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Abstract. The present study focuses on enhancing the sensitivity and
specificity of spectral diagnosis in a stratified architecture that models
human cervical epithelia by experimentally demonstrating the effi-
cacy of using angularly variable fiber geometry to achieve the desired
layer selection and probing depths. The morphological and biochemi-
cal features of epithelial tissue vary in accordance with tissue depths;
consequently, the accuracy of spectroscopic diagnosis of epithelial
dysplasia may be enhanced by probing the optical properties of this
tissue. In the case of cellular dysplasia, layer-specific changes in tissue
optical properties may be optimally determined by reflectance spec-
troscopy when specifically coupled with angularly variable fiber ge-
ometry. This study addresses the utility of using such angularly vari-
able fiber geometry for resolving spatially specific spectra of a two-
layer epithelial tissue phantom. Spectral sensitivity to the scattering
particles embedded in the epithelial phantom layer is shown to sig-
nificantly improve as the obliquity of the collection fibers increases
from 0 to 40 deg. Conversely, the orthogonal fibers are found to be
more sensitive to changes in the stromal phantom layer. © 2007 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2769331�
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Introduction

he use of reflectance spectroscopy for precancer detection1–4

as generated increasing interest in the potential of depth-
elective fiber geometry to probe and detect localized tissue
athology. This is especially true for tissue dysplasia associ-
ted with the development of incipient cancer. In this case,
pecific depth selection of diseased tissue could improve the
dentification of tissue dysplasia in the early stages by enhanc-
ng the discrimination between normal and abnormal tissue
ypes. Varying the geometrical configurations of photon deliv-
ry and collection offers a promising means of achieving such
epth selection. These configurations include the following:
ource-detector separation distances �SDSD�,5–7 aperture
izes,8–12 numerical apertures,8,10,13 spacing between the fiber
robe and tissue surface,8,9,14,15 and the angular orientation of
bers with respect to the target tissue.16–18 The objective of all

hese geometrical manipulations is to enable the differentia-
ion of superficially scattered photons from those multiply
cattered at extensive depths. It is precisely by selectively
nhancing and minimizing collections of photons originating
rom their respective target and background regions, that
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tates of America; Tel.: 713–348–3011; Fax: 713–348–5877; E-mail:
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implementation of depth-resolved optical spectroscopy can be
achieved.

Accordingly, the present study focuses on enhancing the
sensitivity and specificity of spectral diagnosis in a stratified
architecture that models human cervical epithelia by experi-
mentally demonstrating the efficacy of using angularly vari-
able fiber geometry to achieve the desired layer selection and
probing depths. This is accomplished by: 1. accurately target-
ing the desired layer and then 2. successfully probing optical
and physical characteristics of the targeted medium in a way
that enables clinicians to make a proper spectral interpreta-
tion. The task is to target a specific tissue layer in such a way
that the probed medium is more successfully characterized,
both biochemically and morphologically. We believe that the
proposed angularly variable fiber geometry should yield re-
flectance spectra that manifest such diagnostically relevant in-
formation about the specifically probed medium. It is equally
important that the proposed fiber geometry minimize un-
wanted signals that may erroneously affect the characteriza-
tion of the target tissue. Thus, the performance of angularly
variable fiber geometry, with particular reference to its capa-
bility of producing diagnostically informative reflectance
spectra, remains the subject of continued investigation.

To systematically address these issues in a controlled en-
vironment, we use a series of two-layer tissue phantoms to
1083-3668/2007/12�4�/044011/14/$25.00 © 2007 SPIE
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odel human cervical epithelial tissue. The phantoms permit
uantitative control of both physical and optical properties of
he targeted medium. This allows us to selectively investigate

particular variable of phantom properties when the others
re controlled as invariants. More precisely, by using the con-
rolled phantoms, we are able to investigate the performance
f fiber probes under different scattering and absorption con-
itions that are used to model the progression of epithelial
ysplasia. We anticipate that the findings that result from the
odeling in this study will serve as a foundation on which to

onduct further investigations based on clinical observations
rom either in-vitro or in-vivo environments.

Methods
.1 Tissue Phantom Geometry and Optical Properties
wo-layer phantoms are used to mimic the structure of strati-
ed cervical epithelium. The thickness of the epithelial �top�

ayer is set at 400 �m to approximate the average thickness
f human cervical epithelia.19 The stromal layer has a total
epth of 25 mm to represent an optically semi-infinite tissue
ayer underneath the epithelium. The diameter of the cylindri-
al tissue phantoms is 22 mm, which is wide enough to en-
ompass all optical paths collectible by our particular fiber
eometry. A fine circular microscope cover glass �approxi-
ately 100 �m thick� separates the two phantom layers, and

ll contact joints are sealed with an optical-grade adhesive.
he influence of the glass separator on photon propagation in

he tissue phantoms is empirically determined to be negli-
ible. This conclusion is based on the comparison between the
eflectance spectra of a homogenous phantom �with only one
ayer� and a two-layer phantom that consists of the same prop-
rties as those of the single-layer phantom.20 The reflectance
pectra of the two phantoms are almost indistinguishable for
ll the fiber geometries under consideration in this study. It
hould be noted that the glass separator may enhance the ef-
ective thickness of the top phantom layer. However, since the
hickness of the cover glass is reasonably small and optically
ransparent, we believe that its inclusion is a reasonable and
ecessary compromise in the development of this two-layer
hantom structure.

