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Abstract. We present the mathematical foundation and the experi-
mental validation of a technique that utilizes pass-through �ballistic�
photons in a partial coherence interferometric transillumination setup
for biomedical analyses. We demonstrate that the implementation de-
pends closely on tissue under test, incident power, spatial and spectral
characteristics of the radiation source, and detection electronics. With
the aid of the complex material coherence function concept, we fore-
see tissue characterization and diagnostic imaging as potential appli-
cations for the technique. We propose a normalization procedure for
in vitro and in vivo measurements, where nontissue-related quantities
are canceled out. The validation of the proposal is achieved by ob-
taining the sample coherence function of a tissue phantom. The ex-
pected exponential attenuation is confirmed, and the corresponding
scattering coefficients are determined. A good agreement between
theory and experiment, for the initial set of samples, serves to estab-
lish that pass-through photon-based transillumination is feasible for
selected biomedical applications. © 2008 Society of Photo-Optical Instrumenta-
tion Engineers. �DOI: 10.1117/1.2953191�
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Introduction

ne of the key aspects in biomedical diagnosis is the charac-
erization of tissue samples. Several different approaches may
e utilized to describe tissue, depending on the specific prop-
rties of the sample under study. Moreover, the expected out-
ome from such an assessment needs also be taken into ac-
ount to decide which method is most suitable for
haracterizing the sample. In addition, cost constraints play an
mportant role while implementing a chosen diagnostic tech-
ique. For instance, a recent study suggests that acoustic den-
itometry may represent a useful tool for the evaluation of
yocardial tissue changes in patients with chronic kidney

isease.1 Meanwhile, an optical technique has also been uti-
ized, for a different application, to characterize myocardial
issue.2 Thus different considerations must be evaluated be-
ore a choice is made for a specific tissue characterization
echnique.

Many current techniques in optical-biomedical diagnosis
mphasize the importance of using backscattered or reflected
adiation as a principal source of information.3–12 In radiation-
issue interactions, however, several other phenomena take
lace in addition to backscattering and reflection. Most impor-
ant for our application is transillumination of scattered �i.e.,
iffuse� and pass-through �i.e., ballistic� photons.13 We are
nterested in providing a diagnostic technique that utilizes
ass-through photons as a principal source of information to
chieve two goals. On the one hand, we would like to char-

ddress all correspondence to: Paulino Vacas-Jacques, Centro de Investiga-
iones en Optica, Apartado Postal 1-948, 37000, Leon, Guanajuato, Mexico.
el: 52 477 4414200: Fax: 52 477 4414209; E-mail: pvj@cio.mx
ournal of Biomedical Optics 041307-
acterize tissue via the complex material coherence function
describing the sample.14 On the other hand, we desire to per-
form diagnostic imaging.15,16 The challenges associated with
the technique are attributed to the low transmission of unscat-
tered photons through tissue. This is indeed the case, because
the amount of transmitted ballistic photons is one percent, or
less, of the scattered ones. To minimize this impediment, we
have proposed a calibration method to isolate the pass-
through radiation from the forward-scattered one.17,18

During the past two decades, other transillumination mo-
dalities relying on time-resolved, frequency-domain, or coher-
ent detection methods have been investigated for biomedical
applications. Time-resolved transillumination techniques irra-
diate the tissue under test with a pulsed light source.19–22 The
applications of time-resolved transillumination are numerous.
For instance, an indirect transillumination approach was de-
veloped based on optical coherence tomography.23 This
method used a femtosecond pulsed laser as radiation source
and a time-gating technique for photon retrieval. Furthermore,
with this technique, thick tissue samples were examined with
the use of early arriving diffuse light.24 Another area of
knowledge that has greatly benefited from pico- or femtosec-
ond pulse transillumination is optical mammography.25 In this
field, time-correlated single photon counting has been used to
image breast and to detect lesions in these tissues.26,27 Other
approaches for generating the discriminating gate for transil-
lumination diagnosis include the utilization of either the de-
gree of optical polarization or coherence.28–32 Optical imaging
through filamentous tissues is one intended application of
such diagnostic techniques.33
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In frequency-domain photon migration methods, the for-
ation of photon density waves arises due to the interaction

f intensity-modulated light propagating through turbid media
or tissue�. The dispersion of these density waves depends on
he defining properties of the tissue, and thus serves to char-
cterize the sample under study.34,35 Furthermore, the detailed
escription of the properties of photon density waves has been
ell studied.36,37 These density waves �i.e., frequency-domain
ethods� have also been used in transillumination experi-
ents. For example, the clinical importance of breast cancer

etection �and treatment� has prompted researchers to inves-
igate the use of frequency-domain techniques to enhance op-
ical mammography.38 In this same research direction, a tran-
illumination technique implementing the most probable
iffuse path calculations for locating inhomogeneities in tis-
ue has been proposed.39 More recently, a low-coherence
etup has been suggested for improving sampling rates for
emodynamic imaging.40

