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We have proposed an interferometric setup for biomedical analysis in transillumination modality.
Wavelength dependence of optical properties must be considered for selecting source and sam-
ple. An expansion of the sample optical properties, around the central wavelength of emission,
serves to account for spectral effects. Expected spectral values depend on the central moments of
the source, and specific constants associated to the optical properties of the sample. By match-
ing wavelength characteristics of source and sample, a first-order approximation is applicable.
In such case, the expected values are exactly the optical properties evaluated at the central
wavelength. Furthermore, in the first-order approximation, the transillumination interferometer
yields the integrated attenuation of the sample at the central wavelength of emission. We verify
the latter assertion by performing a wavelength-dependent Monte Carlo analysis to calculate the
response of the transillumination interferometer. Recovered attenuation coefficients, for imag-
ing and characterization scenarios, are in agreement with the value computed at the central
wavelength of the source.

Keywords : Transillumination; wavelength-dependent Monte Carlo; tissue characterization; tissue
imaging.

1. Introduction

The challenge of preventing and reducing dental
caries remains a significant endeavor. In the
United States, approximately 20% of children
have detectable caries. Almost 80% of young peo-
ple have had a cavity, and 66% of adults have
lost at least one permanent tooth due to dental
caries.1 Detection of incipient and hidden lesions
is required to prevent and reduce caries.2 There-
fore, the identification of early dental decay is a
current research topic of interest. An important
reason for undertaking such investigations is that
treatment of patients, with nonsurgical methods,

is readily performed. Moreover, objective methods
for diagnosis are a central component to enable
preventive intervention.

In our group, we are interested in addressing
the identification and characterization of early den-
tal decay. Furthermore, the method we have pro-
posed employs pass-through or ballistic photons in
an interferometer. The use of ballistic photons ren-
ders the technique especially sensitive to variations
in sample extent and composition. High sensitivity
may be particularly relevant for longitudinal screen-
ing. By isolating the changes in morphology, we may
concentrate on the alterations in tissue (i.e., enamel)
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structure. The importance of identifying varia-
tions in enamel structure concerns the detection
of incipient lesions. Early development of caries is
characterized by a demineralization process, which
modifies enamel structure.3,4 Thus, a diagnostic
method with sensitivity to changes in enamel struc-
ture may provide a means to detect earlier dental
decay.

Previously, we described the response of the
ballistic transillumination interferometer, when
using laser light.5–8 We complemented such anal-
ysis by considering the effects of forward-scattered
radiation.9 For this purpose, a monochromatic
Monte Carlo (MC) study of dental enamel was
performed.10 Forward-scattered and pass-through
contributions were shown to be comingled.11 We,
therefore, implemented a partial-coherence tran-
sillumination setup to assess enamel-like samples
with ballistic photons.12 Recently, by employing the
monochromatic MC approach, we have described
the theoretical response of the partial-coherence
interferometer. In addition, we discussed the fea-
sibility of evaluating early dental decay with the
technique.13

In this work, we describe the effects of spectral
dependence in the transillumination interferometer.
We demonstrate theoretically that the technique
yields the integrated attenuation of the sample at
the central wavelength of emission. This result, nev-
ertheless, depends on the selection of an adequate
radiation source for performing the analysis. The
emission spectrum of the source should be confined
to a wavelength interval, where the optical proper-
ties of the sample do not vary abruptly.

In the following section, we extend the theoret-
ical model of pass-through photon-based biomedi-
cal transillumination. For this purpose, we describe
the implementation of a wavelength-dependent MC
analysis to calculate the response of the technique.
In Sec. 3 of this work, we introduce the spectral

Fig. 1. In pass-through photon-based transillumination, radiation with a specific bandwidth impinges on the sample, located
in one arm of the interferometer. Coherent superposition is used to recover the information of interest. Incident Ei, sample
Es, reference Er, pass-through Ep, and forward-scattered Esc electrical fields are shown explicitly.

tissue model. The response of the interferometer is
then addressed in Sec. 4. Finally, in Sec. 5, we con-
clude and present future research directions.