The optical properties of human cervical epithelium are
ased on the values reported by Collier et al.,21 Chang et al.,22

nd Drezek et al.3 that were previously adopted by Zhu, Liu,
nd Ramanujam,10 Wang et al.,17 Skala et al.,18 and Palmer
nd Ramanujam23 in their respective studies on epithelial tis-
ue. A wide range of tissue optical properties is implemented
n our phantoms to ensure the comprehensiveness and validity
f our study. The values for the reduced-scattering ��s�� and
bsorption ��a� coefficients of the normal and abnormal epi-
helial phantoms can be found in Figs. 1�a� and 1�b�, respec-
ively. The reduced-scattering coefficients and anisotropies
g� of the phantoms are calculated with Mie theory, and the
bsorption coefficients are experimentally determined using a
pectrophotometer.

.2 Fiber Geometry
he configuration of the source and collection fibers is con-

rolled with a mechanical stage that independently adjusts the

ber separation �SDSD� and fiber obliquity with respect to the

ournal of Biomedical Optics 044011-
phantoms. The SDSD is measured as the distance between the
opposing edges of the source and collection fibers. Through-
out this study, we maintain the source fiber at the orthogonal
orientation and only investigate the angles of the collection
fiber in relation to the target surface. Fiber separation and
obliquity are tuned with micrometers, of which the opera-
tional uncertainties are smaller than 1 �m and 0.5 deg in
magnitude, respectively. A circular cover glass is placed on
the top of the phantoms to provide surface consistency, and
the distal facets of the fiber optics are placed flush to the cover
glass. Index matching between the fibers and cover glass is
achieved with certified low-fluorescence immersion oil with a
refractive index of 1.57 �Zeiss, Münich, Germany�. The
source and collection fibers, of which the core diameter and
nominal numerical aperture are 200 �m and 0.22, respec-
tively, are connected to a broadband light source �Ocean Op-
tics, Dunedin, Florida HR2000� and spectrophotometer
�Ocean Optics, Dunedin, Florida QE64000�, respectively. All
reflectance measurements are normalized to the reference re-
flectance of a 99% reflectance standard �LabSphere, North
Sutton, New Hampshire� when measured with the orthogonal
�0 deg� fiber. All reported reflectance spectra are sampled at
three random locations on the phantoms and then averaged;
the standard deviations with respect to the averages are within
5 percentage points for all measurements. For each measure-
ment, five samples are automatically recorded and averaged
with an integration time of 200 ms. To maintain phantom
consistency, all phantoms are sufficiently agitated before each
measurement.

2.3 Phantom Properties and Rationale
This study investigates the sensitivities of fiber probes to: 1.
changes in epithelial scattering properties, 2. changes in stro-
mal scattering properties, and 3. changes in tissue scattering
and absorption coefficients of both phantom layers that simu-
late dysplastic progression in cervical epithelial tissue. Mono-
dispersed polystyrene microspheres �Bangs and Polysciences
Laboratories� and 10% intralipid emulsions �Sigma-Aldrich�

Fig. 1 �a�, �b�, and �c� The optical properties of the normal and ab-
normal epithelial phantoms that mark the boundary of the absorption
and reduced-scattering coefficients implemented in the tissue phan-
toms. �c� depicts the reduced-scattering coefficients and anisotropies
of the 0.51- and 0.92-�m polystyrene microspheres used in the basal
layer.
are the sources of scattering for the phantoms. For each of the
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nvestigations reported, specific combinations of scattering
articles are chosen to stimulate the progression of changes in
cattering properties of either epithelial or stromal phantom
ayers with respect to developing epithelial dysplasia.