Biomedical diagnostic techniques such as optical coher-
nce tomography/microscopy �OCT/OCM� and coherent de-
ection imaging �CDI� benefit from coherent detection meth-
ds. Two major differences may be pointed out while
onsidering OCT/OCM and CDI. First, OCT and OCM utilize
hort coherence radiation sources. Meanwhile, CDI uses long
oherence sources to perform diagnosis. Second, the former
ethods are utilized mostly in a reflection-based geometry,
hereas the latter uses a transillumination setup. Coherent
etection methods for transillumination analysis were pro-
osed more than a decade ago.41,42 In this approach, two op-
ical waves of different frequencies are mixed at a photosen-
itive device, such as a square-law detector. Its implemen-
ation for coherent detection imaging has been described in
etail.43,44 Examples of the application of CDI in biomedical
ransillumination include polarization gating methods for im-
ging through turbid media,45 measurement of Wigner phase-
pace distributions for biomedical applications,46 and transil-
umination computed tomography for biomedical sensing.47,48

As mentioned before, diverse methods may be utilized for
ass-through photon-based transillumination diagnosis. In our
pproach, we have suggested a time-domain interferometric
ystem, shown schematically in Fig. 1. Ultrafast radiation
ources have not been employed. These sources are still rather
ulky and expensive, which restricts their implementation. In

ig. 1 Time-domain transillumination interferometer proposed for
haracterizing tissue and performing diagnostic imaging.
ournal of Biomedical Optics 041307-
addition, time-domain interferometry is a well-established
technique. This feature helps lessen the instrumentation costs.
In contrast, some frequency-domain techniques employ sev-
eral radiation sources, in conjunction with an electronic oscil-
lator, to produce photon density waves. Furthermore, certain
frequency-domain implementations incorporate more expen-
sive instrumentation, for instance, spectrometers. Similarly,
coherent detection methods require frequency modulators to
generate signal and oscillator beams. In biomedical optics,
such beams are frequently produced by acousto-optic modu-
lators, which in turn represent costly instrumentation.

We present a mathematical model describing the time-
domain interferometric system, where ballistic radiation is
employed for diagnosis. Furthermore, our experimental re-
sults demonstrate the feasibility of implementing a pass-
through photon-based transillumination system for selected
biomedical applications.

2 Theory
The reference and sample electrical fields arriving at the de-
tection plane �refer to Fig. 1� are described by the following
equations.13,17

Er�r�� = Er exp�− i
2�

� ���0 + 2naird + nair�
i

Di�r���� �V

m
� ,

�1�

Es�r�,t� = Es�Rg exp�−
1

2�
i

	
�ai
�r�� + �si

�r���Di�r����
�exp�− i

2�

� �2ngd + �
i


nsi
�r��Di�r��� + vtnair�

�V

m
� . �2�

Here subscripts r and s denote reference and sample arms,
respectively. Er and Es stand for the real amplitude of the
electrical fields. � is wavelength. ��0 represents the path dif-
ference between interferometer arms, caused, for example, by
mirror and beamsplitter coatings. The thickness of the con-
tainer wall �for in vitro studies� is denoted by d. We designate
the sample thickness of the i’th constituent on a layered-like
sample as Di�r��, where the vector r� represents a point of
probe. nair, ng, and nsi are the refractive indices of air, con-
tainer glass, and the i’th sample in that order. The Fresnel
reflection coefficient Rg is also considered. �ai and �si cor-
respond to the i’th absorption and scattering coefficient of the
sample, whereas the path-length modulation velocity and time
delay are represented by v and t correspondingly.

In Eq. �1�, we assume that no path-length compensation is
necessary and thus the index of refraction of air. The expres-
sions are slightly modified if a compensator is used. The re-
lation in Eq. �2� can be further simplified by introducing the
concept of the �complex� material coherence function
�MCF�.14 The MCF contains information about the character-
istics of the sample to decrease the degree of coherence of a
coherent beam on its passing through it. Taking this concept
into account, Eq. �2� is simplified appreciably.
July/August 2008 � Vol. 13�4�2
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Es�r�,t� = Es�m�r��exp�− i
2�

�
vtnair �V

m
� . �3�

his expression introduces the symbol for the MCF, �m. Simi-
ar to the case in the theory of partial coherence, the MCF is

complex quantity. It, in turn, is a product of the complex
ontainer coherence function �g and the complex sample co-
erence functions �si.