2. Theory

2.1. Wavelength-dependent
pass-through transillumination

In pass-through photon-based biomedical transillu-
mination, we employ ballistic photons and inter-
ference to probe the sample. In Fig. 1, we depict
a schematic of the technique, while highlighting
wavelength-dependent features.

The medium under test is located in one arm
of the interferometer, whereas a reference delay line
is in the other. Radiation with a determined band-
width impinges on the sample. Thereafter, multi-
ple random walks of photons throughout the turbid
medium take place. The distribution of transmitted
photons retains the signature of the spectral char-
acteristics of the sample. In particular, the pass-
through field is related to the incident one as given
by the following expression.8,12

Ep =

[
Rg exp

(
−i

2π
λ

2ng(λ)d
)

· exp

(∑
i

−1
2
(µai(λ) + µsi(λ))Di

)

· exp

(
−i

2π
λ

∑
i

nsi(λ)Di

)]
Es. (1)

Here, Ep and Es refer to pass-through and inci-
dent (i.e., sample) fields. Quantities written using
bold letters are complex. Rg is the Fresnel reflection
coefficient. λ stands for wavelength. The refractive
index and thickness of the container, for in vitro
studies, are ng and d. The ith absorption and scat-
tering coefficients of the sample are described by µai
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and µsi . Meanwhile, the associated sample thick-
ness and refractive index are Di and nsi . The term
in square brackets has been variously named as
material coherence function and transmission pro-
file function.5–8

In Eq. (1), the wavelength dependence of the
optical properties of the sample is explicitly taken
into consideration. The direction of scattering, fre-
quently described by the anisotropy factor g, is also
a function of wavelength. To further understand the
spectral effects, we describe the optical properties
in terms of wavelength or, alternatively, optical fre-
quency. For this purpose, we perform an expan-
sion of the optical properties around the central
wavelength, λ̄.

µs(λ) = µs(λ̄) + (λ − λ̄)
dµs(λ)

dλ

∣∣∣∣
λ̄

+
(λ − λ̄)2

2!
d2µs(λ)

dλ2

∣∣∣∣
λ̄

+
(λ − λ̄)3

3!
d3µs(λ)

dλ3

∣∣∣∣
λ̄

+ · · · [mm−1]. (2)

For brevity in Eq. (2), we present exclusively
the relation for the scattering coefficient. However,
similar expressions are implied for the remaining
optical properties. For inverse-wavelength depen-
dence, the expansion may be performed in terms
of the optical frequency.

The wavelength of emission is randomly dis-
tributed. Therefore, an instantaneous realization of
the optical properties, as described in Eq. (2), is
of modest relevance. In contrast, the assessment of
the statistical expectation provides more significant
information.

E{µs(λ)} =
∑

k

mk

k!
dkµs(λ)

dλk

∣∣∣∣
λ̄

[mm−1]. (3)

Here, E{ } denotes statistical expectation, and
mk stands for the kth central moment of the dis-
tribution. From Eq. (3), we ascertain that expected
spectral values depend on the central moments of
the source, and specific constants associated to the
optical properties of the sample. A relevant scenario
occurs in the first-order approximation. For such
cases E{µs(λ)} = µs(λ̄), because the first central
moment is by definition zero. We should point out
that this result is general, because it is independent
of the expansion variable and of the distribution
function. Thus in the first-order approximation, the
expected values are given by the optical properties
evaluated at the central wavelength.