.3.1 Investigation 1: Changes in Epithelial Scattering
Coefficients

or investigation 1, we are interested in detecting the morpho-
ogical variations of the scattering particles embedded in the
hantoms’ top �epithelial� layer. Generally speaking, in human
ervical epithelia, a typical nucleus has a diameter of approxi-
ately 5 �m, while the effects of cellular dysplasia can

early double the size. Instances involving an increase as
arge as 20 �m in diameter have also been reported.2,16,24–28

herefore, four sizes of microspheres are used to model the
ncrementally enlarging epithelial nuclei in pathologically
rogressing tissue. For our models, polystyrene microspheres
.65 �m in diameter are used to simulate the cellular nuclei
n a healthy epithelium; whereas polystyrene microspheres

easuring 9.0 �m in diameter imitate those of the dysplastic
ells in abnormal tissue. In addition, two intermediate sizes,
.63 and 7.32 �m, represent the transitional stages between
he normal and dysplastic cells. To simplify our models, only
olystyrene microspheres are utilized in the epithelial layer to
imulate the morphology of cellular nuclei. However, both
olystyrene microspheres and intralipid emulsions are used to
pproximate the scattering properties of the underlying stro-
al tissue where the structural components are less morpho-

ogically defined. For these phantoms, two polystyrene micro-
pheres, measuring 0.92 and 0.51 �m in diameter, are found
o reasonably match the scattering properties of the stroma in
ormal and abnormal cervical tissue, respectively. Intralipid,
s an emulsion of fatty molecules, also provides a good ap-
roximation to the scattering properties of the stromal tissue.

As described before, polystyrene microspheres of four dif-
erent sizes are used to model the enlargement of epithelial
uclei caused by cellular dysplasia. Microspheres measuring
.65 �m in diameter are diluted at a concentration of 7.7
107 particles per mL of water to approximate the scattering

roperties of normal cervical epithelia. The other micro-
pheres, those measuring 5.63, 7.32, and 9.0 �m in diameter,
re also prepared at the same concentration as the representa-
ions of increasingly dysplastic epithelia. Since the scattering
roperties of the epithelial layers are the sole subject of the
urrent investigation, both morphological and optical proper-
ies of the stromal layers are kept constant. Polystyrene mi-
rospheres measuring 0.51 �m in diameter are diluted at a
oncentration of 5.5�1010 particles per mL of water for the
tromal layers. As noted earlier, the four phantoms represent
he transitional stages of progressively dysplastic epithelial
issue. For this reason, and because the properties of the stro-

al layer must be kept uniform in the context of this experi-
entation, the reduced scattering coefficients of the stromal

hantoms are chosen to equal the medium of those of the
ormal and abnormal stroma, as shown in Fig. 1�b�. In this
ection of our study, no extrinsic absorbers are added to allow
argeting the effect of tissue scattering alone. Tissue absorp-
ion will be specifically addressed in an upcoming section,
hile a thorough investigation over a wide range of stromal
cattering will be addressed in investigation 2.

ournal of Biomedical Optics 044011-
2.3.2 Investigation 2: Changes in Stromal Scattering
Coefficients

In healthy stromal tissue, collagen is abundant and provides
strong background scattering. As dysplasia progresses, how-
ever, collagenous material underneath the affected region de-
teriorates, which diminishes its scattering strength.29–33 There-
fore, the changes in stromal optical properties, as a
consequence of tissue dysplasia, also exert strong influence on
photon propagation in tissue. In terms of scattering aniso-
tropy, photons are scattered more isotropically in stroma than
in epithelium. Typically, in the spectrum of visible light, the
stromal anisotropies are approximately 0.8 to 0.85, while
those of the epithelium are above 0.9. The stronger likelihood
of backscattering due to its smaller anisotropies, along with
the high scattering coefficients, make stroma a dominant
source of tissue reflectance.

Two polystyrene-microsphere suspensions and two in-
tralipid emulsions are prepared to emulate different conditions
of stromal scattering properties. Categorized by the species of
the scattering particles, four phantoms are created as follows:
1. 0.51- and 0.92-�m polystyrene microspheres at concentra-
tions of 5.5�1010 and 1.2�1010 particles per mL of water,
respectively, and 2. 0.3 and 0.6% emulsions of intralipid in
water. The polystyrene phantoms have approximately equal
reduced-scattering coefficients, but they differ in anisotropies:
the 0.51-�m microspheres, by virtue of their smaller size, are
more isotropically scattering than the 0.92-�m microspheres.
The anisotropies and reduced-scattering coefficients of the
0.51- and 0.92-�m microspheres are calculated with Mie
theory and shown in Fig. 1�c�. Since the reduced-scattering
coefficients ��s�� are equated to the mathematical product of
the scattering coefficients ��s� and 1 less the anisotropies �1
−g�, it is possible for two scattering particles to have similar
reduced-scattering coefficients, even though their native scat-
tering coefficients and anisotropies are different. Intralipid has
the lowest anisotropies of the four basal phantoms, ranging
from 0.87 to 0.52 in the visual near-infrared �VIS-NIR� wave-
lengths. The 0.3 and 0.6% intralipid emulsions approximate
the lower and upper boundary values, respectively, of the stro-
mal reduced-scattering coefficients, as shown in Fig. 1�b�,
while the reduced-scattering coefficients of the two polysty-
rene phantoms coincide with the medium of the boundary
values. Using this particular combination of basal phantoms,
we are able to investigate the influence of the concentrations
�as in the intralipid phantoms� and anisotropies of the scatter-
ing particles �as in the polystyrene phantoms� to the resultant
reflectance spectra. Uniform top layers are coupled with all
four stromal phantoms. We use the 9.0-�m polystyrene mi-
crospheres, as previously noted, at the dilution of 7.7�107

per mL of water in the upper tissue phantom. No extrinsic
absorbers are added to allow targeting of the tissue scattering
effect alone.