�m�r�� = �g
2�

i

�si
�r�� . �4�

he previous quantities are shown explicitly to depend on the
oint of probe r�. It is on the basis of this spatial dependence
hat both tissue characterization and imaging are to be ob-
ained. On the one hand, we may assume the container char-
cteristics �g to be known. On the other hand, sample coher-
nce functions �si provide the information for diagnosis as
hown next.

�g = �Rg exp�− i
2�

�
ngd , �5�

�si
�r�� = exp�−

1

2

�ai

�r�� + �si
�r���Di�r���

�exp�− i
2�

�
nsi

�r��Di�r��� . �6�

hese coherence functions describe how the attenuation takes
lace when ballistic photons travel through the sample. For in
ivo biological samples, the complex container coherence
unction is equal to Fresnel reflection. Whenever one layer of
issue is analyzed �for instance, in in vitro analyses� we may
ecover the attenuation coefficient describing the sample, by
nowing the MCF. For other scenarios, the MCF is an inte-
rated value of attenuation and provides a basis for an imag-
ng approach similar to computed axial tomography. The su-
erposition of reference, Eq. �1�, and sample beams, Eq. �3�,
n the detector plane yields the interference expression as a
unction of the MCF.

P�r�1,t� = Pr + Ps��m�r�1��2

+ 2�PrPs��m�r�1��

�cos�� + �m�r�1� −
2�

�
vtnair� 
W� . �7�

ere Pr and Ps denote the power in the reference and sample
rms, respectively. The quantities Pr and Ps refer to the total
ower transmitted on irradiating a small probe area. ��m� rep-
esents the amplitude of the complex material coherence func-
ion. The phase of the complex material coherence function is
enoted by �m, and � encompasses all remaining phase
erms. In the last expression, we have omitted the proportion-
lity coefficients relating the electrical field to power. Addi-
ionally, we suppose that a specific point of probe is being
ssessed, r�1.

In Eq. �7� we assume that a coherent source is employed.
ence the amplitude of the function of self-coherence is omit-

ed. Furthermore, this expression applies to the transmitted
ournal of Biomedical Optics 041307-
pass-through field. To put it another way, this relation is valid
only when no scattering centers are included in the sample, as
for instance, in mostly absorbing tissues. However, when scat-
tering centers are present, a more detailed analysis is neces-
sary. In such a case, the interferometric experiment may be
represented schematically as shown in Fig. 2.

For a specific probe point, different interactions may be
observed in the detection plane. First, we expect to measure a
deterministic offset. Such a term corresponds to the amount of
reference Er and pass-through Ep photons that arrive to the
detection plane. Second, a stochastic term analogous to the
former two will ensue. It represents the signal that the
forward-scattered Esc radiation produces. Third, a random dc
signal will appear because the scattered and pass-through pho-
tons retain a certain degree of coherence after traversing the
tissue. Fourth, the pass-through and reference photons will
generate a temporal variation of the irradiance. Finally, a fifth
term will result. It is a stochastically varying function due to
the interaction between scattered and reference photons.
These interactions may be described as shown in Eq. �8�.

P�t,Tsc� 	 �Er*�
 + t�Er�
 + t�� + �Ep*�
�Ep�
��

+ �Esc*�
 + Tsc�Esc�
 + Tsc�� + �Ep*�
�Esc�
 + Tsc��

+ �Esc*�
 + Tsc�Ep�
�� + �Er*�
 + t�Ep�
��

+ �Ep*�
�Er�
 + t�� + �Er*�
 + t�Esc�
 + Tsc��

+ �Esc*�
 + Tsc�Er�
 + t�� 
W� . �8�

Here P is the detected power. 
 represents the time delay
taken as reference, and t is the modulation time induced by
the delay line. The extra �random� time that the scattered pho-
tons take to traverse the sample, due to multiple interactions
of radiation with tissue, is described by Tsc. The chevrons
denote time average and an asterisk demarcates complex con-
jugation.

To arrive at the model describing the experiment, we need
to relate the reference Er and sample Es beams to the incident
electrical field of the source Ei. The relation between refer-
ence and incident beams is easy to obtain. They depend only
on splitting factors of the beam dividers in the interferometer.
In contrast, the relation between sample and incident beams is
not as straightforward. On the one hand, we have introduced
the concept of complex material coherence function to relate
the emerging pass-through field to the incident sample beam.

Fig. 2 Schematic representation of the interferometric setup depicting
the emergence of commingled scattered and ballistic photons.
July/August 2008 � Vol. 13�4�3
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Ep�r�,
� = �m�r��Es�r�,
� �V

m
� . �9�

n the other hand, no simple expression exists to associate
he forward-scattered field with the incident one. This happens
ecause radiation interaction with tissue is a stochastic pro-
ess. However, due to energy conservation, the scattered and
ncident fields are related to each other. We represent such
elation by introducing a complex scattering coherence func-
ion �sc�r� ,Tsc�.