Equation (3) implies that a match between the
optical properties of the sample and the radiation
source is important. For the transillumination inter-
ferometer, this tradeoff is a relevant feature. Take,
for example, a sample with a strong absorption
peak in the interval of interest. Then, the first-
order approximation would only be valid if the sec-
ond moment of the source is near zero. On the
other hand, if the sample does not exhibit abrupt
changes in the optical properties, the value of the
second moment is of minor importance. Thus, we
may describe an optimal match between the spec-
tral characteristics of source and sample. This con-
figuration ensues when the emission spectrum of the
source is confined to a wavelength interval, where
the optical properties of the sample do not vary
abruptly. In such scenario, the first-order approxi-
mation in Eq. (3) applies, and Eq. (1) is modified
accordingly.

Ep =

[
Rg exp

(
−i

2π
λ̄

2ng(λ̄)d
)

· exp

(∑
i

−1
2
(µai(λ̄) + µsi(λ̄))Di

)

· exp

(
−i

2π
λ̄

∑
i

nsi(λ̄)Di

)]
Es. (4)

The expression in Eq. (4) implies that the tran-
sillumination interferometer yields the integrated
attenuation of the sample at the central wavelength
of emission. The assertion is true, provided that
spectral characteristics of source and sample match.

2.2. Interferometer response and
wavelength-dependent MC
analysis

In a recent publication, we described in detail
the theoretical behavior of the transillumination
technique.13 We may calculate the interferometer
response by resorting to the theory of low-coherence
optical tomography.14,15 The power collected by the
detector is found by superposing sample Es and ref-
erence Er beams (see Fig. 1).

P (∆L/c)

=
〈[∫ ∞

−∞
E′

s(τ, Ls)dLs + Er(τ + t)
]

·
[∫ ∞

−∞
E′

s(τ, Ls)dLs + Er(τ + t)
]∗〉

[W].

(5)
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Here, P represents the detected power. ∆L =
Lr−Ls is the optical path-length difference. Lr and
Ls stand for optical path-lengths of reference and
sample arms. c is the velocity of light in vacuum.
τ is the reference time for partial-coherence mod-
eling, and t represents modulation time. E′(τ, Ls)
is defined as the path-length-resolved field density;
E′(τ, Ls) = ∂E(τ, Ls)/∂Ls. The chevrons denote
time average and an asterisk demarcates complex
conjugation.

Sample path-lengths do not depend on the ref-
erence scan delay. Therefore, we may express Eq. (5)
in an alternative form.

P (Lr) = 2(PrPs)1/2

∫ ∞

−∞
[T (Ls)]1/2|γi,i(∆L)|

× cos[Φi,i(∆L)]dLs [W]. (6)

In Eq. (6), we evaluate exclusively the mod-
ulated terms of Eq. (5). Reference and sample dc
contributions are Pr and Ps. In addition, |γi,i| and
Φi,i represent amplitude and phase of the com-
plex degree of self-coherence. Finally, T (Ls) stands
for path-length-resolved transmittance; T (Ls) =
[dPs(Ls)/dLs]/Ps. In reflection geometries, such
as those used in optical coherence tomography,
T (Ls) is replaced by the path-length-resolved
reflectance.14,15

The response of the interferometer is given by
the convolution of Eq. (6). From linear systems
theory, the behavior of the technique is calcu-
lated by passing the path-length-resolved transmit-
tance through a filter. The shape of the filter is
determined by the power spectrum of the source.
For sources used in partial-coherence interferom-
etry, filters are centered at high frequencies and
have narrow bandwidths.13–15 Hence, the techni-
que is mainly sensitive to the fast-varying compo-
nents of [T (Ls)]1/2. Pass-through radiation is an
ideal high-frequency component of sample transmit-
tance. Thus, the transillumination interferometer is
particularly useful for detecting ballistic photons.

The path-length-resolved transmittance dep-
ends on the optical properties of the sample.
The optical properties are, in turn, a function
of wavelength. In order to determine path-
length-resolved transmittances, considering wave-
length dependence, we perform random walk MC
calculations.