2.3.3 Investigation 3: Changes in Tissue Scattering
and Absorption Coefficients Simulating
Epithelial Dysplasia

In the previous investigations, we focused on the effects of the
scattering properties in tissue phantoms. In addition to scat-
tering, tissue absorption is another essential element affecting

reflectance spectra. For example, hemoglobin is a dominant

July/August 2007 � Vol. 12�4�3
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hromophore in tissue that significantly affects the spectral
ignatures of tissue reflectance. Specifically, its predominant
bsorption may mask the spectral signals from other biologi-
al elements and consequently potentially distort the spectral
iagnosis of tissue, especially when only nonvascularized tis-
ue, such as the epithelium, is the target of interest. Therefore,
s we examine the performance of depth-selective fiber geom-
try, the presence of hemoglobin absorption in the tissue
hantoms must also be considered.

To perform experimentation under a more complete and
ealistic model of tissue, we implement four tissue phantoms
ith the inclusion of proper tissue absorptions in both epithe-

ial and stromal layers. India ink and human hemoglobin are
dded to the epithelial and stromal layers, respectively, to
imulate tissue absorption. Two of the phantoms resemble the
issue properties of normal and abnormal cervical epithelia
hat were previously shown in Fig. 1. In this protocol, poly-
tyrene microspheres are used as the source of scattering in all
issue phantoms. For the normal tissue phantoms, polystyrene

icrospheres, measuring 4.65 and 0.92 �m in diameter, are
sed for the emulation of healthy epithelial and stromal lay-
rs, respectively, while the 9.0- and 0.51-�m polystyrene mi-
rospheres approximate the scattering properties of the abnor-
al epithelial and stromal tissue layers, respectively.
Two additional phantoms are prepared as the hybrids of the

ormal and abnormal tissue phantoms. The epithelial layers of
he two original phantoms are interchanged to produce two
dditional permutations of the phantoms. By design, any pair
f the original-hybrid phantoms differs in only one layer. To
implify the notations of the phantoms, the two original phan-
oms are labeled as N-N �normal epithelium and stroma� and
-A �abnormal epithelium and stroma� after the tissue prop-
rties that they model. The hybrid phantoms are marked as N-

and A-N, according to their respective epithelial-stromal
ombinations. Although the hybrid phantoms are entirely hy-
othetical in terms of their layer arrangements, they are spe-
ifically created to demonstrate that the proposed fiber geom-
try can achieve correct depth selections regardless of the
ompositions of the ambient layers.

Results
.1 Changes in Epithelial Layer Scattering
his section investigates the ability of fiber probes to detect
orphological variations of the scattering particles embedded

n the phantoms’ top layer. As previously noted, epithelial
ysplasia is linked to the growth of epithelial nuclei. The en-
arged nuclei in the epithelial layer, in turn, increase the local
cattering coefficients of the affected region. More impor-
antly, such changes in nuclear morphology may then result in
eflectance spectra that may potentially yield diagnostically
ignificant information about tissue pathology. Thus, to the
xtent that a given fiber geometry is able to respond to slight
odifications in tissue pathology, the sensitivity and specific-

ty of optical diagnosis of tissue pathology may, in fact, be
mproved.

Figures 2–6 incorporate the reflectance spectra measured
ith various fiber angles and separations when only the epi-

helial �top� phantom layer is the subject of investigation. The
roperties of the phantoms correspond to the descriptions pre-

iously included in Sec. 2.3.1. Figure 2 shows the reflectance

ournal of Biomedical Optics 044011-
spectra of the four phantoms using the orthogonal fiber geom-
etry �0-deg collection angle� at the SDSD of 500 �m. It can
be seen that the reflectance levels of the spectra gradually
diminish against the trend of increasing sizes of polystyrene
microspheres embedded in the epithelial layer. However, this
trend is no longer true when we reduce the fiber separation
from 500 to 200 �m. For this fiber configuration �data shown
in Fig. 3�, the 4.65-�m microsphere phantom, which previ-
ously yielded the strongest reflectance, as shown in Fig. 2,
now displays more subdued reflectance �third in magnitude;
see Fig. 3� in relation to the other phantoms in the group. On
the other hand, the 5.63- and 7.32-�m microsphere phan-
toms, which previously ranked as second and third in reflec-
tance magnitude, respectively, now produce the two highest
levels of reflectance with this orthogonal fiber geometry at a
reduced SDSD. The significance of this transition is collec-
tively explained in Sec. 4.1.