Esc�r�,
 + Tsc� = �sc�r�,Tsc�Es�r�,
� �V

m
� . �10�

t is important to understand that although this expression
ooks simple, the complex scattering coherence function is a
tochastic function. Therefore, analytical descriptions of the
ame are intricate. Once again, if we assume that a certain
ixel �i.e., spatial area� is being assessed, we may drop the
patial dependence of the last equations. Furthermore, if we
enote the splitting coefficients of the beam dividers as ksp1
nd ksp2, we can express the superposition of fields in terms of
he incident field.

P�t,Tsc� 	 �1 − ksp1��1 − ksp2��Ei*�
 + t�Ei�
 + t�� + ksp1ksp2

�	��m�2�Ei*�
�Ei�
�� + ��sc�2�Ei*�
 + Tsc�Ei�
 + Tsc��

+ ��m���sc�
�Ei*�
�Ei�
 + Tsc�� + �Ei*�
 + Tsc�Ei�
����

+ �ksp1
�1 − ksp1

�ksp2
�1 − ksp2

�	��m�
�Ei*�
 + t�Ei�
�� + �Ei*�
�Ei�
 + t���

+ ��sc�
�Ei*�
 + t�Ei�
 + Tsc��

+ �Ei*�
 + Tsc�Ei�
 + t���� 
W� . �11�

n this expression, we introduce the temporal dependence of
he scattering coherence function as a phase term Tsc in the
orresponding electrical field. The phase modulation t is also
ncluded. We further note that the interferogram is composed
f deterministic and stochastic dc terms. In addition, the am-
litude of the modulated signals fluctuates either randomly or
redictably. From Eq. �11�, the application of partial coher-
nce theory follows.

P�t,Tsc� = �i,i�0���1 − ksp1��1 − ksp2� + ksp1ksp2

�	��m�2 + ��sc�2 + 2��m���sc���i,i�Tsc��cos
�i,i�Tsc���

+ 2�ksp1
�1 − ksp1

�ksp2
�1 − ksp2

�	��m���i,i�t��cos
�i,i�t��

+ ��sc���i,i�t + Tsc��cos
�i,i�t + Tsc���� 
W� . �12�

ere, �i,i�0� represents the optical incidance49 �or total col-
ected power on proving a small area�, which includes the
roportionality coefficient relating the electrical field to
ower. ��i,i�
�� represents the amplitude of the complex de-
ree of self-coherence. The phase of the complex degree of
elf-coherence is denoted by �i,i�
�.

The representation by partial coherence theory facilitates
he interpretation of the detected signal. The first two terms
re the deterministic offset. Furthermore, they correspond to
he amount of reference and pass-through photons that arrive
o the detection plane. The next term is analogous to the
ournal of Biomedical Optics 041307-
former two but it is stochastic. It represents the dc signal that
the forward-scattered radiation induces. The fourth term is
more intricate. It stands for the interference that pass-through
and forward-scattered photons produce due to the late arrival
of the latter. The last two terms constitute the temporally
modulated interference between pass-through and reference
beams and between forward-scattered and reference beams.
We are interested in the first modulated quantity to perform
analysis. Nonetheless, forward-scattered radiation is en-
tangled with the pass-through because the former arrives
promptly after the latter.

The first step in the recovery of information, necessary for
diagnosis, is to eliminate the fluctuating offset. In a recent
publication, we proposed to use phase-locked detection to iso-
late the signal.50 However, lock-in amplifiers require a stable
reference signal for adequate performance. Considering that
in our experimental setup the temporal modulation is gener-
ated by an open-loop nanopositioning system, phase-locked
detection is not the optimal filter. Instead, we employ a high-
pass electrical filter to eliminate the terms. After dc filtering,
the measured signal is composed solely of temporally modu-
lated signals.

P�t,Tsc� = �i,i�0��2�ksp1
�1 − ksp1

�ksp2
�1 − ksp2

�	��m���i,i�t��cos
�i,i�t��

+ ��sc���i,i�t + Tsc��cos
�i,i�t + Tsc���� 
W� .

�13�

From this expression, we observe that if the coherence time of
the source is less than the expected time of flight for scattered
radiation Tsc, the latter will not be detected. A clarification is
relevant here. When we speak of the time of coherence of the
source, we are referring to a specific measure. Well-
established biomedical techniques, such as optical coherence
tomography �OCT�, take as time of coherence the full width
at half maximum �FWHM� of the amplitude of the function of
self-coherence.51 For our purposes this is not sufficient, as is
explained shortly. Instead, the definition of coherence time as
introduced by Mandel is adequate for our analysis.52


c = 4�
0

�

��i,i�t��2dt 
s� . �14�

The assessment of Eq. �14�, assuming a Gaussian power spec-
tral density, yields the coherence time 
c for many commer-
cial radiation sources.


c = 2�2 ln�2�
�

�̄2

c��

s� . �15�

Here �̄ represents the central wavelength of emission. �� is
the bandwidth �at FWHM� of the source and c stands for the
velocity of light in vacuum.