In the MC analysis, we implement addi-
tional features as compared to those of traditional
approaches.14,16,17 First, we incorporate diverse
power spectral densities. These include radiation

sources with Gaussian, uniform, and Lorentzian
spectra. The required data for computing power
spectra consist of the half-power bandwidth and the
central wavelength. Random variates are calculated
in the optical frequency domain. However, they are
stored as wavelength values for future use. Second,
we include several models to fit the optical proper-
ties of the sample. Linear, power, polynomial, expo-
nential, and cubic spline models may be employed.
The resulting functions, which predict the values
of the optical properties, are calculated in R.18 We
allocate to each medium a prediction function for
further processing.

In traditional MC implementations, the radia-
tion impinging on the turbid medium is monochro-
matic. Therefore, in the generation of packet of
photons no spectral considerations are needed. In
the application of interest, in contrast, the radia-
tion has a bandwidth. Thus, in the procedure for
generating a packet of photons, the spectral charac-
teristics of source and turbid medium are required.
We sample the power spectral density of the source
to determine the wavelength of the packet of pho-
tons. Thereafter, we update the optical properties
of the media using wavelength information and pre-
diction functions. The values of the optical proper-
ties remain the same for the complete random walk
of a packet of photons. Next, we launch and prop-
agate the packet of photons according to the rules
of traditional MC implementations.

From the wavelength-dependent MC analysis,
we compute the path-length-resolved transmit-
tance. Afterward, we convolve the path-length-
resolved transmittance with the coherence
characteristics of the source, as shown in Eq. (6).
Then, we recover the information of interest by find-
ing the maxima of the interferograms. We normalize
maxima values to account for interferometer fea-
tures, including container effects. Finally, we take
the logarithm of the normalized values to retrieve
the integrated attenuation of the sample. Further
details regarding the recovery of information are
available in the literature.12,13

3. Spectral Tissue Model

The main objective of the present work is to
describe the spectral behavior of the ballistic tran-
sillumination interferometer. In addition to this
principal motivation, we seek to eliminate sources
of error in our system, and we look for continuity in
our research. In order to minimize errors, we attend
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to a particular scenario where deviations from the-
ory have been observed in the experiment.12 For
the sake of continuity, in this work, the setting (i.e.,
radiation source, holder, and sample) is similar to
the one encountered in the experimental validation
of the technique. The radiation source is an LED
with emission in the red portion of the spectrum.
The radiation impinges on a 1mm thick cuvette,
which holds the sample. The latter is a lipid-based
emulsion, in accordance with the experiment. More
specifically, the sample we use is Intralipid-10%; the
turbid medium employed as reference to validate
the experiment.12

The spectral characteristics of Intralipid-10%
are well described in the literature.19 In addition,
the behavior of the scattering coefficient as a func-
tion of concentration has been reported.20 In Fig. 2,
we present the spectral characteristics of the scat-
tering coefficient for various concentrations. The
behavior in (a) is representative of a sample with no
dilution. For (b) and (c), we consider the Intralipid-
10% to be diluted in water to: 1 part in 10 for (b),
and 1 part in 8 for (c).

Before pursuing the description of the sample,
we draw a parallel between the optical properties

(a) (b)

(c)

Fig. 2. Scattering coefficient of Intralipid-10% as concentration varies. The behavior in (a) is representative of a sample with
no dilution.19 For (b) and (c), we consider the Intralipid-10% to be diluted in water to: 1 part in 10 for (b), and 1 part in 8
for (c).

of Intralipid-10% and those of enamel. Sound den-
tal enamel exhibits a remarkable transparency to
radiation centered at 1310 nm.21 At this wavelength
range, the attenuation coefficient of sound enamel
µt = µa + µs is roughly 0.4 mm−1, and does not
change abruptly.22

The decay of ballistic radiation is not governed
uniquely by the attenuation coefficient. Rather it is
the optical depth, which describes the attenuation
strength of a sample. The optical depth is simply
attenuation coefficient [mm−1] multiplied by sam-
ple distance [mm]. Hence, a 10 mm sample of sound
enamel, at 1310 nm, exhibits an optical depth of 4.
Even though in the current work we do not focus
explicitly on enamel, we equate the optical depths
of Intralipid-10% and enamel.