To increase the probing sensitivity to the superficial layer,
we incrementally increase the collection fiber angle to 20, 30,

Fig. 2 Reflectance spectra detected by the 0-deg collection fibers at
SDSD=500 �m when the dimension of the particles in the epithelial
layer increases from 4.65 to 9.0 �m. The inset depicts the normalized
spectra to demonstrate the congruence in spectral structures among
the phantoms.

Fig. 3 Reflectance spectra detected by the 0-deg collection fibers at
SDSD=200 �m when the dimension of the particles in the epithelial
layer increases from 4.65 to 9.0 �m. The inset depicts the normalized
spectra to demonstrate the congruence in spectral structures among

the phantoms.

July/August 2007 � Vol. 12�4�4
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nd 40 deg. Having the collection angle at 20 deg, with an
DSD of 200 �m, the spectral characteristics of the polysty-
ene microspheres embedded in the top layers become imme-
iately apparent, as illustrated in Fig. 4. The oscillations, spe-
ific to the sizes of the microspheres, are also apparent.
espite the clear signs of top-layer scattering in the spectra,

he influence of the basal-layer reflectance is still evident.
ore specifically, the depression and peak at about the 575-

nd 675-nm wavelengths, respectively, are still apparent in
he spectra. The same characteristics in the spectral structures
re also seen in Fig. 3, where the basal reflectance dominates.
t should be noted that both the 4.65- and 5.63-�m micro-
phere phantoms show strong basal reflectance, which results
rom their low optical turbidity in the epithelial layer that
llows an increased abundance of photons to reach the stro-
al layer.
One interesting observation of Fig. 4 is the reduced reflec-

ance ripples for the 7.32-�m microspheres. The subdued os-
illatory pattern of this particular phantom may be due to the
ross-linker on the microspheres. This is true because, based
n the results obtained from the scanning electron microscope

ig. 4 Reflectance spectra detected by the 20-deg collection fibers at
DSD=200 �m when the dimension of the particles in the epithelial
ayer increases from 4.65 to 9.0 �m. The inset depicts the normalized
pectra to demonstrate the spectral structures of the phantoms.

ig. 5 Reflectance spectra detected by the 30-deg collection fibers at
DSD=200 �m when the dimension of the particles in the epithelial
ayer increases from 4.65 to 9.0 �m. The inset depicts the normalized

pectra to demonstrate the spectral structures among the phantoms.

ournal of Biomedical Optics 044011-
and dynamic scattering spectroscopy, neither the morphologi-
cal uniformity nor size dispersion �standard deviation
=0.54 �m, or equivalently 7.2% with respect to the mean
diameter� of the 7.32-�m microspheres is affected by the
added surface cross-linkers. The size dispersions for the other
polystyrene microspheres, specifically for sizes 4.65, 5.63,
and 9.0 �m, are 0.63, 0.69, and 0.80 �m, respectively
�equivalently, 13, 12, and 8.9% with respect to their mean
diameters�. Based on these numbers, the cross-linked
7.32-�m microspheres do not suffer increased size variability
in comparison to the other particles used in this study. It
should also be noted that the 7.32-�m microspheres have the
smallest size dispersion of the group. Since all other micro-
spheres with broader size distributions can produce perfectly
visible scattering oscillations �Fig. 4�, there is no logical rea-
son to expect otherwise from the 7.32-�m microspheres if the
size dispersion were the acting factor here. More importantly,
in a separate measurement of cross-linked 4-�m micro-
spheres, we have also observed similarly diminished scatter-
ing oscillations in comparison to plain 4-�m microspheres.
Therefore, we believe that the surface chemistry of the cross-
linked particles may cause the diminished oscillations in the
reflectance spectra. In spite of the reduced ripples for the
cross-linked particles, the use of the 7.32-�m microspheres is
justifiable to best meet the objectives of our study.

To further diminish the influence of basal-layer reflectance,
we increase the collection angle to 30 deg, at which angle we
simultaneously observe significantly enhanced scattering
characteristics of the polystyrene microspheres in the top
layer. That is, as the collection angle increases to 30 deg, the
sequence of reflectance magnitude is at once aligned with the
scattering intensities of the superficial layer, as shown in Fig.
5. In addition, the previously observed spectral depressions
and peaks, at their respective wavelengths of 575 and
675 nm, are strongly suppressed. Significantly, the two prior
results demonstrate that the 30-deg collection fiber has suffi-
ciently overcome the influence from the stromal layer and is
predominantly sensitive to the scattering environments at su-
perficial depths.