We know that scattering is dominant in radiation-tissue
interactions.53 Therefore, we need to filter effectively, such
radiation. Substituting the coherence time, defined in Eq. �15�,
into the corresponding amplitude of the function of self-
coherence unveils a reduction of three orders of magnitude,
�� �
 ��=1.87�10−3. A comparison between this value and
i,i c

July/August 2008 � Vol. 13�4�4
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hat of OCT, ��i,i�
c=
OCT��=0.5, emphasizes the appropri-
teness of using Eq. �14� for filtering purposes. Taking this
nformation into account, we may conclude that any photon
rriving at a time greater than the coherence time of the
ource will be filtered out efficiently. This is relevant for the
alibration procedure of the instrument, because radiation
ources will behave differently depending on their coherence
haracteristics. For further details on the coherence analysis
including comparisons between different radiation sources�,
e refer the reader to a recent publication of our group.50 If
e assume that the coherence filter serves its purpose success-

ully, the temporal maxima of Eq. �13� yield a proportional
easure of the sought information.

max	P�t�� = 2�i,i�0��ksp1
�1 − ksp1

�ksp2
�1 − ksp2��m� 
W� .

�16�

or in vitro studies, the contributions of the sample container
re undesired. Hence we need a means to discard such infor-
ation. To achieve this, we may normalize the measurements

y calculating Eq. �16�, while including as a sample a trans-
arent liquid �i.e., nonscattering� with a similar index of re-
raction as the tissue under test. In the next section, we elabo-
ate further on normalization issues, while describing in detail
he experimental setup built to validate pass-through photon-
ased biomedical transillumination.

Materials and Methods
.1 Experimental Setup
n the transillumination interferometer depicted in Fig. 1, the
adiation traverses the sample under test only once. This is
ost desirable because the process under study is exponential,

s illustrated in Eq. �2�, and power decreases rapidly. How-
ver, we prefer to work with a Michelson configuration to
onfirm the viability of the concept. Although in this setup the
adiation must traverse the sample twice, the interferometer
enefits from other important characteristics such as ease of
ompensation and lack of misalignments �during temporal
odulation�. Nonetheless, after the concept has been success-

ully validated in a traditional Michelson system, a fiber-
ptic-based Mach-Zehnder implementation will enhance over-
ll performance. In Fig. 3 we show a schematic layout of the
artial coherence Michelson interferometer.

The emphasis of this analysis is placed on the validation of
ass-through photon-based transillumination. In the theory
art of this work, we established that coherence filtering plays
n important role for ensuring isolated detection of ballistic
hotons. Nevertheless, low-coherence sources exhibit coher-
nce lengths in orders of microns �101 to 102 �m�, and thus
etection of co-mingled pass-through and single scattered ra-
iation may ensue. This happens because single scattering
olely modifies the direction of propagation of light. There-
ore, to minimize detection of scattered radiation, we carefully
mplement three features in our experiment.

First, we collimate the radiation source conscientiously to
nsure a maximum optical length with the same transversal
pot size. Second, we build the interferometer compactly so
hat the radiation traverses the sample directly after having
eft the collimation optics. Third, we place the detection plane
istant from the sample to permit spatial divergence of scat-
ournal of Biomedical Optics 041307-
tered photons. It is then important to recognize that spot size
not only determines pixel size in our experiment, but also the
region where optical noise may be found. Hence for optimal
performance of the system, small pixel sizes could be prefer-
able. Figure 4 is a photograph of the experimental setup, as
implemented in our laboratory, where the aforementioned fea-
tures may be recognized.

Several remarks concerning the experimental implementa-
tion are in order here. The partial coherence source is a fiber-
coupled LED �637-nm central wavelength, 20-nm FWHM,
25-mW output power, and 0.47 N.A., WT and T Incorporated,
Pierrefonds, Canada� with a coherence length of approxi-
mately 27 �m, as calculated from Eq. �15�. Due to the large
numerical aperture of the source, several optical components
are utilized to collimate the radiation. Furthermore, the
tradeoff between collimated power and diameter of collima-
tion restricts us to a 7 to 8-mm-wide beam with approxi-
mately 500 �W. This value places a tight demand on the
detection electronics because of the expected exponential de-
cay of power. To improve this condition, an increment on the
incident power of approximately one order of magnitude may
ensue. With such an increment, we would still comply with
safety considerations, such as those of ANSI standards.54 An-
other aspect that may be improved is the pixel size. The proof
of concept does not require a compact pixel size. However,

Fig. 3 Schematic layout implemented to validate pass-through
photon-based transillumination interferometry for biomedical applica-
tions. The sample arm is modulated �t1, t2, etc.� to generate an
interferogram.