In the red portion of the spectrum, the behav-
ior in Fig. 2(b) resembles the attenuation of
sound enamel. Meanwhile, the characteristics in
Fig. 2(c) exhibit a greater attenuation. Such a ten-
dency is distinctive of demineralized enamel.3,22

For this study, we attend to the case of greater
lipid-concentration, i.e., Fig. 2(c). In the experi-
ment, we observed deviations from theory in such
scenarios. We are, therefore, interested in gaining
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Fig. 3. The spectral tissue model consists of a container and Intralipid-10%. Values of refractive index versus wavelength
are those of BK7 glass (cuvette) and water (sample). The scattering coefficient of the turbid medium corresponds to that of
Fig. 2(c). The spectral dependence of the anisotropy is taken from the literature.19

further insight with respect to the origins of the
discrepancies.

In order to complete the description of the
tissue model, we recall that the turbid medium is
contained in a 1 mm glass cuvette. The latter is sur-
rounded by air. In Fig. 3, we present the spectral
tissue model under consideration. We depict explic-
itly the wavelength dependence of the optical prop-
erties. In addition, we note that only few data points
are required to construct the spectral tissue model.
Furthermore, fit functions span a broad range of
wavelengths.

The cuvette is made of BK7 glass. The spec-
tral dependence of the refractive index, for BK7
glass, is readily at hand.23 For the turbid medium,
the values of refractive index and wavelength are
those of water.24 Fit functions of the refractive
indices are splines. Absorption properties are con-
sidered to be negligible, and thus not shown
in Fig. 3. Sample scattering characteristics are
described by power and linear fit functions. The
former behavior is distinctive of the scattering
coefficient, whereas the latter is representative of
the anisotropy factor.25 Finally, we note that the

Henyey–Greenstein phase function is used in the
MC analysis.

4. Effects of Spectral Dependence in
the Interferometer Response

We perform the wavelength-dependent MC anal-
ysis for two scenarios, tissue characterization and
imaging. The basic difference between both is the
spatial extent of the beam. For the former appli-
cation the beam diameter is 0.5 mm, whereas for
the latter it is 15-fold greater. In each case, the
spatial distribution is flat-field and the beam is
collimated.

We assess a partially coherent source
with Gaussian spectrum. As in the experiment,
the assessed central wavelength is 637 nm, and
the bandwidth equals 20 nm.12 After performing the
MC analysis, we obtain the power density of the
source. The latter is shown in Fig. 4 for the case of
tissue characterization.

From the MC results of Fig. 4, we recognize
that the optical properties of the sample (see Fig. 3)
should be restricted to the range [λ̄ −∆λ, λ̄ + ∆λ].
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Fig. 4. We perform a wavelength-dependent Monte Carlo
(MC) analysis to describe the interactions between radiation
and sample. After MC calculations, we obtain the resulting
emission of the source.

In Fig. 5, we confine the optical properties of the
sample to be within these limits.

The information shown in Fig. 5 is relevant for
the application being discussed. We ascertain that
the optical properties behave linearly in the spectral
range of interest. Thus, the transillumination inter-
ferometer should yield the integrated attenuation of
the sample assessed at the central wavelength. We
determine the reference attenuation from the plot of
the scattering coefficient. For a central wavelength
of 637 nm, the reference coefficient is 5.955 mm−1.

The wavelength-dependent MC analysis enab-
les the calculation of path-length-resolved transmit-
tances. Thereafter, we convolve such information
with the function describing the coherence charac-
teristics of the source. From such calculations, we
obtain the spectral response of the transillumina-
tion interferometer. Finally, by finding the maxima
of the interferograms, we recover the information of
the integrated attenuation of the sample.