Figures 6�a� to 6�d� demonstrate the spectral progression
of the phantoms measured with different fiber angles in the
form of normalized reflectance spectra. The characteristics of
the stromal-layer scattering particles, such as the valleys and
peaks seen in Figs. 3 and 4, gradually disappear as the degree
of fiber obliquity increases. For both the 4.65- and 5.63-�m
microsphere phantoms, the low scattering coefficients of the
epithelial layers, and resulting strong stromal layer reflec-
tance, combine to permit a strong presence of stromal reflec-
tance in the spectra so that the stromal signal only begins to
phase out from the spectra when the collection angle reaches
35 deg. In contrast, the 7.32- and 9.0-�m microsphere phan-
toms yield virtually identical spectra when the collection
angle only increases to 20 deg. Since the spectral structures of
these particular phantoms are virtually invariant for fiber
angles beyond 20 deg, we conclude that a distinct layer sepa-
ration can be realized for the 7.32- and 9.0-�m microsphere
phantoms at a fiber angle of 20 deg or more.

3.2 Changes in Stromal Layer Scattering
Figure 7 shows the reflectance spectra sampled with the 0-deg

fiber at the SDSD of 500 �m. This configuration yields prob-
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ng depths into the second phantom layer sufficient to resolve
he difference in stromal scattering properties among the
hantoms. A considerable disparity in the reflectance levels,
s a result of the difference in intralipid concentration, is seen.
n addition, the normalized reflectance spectra are also notice-
bly disparate between the two intralipid phantoms �see the
nset of Fig. 7�. More specifically, the 0.6% intralipid emul-
ion, because of its larger scattering coefficients, has a nearly
at reflectance spectrum, while the 0.3% intralipid emulsion
ields relatively stronger reflectance in the blue region of the
pectrum. However, we observe a change in the spectral struc-
ure of the intralipid reflectance when the fiber separation is
educed to 200 �m �see Fig. 8�. First, the reflectance spec-
rum of the 0.6% intralipid emulsion no longer appears to be
at. In addition, the intensity levels of the reflectance yielded
y the intralipid phantoms are in better agreement with the 1:2
atio of the emulsions �0.3 to 0.6%�. Furthermore, the normal-
zed spectra of the two phantoms, as shown in the inset of Fig.
, are more structurally congruent, in that the normalized
pectra virtually overlap each other for wavelengths longer
han 550 nm. Consequently, the remnant disparity is only ob-

ig. 6 �a� to �d� Reflectance spectra, equalized to 1 at 950 nm, of the tw
etected with increasing collection angles, demonstrating spectral di
tronger upper-layer scattering, or larger particles, in this case, sho
eparation, measured edge to edge, is 200 �m for all data shown.
ervable at the shorter end of the spectrum where the probing

ournal of Biomedical Optics 044011-
depths of the fibers are still too deep to effectively account for
all superficially scattered rays in the 0.6% intralipid phantom.
The significance of these observations relating fiber geometry
and intralipid concentration in the basal layer of the phantoms
is extensively analyzed in Sec. 4.2.

Returning to Figs. 7 and 8, we investigate another set of
phantoms that incorporates 0.51- and 0.92-�m polystyrene
microspheres as the source of scattering from the stromal lay-
ers of the tissue phantoms. Beginning with the 0-deg fibers
separated with the SDSD of 500 �m �data shown in Fig. 7�, a
fiber configuration that is expected to probing extensively into
the phantoms, we observe that the reflectance difference be-
tween the 0.51- and 0.92-�m microsphere phantoms is gen-
erally only discernable at wavelengths greater than 750 nm.
More interestingly, the two spectra intersect at approximately
550 nm, at which wavelength junction the reduced-scattering
coefficients of the two phantoms are nearly identical �Fig.
1�c��. On the other hand, when the fiber separation is reduced
to 200 �m, the 0.51-�m microsphere phantom renders stron-
ger reflectance than the one that consists of the 0.92-�m mi-

r phantoms, with microspheres of sizes 4.65, 5.63, 7.32, and 9.0 �m,
es between orthogonal and oblique fiber geometries. Phantoms with
r structural convergences with increasing fiber obliquity. The fiber
o-laye
fferenc
w faste
crospheres in its stromal layer at the shorter fiber separation.

July/August 2007 � Vol. 12�4�6
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Similar to the results shown in Sec. 3.1, as we modify the
ollection angle to 20, 30, and 40 deg, the characteristics of
he top phantom layers become more apparent �Fig. 9�. Also,
he oscillatory spectral patterns become more prominent as
he fiber angle increases, and the spectral congruence among
he curves is inversely dependent on the strength of basal
cattering. The 0.3% intralipid yields the fastest convergence
n terms of reflectance intensity as the fiber obliquity in-
reases, whereas the 0.6% intralipid is the slowest. For de-
onstrative purposes, Fig. 10 shows that good conformities in

oth reflectance levels and spectral characteristics, specific to
he epithelial phantom layers, are achievable with the 40-deg
ollection angle, regardless of the different scattering compo-
itions used in the stromal phantom layers.