Fig. 4 Pass-through photon-based transillumination interferometer in
a Michelson configuration. The letters are the same as used in Fig. 3.
LED is light emitting diode, CO is collimating optics, BS is the beam-
splitter, S is the sample, M1 is mirror 1, M2 is mirror 2, OPM is the
optical path modulator, and D is the detector.
July/August 2008 � Vol. 13�4�5
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or applications such as tissue characterization, spatial extent
s important. The utilization of a super luminescent diode
SLED� would be capable of providing both power and com-
act pixel size.

The temporal modulator is of central importance for the
ystem. This is because by finding the maximum of the signal,
e need not consider the effects introduced by the amplitude
f the function of self-coherence. However, whenever a dif-
erent sample is introduced in the interferometer, the system
ust be compensated accordingly. In the experimental setup,
e utilize a nanopositioning system with a 100 �m travel.
e limit the effective travel of the modulator to 50 �m, be-

ause in the current experiment we do not expect large optical
ath differences. In addition, we center the modulator such
hat the maximum of the function of self-coherence is located
n the middle of the travel range. This is relevant, since the
anopositioning system works in an open-loop regime, and
ence exhibits hysteresis. The most detrimental effects of hys-
eresis appear at the beginning �or end� of each travel, and
hus do not influence the output of the interferometer. Never-
heless, a system with closed-loop control would serve to en-
ble phase-locked detection with the implicit benefits it pro-
ides.

Tissue exhibits marked attenuation properties while inter-
cting with light, such that ballistic photons are rare events.
herefore, in the experimental setup, we utilize a 1-mm-thick
uvette as a sample holder. The attenuating behavior also
erves to demarcate the kind of tissues that may be analyzed
ith the technique. At present, we foresee dental tissue as a
lausible sample for pass-through photon-based transillumi-
ation.

.2 Materials
he phenomenon under study exhibits an exponential decay
nd hence must be characterized with detail. For this reason,
e prepared several concentrations of a well-established tis-

ue phantom. We utilize a sample that displays marked char-
cteristics of scattering because absorption is solely observed
s a decrease in optical power. Meanwhile, scattering is
resent throughout the experiment and is difficult to over-
ome, because scattered radiation in tissues is predominantly
orward directed.55 Thus we employ a sample exhibiting
arked scattering characteristics to evaluate the feasibility of

ass-through photon-based transillumination.
We utilize a lipid-based emulsion consisting of Lipofun-

in™ 10% �B. Braun Melsungen Laboratory, Melsungen,
ermany� and distilled water. The phantom material �mar-
eted trade names Intralipid™, Nutralipid™, or Lipofun-
in™� is a reproducible source of lipids. Its stability is better
han 10%, and successful reuse of the emulsion has been re-

Table 1 Equivalent volumetric and percentage conce

Volumetric

�l/�l�

1.25
1000

2.50
1000

3.75
1000

5.00
1000 1

Percentage
�%�

0.125 0.250 0.375 0.500 0
ournal of Biomedical Optics 041307-
ported over many days.56 An additional relevant feature of
these lipid-based phantoms is their reliability for studies with
visible radiation.57 This convenience facilitates the alignment
and experimental procedures. For final clinical purposes, we
would take advantage of the optimal therapeutic window in
the near-IR to perform diagnosis.58–60

We prepare ten samples by increasing the concentration of
the tissue phantom gradually and meticulously. The use of a
micropipette �Finnpipette 4500050, Thermo Scientific� en-
sures the accuracy of the emulsions. Assuming that the total
volume of the sample is 1000 �l, the increment of the
�equivalent� volumetric concentrations of the tissue phantom
employed is 1.25 �l. Hence the assessed range of sample
concentration spans the values utilized conventionally to
mimic tissue-like optical properties with a lipid emulsion like
Lipofundin™, as shown in Table 1.

It is important to keep in mind that in the Michelson inter-
ferometer, the sample behaves as a tissue of two-fold concen-
tration due to the double pass implicit in the configuration.
Hence the results obtained are valid for samples two times
more attenuating in a Mach-Zehnder interferometer.

3.3 Methods
Concerning the methodology employed during the experi-
ment, we would like to point out the importance of normaliz-
ing the measurements. In Eq. �16�, a proportional measure of
the quantity of interest is proposed. Nonetheless, such a mea-
sure is also influenced by features of the instrument �e.g.,
splitting factors, detector responsivity, etc.�. To cancel out
these effects, we perform a normalization of the measure-
ments. This procedure improves further the reliability of the
technique, since the stability of the measurements does not
have to span the complete experiment. Indeed, stability during
measurements with sample and with reference �i.e., normal-
ization� setups suffices for obtaining consistent results.

