflections. In addition, sample thickness is
1 mm. Thus, twice the logarithm of maxima ratios yields
the information sought. In Table 3, we list the recovered
coefficients.

As expected, we ascertain that recovered attenuation
coefficients exhibit discrepancies. These are due to the in-
fluence of optical noise. The presence of such differences
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Fig. 3. The superposition plane is displaced to minimize the presence of diffuse radiation. Qualitative improvements in system response

are easily seen.
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Table 3. Attenuation Coefficients [mm~1]* Recovered from Interferometric Quantities

Characterization Imaging
Model (1) Model (2) Model (3) Model (1) Model (2) Model (3)
Near Far Near Far Near Far Near Far Near Far Near Far
5.964 5.799 4.330 4.298 5.800 5.857 5.962 5.978 4.267 4.228 5.854 5.999
5.963 5.799 4.334 4.298 5.804 5.857 5.966 5.977 4.272 4.228 5.860 6.000
5.799 4.298 5.857 5.929 4.232 5.983

“The first two rows of attenuation coefficients correspond to those of narrow and broad emission sources, in that order. The last row shows the reference attenuation coefficients
of Table 2. Column headers ‘Near’ and ‘Far’ refer to the position of the detection plane; the associated coefficients pertain to the data of Figs. 2 and 3, respectively.

is a function of the variability between samples. Nonethe-
less, the overall behavior of the interferometer was shown
to be enhanced by permitting spatial divergence of un-
wanted radiation. This behavior, which implies neutral-
ization of sample variability, is also corroborated by ana-
lyzing the recovered coefficients. In fact, perfect recovery
is exhibited for spatially compact sources. Nevertheless,
ideal collimation is far from being trivial for such small
sizes. Collimation issues are secondary for greater spatial
extents. However optical noise is more liable to be en-
countered because of the increase in area dimensions. The
effects of coherence filtering are positive in these cases.
Broader bandwidths are, therefore, recommended for tis-
sue imaging applications.

5. DISCUSSION

In addition to the effects of forward-scattered radiation,
other factors may influence the recovery of integrated at-
tenuation. First, we should consider whether adequate
offset filtering is important. The dc term is not only deter-
ministic, but it is also composed of random contributions.
Another factor that is equally important is the accurate
determination of maximum power. Precise maxima values
become more difficult as attenuation increases, because
fewer ballistic photons traverse the medium. However,
since relative values are in play, peak and offset varia-

)
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4 0 4 0 100 0

0

150 300

tions induce similar inaccuracies. Hence, we concentrate
exclusively on those pertaining to power.

Let P, and € denote percentage deviation of power and
error in the recovered integrated attenuation, respec-
tively. Then, by making use of the multiplication identity
of logarithms and Eq. (8), we find e=+2 In(P,). Especially
if the detected signal is feeble, errors in recovered inte-
grated attenuation may be significant. Such deviations
may account for the disparities observed in previous ex-
periments [20], and may emerge from at least two sce-
narios. First, when the radiation source is not capable of
providing sufficient power. Second, when detection elec-
tronics are not sensitive enough. Thus, as a result of this
work, we are currently assessing possible improvements
to the transillumination setup. These include improve-
ments of the detection scheme, or the implementation of
an autocorrelation interferometer [42].

We have emphasized that compact spatial extent en-
ables characterization of selected turbid media. Specifi-
cally, the samples we have discussed are equivalent to
dental enamel. Thus, pass-through photon-based transil-
lumination may be favorable for characterization of early
dental decay. This approach could yield an objective
method for diagnosis of incipient and hidden caries. How-
ever, 2-D representations are also required to complement
the techniques being currently utilized to identify the
presence of caries earlier. Precisely for this reason, we
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Fig. 4. Pass-through and forward-scattered contributions are comingled in 2-D scenarios. Emission bandwidths narrow (1) and broad

(2) determine filtering efficacy.
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have suggested the use of a spatially extended broadband
source. Such source enables 2-D analyses and optical fil-
tering simultaneously. The proposal is rather straightfor-
ward, and the theoretical bases have been explored in this
work. The main difference, for tissue imaging applica-
tions, is the need for 2-D detection schemes.

As a qualitative prelude for tissue imaging, we illus-
trate the effects of coherence filtering in 2-D applications.
In Fig. 4, we present scatter plots of multivariate data
from one of the random processes. We utilize the first tis-
sue imaging model as the sample. We depict unique pho-
tons with path differences of at most one coherence
length, and detection occurs immediately after leaving
the medium.

In Fig. 4, we assess the behavior of narrow and broad
bandwidth sources. The response of the former, a He—Ne

laser (\=632.8 nm and AA=0.001 nm), is numbered (1).
The behavior of the latter, a broadband source

(A=637 nm and AA=200 nm), is labeled (2). In each rep-
resentation, x and y are Cartesian position coordinates.
AL is path-length difference. w represents the weight of
each particle, and e corresponds to the number of scatter-
ing events. The first three variables are expressed in mil-
limeters, whereas the last two are dimensionless. Read-
ing of these plots, computed in R [43], is simple. Each
row—column intersection represents a scatter plot of the
corresponding variables in the diagonal. Data below and
above the diagonal correspond to that of pass-through and
forward-scattered photons, respectively.

Coherence filtering effects are evident in Fig. 4. The
narrow emission source does not provide a mechanism to
isolate signal from noise. In contrast, the improvement is
noteworthy with a broadband source. Thus, broadband
transillumination may be especially suited to determine
maps of integrated attenuation (i.e., to identify the pres-
ence of caries earlier).

6. SUMMARY AND FUTURE WORK

We have presented the methodology to forward-calculate
the interferograms describing pass-through photon-based
biomedical transillumination. The interferograms may be
determined by convolving the path-length-resolved trans-
mittance with the self-coherence of the source. The tran-
sillumination interferometer was shown to be highly sen-
sitive to the information of interest. Ballistic radiation is
an ideal high-frequency component of sample transmit-
tance. Furthermore, we have proposed a method to re-
cover the integrated attenuation from interferometric
quantities. Maxima of normalized dc-filtered power are
required for this purpose.

The feasibility of implementing the technique to detect
incipient and hidden caries was discussed. Three tissue
models mimicking the attenuation of abnormal enamel
were proposed. These served to assess sample variability.
We performed two random walk computations—for char-
acterization and imaging—of each dental model. From
the stochastic analyses, we calculated statistical mea-
sures and 99% CI for ballistic transmittance. Further-
more, these values were the bases to compute reference
random walk attenuation coefficients. We then calculated
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the analytical interferograms and compared the recov-
ered attenuation coefficients.

For tissue characterization purposes, perfect recovery
of the integrated attenuation resulted from use of spa-
tially compact sources. For imaging of tissues we estab-
lished that spatially extended sources with broad band-
widths are superior. In both applications, variability in
the optical properties of the samples was shown to induce
different degrees of noise. Spatial divergence of scattered
photons was suggested to neutralize sample variability.
In addition, we discussed the influence of inaccuracies in
offset and maxima values. Sample variability and instru-
mentation features must be considered during the imple-
mentation of the technique.

Our future work will focus on the construction of a sys-
tem to assess dental samples. However, we must first con-
sider the spectral dependence of the transillumination in-
terferometer.
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