.3 Changes in Tissue Scattering and Absorption
Simulating Epithelial Dysplasia

s extensively detailed in Sec. 2.3.3, four tissue phantoms,
hich include hemoglobin, are created to investigate the per-

ormance of depth-selective fiber geometry. Six fiber configu-
ations, to include �0-deg collection at 200- and 500-�m
DSDs�; �20-deg collection at 200- and 500-�m SDSDs�;
nd �40-deg collection at 200-, and 500-�m SDSDs�; are
sed for the reflectance measurements.

Figure 11 shows the reflectance collected from these phan-
oms using the 0-deg collection fiber with 500-�m separation.
sing the orthogonal geometry and a large fiber separation of
00 �m, a configuration expected to produce extended prob-
ng depths, phantoms that have different stromal layers are
ell differentiated in the reflectance spectra, while the spectra
f phantoms with common stromal layers, such as the N-N,
-N, and A-A, N-A pairs, bear strong resemblances in both

eflectance level and spectral structure. For this particular fi-
er geometry, this result suggests that differences in the epi-
helial layers do not affect the overall reflectance measure-

ents. However, we have demonstrated that more
uperficially sensitive probing can be achieved by reducing
he fiber separation distance to 200 �m. Figure 12 and its
nset show that a reduction in probing depths does result in

ig. 7 Reflectance spectra detected by the 0-deg collection fibers at
DSD=500 �m for various stromal scattering particles. The inset de-
icts the normalized spectra to demonstrate spectral structures of the
hantoms that reflect the characteristics of the scattering coefficients
nd anisotropies of the basal layer.
tronger spectral sensitivities to the epithelial phantom layers.

ournal of Biomedical Optics 044011-
This is supported by comprehensive evidence that: 1. the re-
flectance valley induced by hemoglobin’s Soret absorption �at
415 nm�, in relation to the whole spectrum, is reduced—a
result that signifies a relative decrease in hemoglobin absorp-
tion; 2. the proportion of reflectance in the blue region of the
spectrum has increased—an indication of increased detection
of superficially penetrating photons; and 3. the spectra, which
previously correlated solely to the stromal compositions of
thephantoms, now display significant distinctions, even for
phantoms with common stromal layers.

The spatial balance of the collected reflectance shifts to-
ward the superficial layer whenever increasingly oblique col-
lection angles are used. The 20-deg 500-�m fibers have re-
flectance spectra similar to those of the 0-deg 200-�m fibers.
Since the general observations made for the 20-deg 500-�m
fibers are consistent with those for the 0-deg 200-�m fibers,
the graphical data are not repeated here. A more interesting
result comes from the 20-deg 200-�m fiber pairs, of which
the reflectance spectra simultaneously exhibit dual character-
istics of both tissue layers. In all the spectra shown in Fig. 13,
the fine oscillatory spectral patterns, specific to the types of
polystyrene microspheres embedded in the epithelial phantom
layers, are visually distinguishable, while the coarse structures
of the spectra are commonly shared by phantoms with the
same stromal layers.

It is apparent that layer separation in the reflectance spectra
correlates to the degree of fiber obliquity; thus, the use of a
more obliquely oriented collection fiber will, correspondingly,
achieve a more definitive separation of the layers in the re-
flectance spectra. The results shown in Fig. 14 demonstrate
that the 40-deg. fiber with 200-�m SDSD is sufficiently ca-
pable of resolving the morphology of the epithelial scattering
particles and eliminating the hemoglobin interferences from
the basal layers. The 40-deg 500-�m fibers share similar
characteristics with the 20-deg 200-�m fibers, and thus are
not repeated here. In Fig. 14, the oscillatory patterns, specific
to their respective polystyrene microspheres embedded in the
epithelial layers, are clearly resolved. In addition, signs of

Fig. 8 Reflectance spectra detected by the 0-deg collection fibers at
SDSD=200 �m for various stromal scattering particles. The inset de-
picts the normalized spectra to demonstrate spectral structures of the
phantoms that reflect the characteristics of the scattering coefficients
and anisotropies of the basal layer.
hemoglobin absorption, especially at the Soret �415 nm� and
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-band wavelengths �540 and 580 nm�, are strongly
uppressed.