As singled out previously, for in vitro experiments, a trans-
parent sample with similar index of refraction as the sample
of interest may be utilized to normalize the measurements. In
this case, the material coherence function, Eq. �4�, would be
composed solely of the container coherence function. There-
fore, the normalized measurements would not include infor-
mation related to the sample holder. The case of in vivo stud-
ies is different. In such scenarios, we propose to cancel out all
factors associated with the instrument, leaving only the infor-
mation related to the material coherence function. To achieve
this, the reference setup would not include a sample in the
interferometer arm. Thus, the normalized measurements
would only reveal information pertaining to the tissue under
test.

s of tissue phantom assessed in the experiment.

7.50
1000

8.75
1000

10.00
1000

11.25
1000

12.50
1000

0.750 0.825 1.000 1.125 1.250
ntration

6.25
000
.625
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Before presenting the experimental results we would like
o briefly describe the methodology followed during measure-

ents. First, the partial coherence interferometer without a
ample is aligned and compensated. For in vivo studies, we
eed to ensure that finding this position is rapid and reliable.
urthermore, depending on the extent of the sample under

est, this endeavor may be somewhat complicated. Whenever
he interferometer is in optimal conditions, the reference mea-
urement is taken for in vivo studies. In contrast, for in vitro
nalyses the sample holder is introduced with a transparent
ample �distilled water, in our case�, and the reference mea-
urement is taken. It is important to keep in mind that most
ample holders are not designed for interferometric applica-
ions. Therefore, the importance of canceling the effects of the
ontainer by normalizing the measurements.

Next, the sample is introduced in one arm of the interfer-
meter. In the case of in vivo studies, the interferometer is
ompensated accordingly. For in vitro analyses, the optical
ath difference will not affect appreciably the performance of
he instrument. Nonetheless, for this to be the case, the dis-
lacement of the optical path modulator is of significant im-
ortance. Finally, amplifier and detection electronics are set
epending on the attenuating characteristics of the tissue, and
he sample measurement is taken. With this idea in mind, we
ow present and discuss our experimental results.

Results and Discussion
e have mentioned throughout the work that adequate nor-
alization of measurements is desirable. In what follows, we
ould like to demonstrate that this is the case. To arrive at this

onclusion, we first align and compensate the partial coher-
nce interferometer. After alignment and compensation, the
ehavior of the system is known: an amplitude modulated
inusoidal response. The amplitude modulation is given by the
nvelope of the self-coherence function. The inclusion of a
ample holder with a transparent medium should not affect, in
heory, the quality of the interferogram. However, if the opti-
al quality of the container is distant from interferometric
lass, performance of the system deteriorates. In Figs. 5 and 6,

ig. 5 The response of the partial coherence transillumination inter-
erometer without sample is symmetric due to the quality of the opti-
al components.
ournal of Biomedical Optics 041307-
we compare the performance of the interferometer without
sample and with the reference liquid �i.e., distilled water�.

The importance of adequate normalization is evident from
Figs. 5 and 6. Furthermore, by ensuring interferometric qual-
ity of the sample container, we predict a behavior like the one
depicted in Fig. 5. However, for daily routine in vitro mea-
surements, interferometric-class containers are not viable,
hence the importance of adequately compensating sample
holder effects.

Now we address the proof of concept for pass-through
photon-based transillumination interferometry for biomedical
applications. As stated in the previous section, we prepared a
series of tissue phantoms with increasing attenuating charac-
teristics. In Figs. 7 and 8, we show the corresponding inter-
ferometric measurements for the tissue phantom composed of
a 2.5 /1000 
�l /�l� concentration and the corresponding sig-
nal for the reference sample �distilled water�.

The signals in Figs. 7 and 8 serve to recognize the ex-
pected attenuating characteristics of the sample. Regardless of

Fig. 6 The response of the partial coherence transillumination inter-
ferometer with reference sample is asymmetric due to the inclusion of
the sample holder.

Fig. 7 Representative interference signal for one of the scattering con-
centrations: 2.5/1000 
�l /�l�.
July/August 2008 � Vol. 13�4�7
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aving a relatively low scattering concentration, the signal
ecreases three-fold. Now, the aim of the analysis is to re-
over the material coherence function for a certain tissue
phantom� from interferometric measurements, such as those
epicted in Figs. 7 and 8. Equation �16� yields a proportional
easure of the amplitude of the material coherence function.

f normalization is performed, the effects of the container are
anceled out, and the results correspond solely to the ampli-
ude of the sample coherence function, as may be verified in
q. �4�. Therefore, we expect to observe an exponential decay
s concentration is increased. In Fig. 9, we present the experi-
ental results for the tissue phantom concentrations listed in
able 1.