In Fig. 6, we show the path-length-resolved
transmittances for both scenarios. To construct the
plots, we subtract the least path-length traversed by
transmitted photons. We concentrate exclusively on

Fig. 5. The optical properties behave linearly in the spectral range of interest. The reference attenuation may be computed
from the representation of the scattering coefficient, using the value of the central wavelength.

the effects of spectral dependence in the transillu-
mination interferometer. In the figure, plots in (a)
refer to the characterization scenario. Meanwhile,
those corresponding to imaging are shown in (b).
In turn, the plots in (c) are the response of the ref-
erence setup (i.e., one without attenuating centers).
Each of these representations describes the traversal
of ballistic photons through the sample. Addition-
ally, in each plot, we have excluded the effects of
forward scattering. We refer the reader to a recent
publication, where we discuss the contributions of
such radiation.13

Multiple peaks in the plots of path-length-
resolved transmittance are due to Fresnel reflec-
tions. These are accounted for in the MC analysis.
Furthermore, in the inset of each representation,
we illustrate in more detail the effects of spec-
tral dependence. Broadening of the delta-like sig-
nature of ballistic photons is readily ascertained.
With this information, we proceed to recover the
integrated attenuation of the sample. We convolve
path-length-resolved information with coherence
characteristics of the source, and find the maxima
for sample and reference scenarios.

In the case under study, the integrated attenua-
tion actually yields the attenuation coefficient. This
assertion is true, because the sample is composed
solely of one layer (1 mm thick). The recovered val-
ues of integrated attenuation, for characterization
and imaging, read 5.840 and 5.947 mm−1. Recov-
ered coefficients are in good agreement with the
value computed at the central wavelength of the
source, 5.955 mm−1 (see Fig. 5). We attribute the
variations to the exponential attenuation of ballis-
tic photons. In the MC analysis, we ascertained
a difference of 5% in the number of pass-through
photons between scenarios. Unmistakably, more
ballistic photons traversed the sample in tissue char-
acterization simulations. A direct means to reduce
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(a) (b)

(c)

Fig. 6. Path-length-resolved transmittances for (a) characterization, (b) imaging, and (c) reference scenarios. In each inset,
we illustrate in more detail the first transmittance peak.

these deviations is to increase the number of pho-
tons in MC calculations.

Variations in the recovered attenuation, due to
spectral effects, have an additional implication. The
deviations are not significant enough to account for
the discrepancies observed experimentally. Thus,
as a result of this work, we suggest to improve
the detection scheme of the experiment. A plausi-
ble approach could entail the implementation of
balanced detection.

5. Conclusions and Future Work

We have addressed the effects of spectral depen-
dence in pass-through photon-based biomedical
transillumination. In the analysis, we proposed an
expansion of the optical properties of the sample,
around the central wavelength of emission of the

source. Expected spectral values depend on the cen-
tral moments of the source, and specific constants
related to the optical properties of the sample. In
the first-order approximation, expected values are
exactly the optical properties evaluated at the cen-
tral wavelength. This assertion is true, provided
that spectral characteristics of source and sample
correspond. An optimal match ensues when the
emission spectrum of the source is confined to a
wavelength interval, where the optical properties of
the sample do not vary abruptly.

We described, and implemented, a wavelength-
dependent MC analysis to calculate the response
of the transillumination interferometer. Additional
required parameters, as compared to traditional
MC calculations, are power density and spectral
optical properties. From the stochastic analysis, we
obtained the path-length-resolved transmittance,
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and ascertained the effects of spectral dependence.
Finally, we showed that the recovered information
was in good agreement with the value computed at
the central wavelength of the source.

We thus conclude that, the transillumination
interferometer yields the integrated attenuation of
the sample at the central wavelength, provided that
spectral characteristics of source and sample match.

A future research direction is the improvement
of the detection phase of the experiment. A plausi-
ble approach would entail the implementation of a
balanced interferometer.
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