In Fig. 9 we have omitted the error bars of the volumetric
oncentrations for ease of reading. The accuracy of the mi-
ropipette is better than 1%, and as such, the error bars are
lose together. Nonetheless, the error bars of the x axis may
e incorporated by modifying our statistical program, coded
n R.61,62 Furthermore, the error bars of the y axis correspond
o electronic fluctuations during measurements. The standard
eviation of the maximum and �absolute� minimum values for

ig. 8 Corresponding reference signal for normalizing the measure-
ents of the sample of Fig. 7.

ig. 9 The amplitude of the sample coherence function, for the tissue
hantom under study, exhibits an exponential behavior as predicted

n Eq. �6�.
ournal of Biomedical Optics 041307-
ten modulation cycles is considered. Greater error bars are
due to measurements directly from the oscilloscope display
and may be reduced by signal downloading and offline pro-
cessing.

The exponential behavior of the sample coherence function
is manifest in the graphic representation of Fig. 9. As de-
scribed in Sec. 3, the sample is composed of one layer of a
well-established tissue phantom. Therefore, we may recover
the corresponding scattering coefficients by using the data de-
picted in Fig. 9 and Eq. �6�. Furthermore, assuming that the
tissue phantom behaves similarly to Intralipid™, the theoret-
ical scattering coefficients may be calculated from the expres-
sions due to van Staveren et al.57 It is important to keep in
mind that theoretical scattering coefficients for samples of
two-fold concentration must be calculated, because the radia-
tion traverses the phantom twice. In Fig. 10, we show a com-
parative plot of such theoretical coefficients and the experi-
mental values obtained in this work.

In Fig. 10, we observe good agreement between theory and
experiment for the initial set of samples. As scatterer concen-
tration increases, the presence of �optical� noise becomes
more prominent. The use of either a spatially compact source
or a minimally divergent beam would help to counteract this
phenomenon. Nonetheless, we may conclude that pass-
through photon-based transillumination interferometry, for se-
lected biomedical applications, is feasible.

5 Conclusion and Outlook
The implementation of pass-through photon-based transillu-
mination depends on tissue under test, power, spatial and
spectral characteristics of the radiation source, and detection
electronics. The importance of matching power, detection
electronics, and adequate tissue extent is recognizable because
the process under study is exponential. Therefore, an accurate
calibration between detector, radiation power, and sample is
necessary to ensure performance. Furthermore, the spectral
signature of the source is underlined as relevant for the tech-
nique. Despite coherence lengths being on the orders of mi-
crons, detection of commingled pass-through and single scat-
tered radiation may ensue. In the case of scattered photons, a
spatially compact radiation source provides a means to over-

Fig. 10 Theoretical and experimental comparison of the scattering
coefficients for Lipofundin™ 10%.
July/August 2008 � Vol. 13�4�8
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ome optical noise. Furthermore, a displacement of the detec-
ion plane improves the filtering of scattered radiation.

Pass-through photon-based transillumination may become
n alternative for tissue characterization and diagnosis, for
nstance, of dental samples. For in vitro and in vivo applica-
ions, we have described normalization procedures that are
dvisable. In the former case, a choice of a transparent liquid
hat mimics the index of refraction of the sample would serve
o eliminate container-related characteristics. This is most im-
ortant when the recipient is not of interferometric quality.
onsidering the latter application, instrument-related quanti-

ies may be canceled out by normalizing the measurements
ith respect to a system without sample.

The proposed measure for diagnosis, the material coher-
nce function, describes the characteristics of the sample to
ecrease the degree of coherence of a coherent beam on its
assing through it. Whenever one layer of tissue is analyzed
for instance, in in vitro analyses�, we may recover the attenu-
tion coefficient for tissue characterization purposes by know-
ng the material coherence function. For other scenarios, the

aterial coherence function is an integrated value of attenua-
ion and provides a basis for an imaging approach similar to
omputed axial tomography.

In this work, we determined the sample coherence function
f a tissue phantom, and from this information, the corre-
ponding scattering �i.e., attenuation� coefficients were deter-
ined. For the initial set of samples, good agreement between

heory and experiment served to conclude that pass-through
hoton-based transillumination is feasible for selected bio-
edical applications.
Nonetheless, we must also underline that several improve-

ents await implementation. First, a more robust fiber-based
ach-Zehnder interferometer must be built. Second, a SLED
ay serve to improve important features such as power, pixel

ize, and beam collimation. Third, a closed-loop modulator
ould facilitate the use of a lock-in amplifier with the implicit
enefits it provides.
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