Discussion
.1 Depth-Resolved Reflectance: Sensitivities to

Morphological Variations in the Superficial
Layer

rom the results presented in Sec. 3.1, particularly for the
rthogonal fiber geometry with 500-�m SDSD, we observed
n opposing trend in the intensity level of the reflectance
pectra with respect to the scattering coefficients of the epi-
helial phantom layer. The diminishing reflectance levels, to-
ether with the opposing phenomenon of increasing epithelial
cattering due to enlarged scattering particles, lead to the con-
lusion that this particular fiber geometry might be predomi-
antly sensitive to the stromal phantom layer, rather than the
pithelial layer. This is true because, with greater epithelial
cattering in the phantoms, it is likely that more photons are
cattered and reflected at shallow depths and thus not detected

ig. 9 �a� to �d� Reflectance spectra, equalized to 1 at 950 nm, of the
.3 and 0.6% intralipid emulsions in the basal layer, detected with
rthogonal and oblique fiber geometry. Phantoms with greater basa
bliquity. The fiber separation, measured edge to edge, is 200 �m fo
y the collection fiber situated far from the illumination point.

ournal of Biomedical Optics 044011-
By the same argument, the rise in superficial scattering should
reduce the number of photons that reach the stromal layer,
from which this particular fiber configuration gathers the ma-
jority of its reflectance signal. As a consequence, the diffuse
reflectance originating from the stromal layer decreases,
which results in the diminishing reflectance levels we ob-
serve. The increase in the number of early-returning photons,
caused by the rise in epithelial scattering, is not seen here
because the extended SDSD precludes the collection of pho-
tons that are reemitted from shallow tissue depths. There is
more evidence to indicate that this particular fiber geometry
cannot differentiate the enlarging scattering particles in the
top layer. Specifically, and importantly, among the four phan-
toms, the reflectance levels only differ within 3 percentage
points, which indicates that it is difficult to differentiate
among the four phantoms based on the intensity levels of the
reflectance spectra. Furthermore, the spectral characteristics,
as shown in the inset of Fig. 2 in the form of normalized
reflectance spectra, are nearly uniform. This indicates that the
reflectance spectra share similar properties and are of the

er phantoms, with 0.51- and 0.92-�m polystyrene microspheres and
asing collection angles, demonstrating spectral differences between
scattering show faster structural convergences with increasing fiber
ta shown.
two-lay
incre

l-layer
same origin �the stromal phantom layer�. The results shown in

July/August 2007 � Vol. 12�4�8
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ig. 2 give little indication of the enlarging scattering particles
n the epithelial layer, while all other evidence suggests a
niform origin of the reflectance spectra. This affirms our ex-
ectation of a deeply probing fiber geometry characterized by
inimal sensitivity to the epithelial layer.
Thus, to execute a more superficially sensitive reflectance

easurement using the orthogonal fiber geometry, the SDSD
s reduced to 200 �m. For this fiber configuration, we find
ome evidence, as shown in Fig. 3, which suggests increased
robing sensitivity to the upper layer. Specifically, we ob-
erved a shift in the levels of reflectance from the phantoms
etectable by the fibers when the SDSD is reduced from 500
o 200 �m. From the data reported in Sec. 3.1, the 4.65-�m

icrosphere phantom, which yields the strongest reflectance
hen the SDSD is 500 �m, displays more subdued reflec-

ance �third in magnitude relative to the other phantoms�
hen the SDSD is reduced to 200 �m. The significant de-

rease in reflectance of the 4.65-�m microsphere phantom is
xpected for this particular fiber geometry. This is because the

ig. 10 Reflectance spectra detected by the 40-deg collection fibers at
DSD=200 �m when different stromal scattering particles are used.
he inset depicts the normalized spectra to demonstrate the congru-
nce in spectral structures among the phantoms. Similar spectra are
een regardless of the composition of the basal layers.

ig. 11 Reflectance spectra detected by the 0-deg collection fibers at
DSD=500 �m with respect to different combinations of phantom
ayers. For this deeply probing fiber geometry, phantoms sharing com-
on basal layers yield similar reflectance spectra in both reflectance

evels and spectral structures. The difference in the upper layer is not

learly resolved by this fiber geometry.

ournal of Biomedical Optics 044011-
4.65-�m microspheres offer the lowest epithelial scattering
coefficients of the phantom group; consequently, the number
of reflected photons from the epithelial layer for the same
phantom is also expected to be lowest. In addition, as the
sensitivity of the fiber probe shifts toward the epithelial layer,
the determination of the overall reflectance no longer solely
depends on the reflectance from the stromal phantom layer.
Consequently, with the combined effect of minimal epithelial
photons and lessened sensitivity to the stromal layer, the
strength of reflectance of the 4.65-�m microsphere phantom
decreases significantly in comparison to the other phantoms.
On the other hand, the phantom with the 9.0-�m micro-
spheres in its top layer represents the opposite extreme where
the increase in superficial-layer scattering, which strongly at-
tenuates the number of photons penetrating to the stromal
layer, does not sufficiently compensate for the reduction in

Fig. 12 Reflectance spectra detected by the 0-deg collection fibers at
SDSD=200 �m with respect to different combinations of phantom
layers. For this deeply probing fiber geometry, phantoms sharing com-
mon basal layers yield similar spectral structures. The reflectance lev-
els are strongly influenced by the scattering properties of the upper
phantom layers; however, the difference in the upper layer is not re-
flected in the normalized spectra.

Fig. 13 Reflectance spectra detected by the 20-deg collection fibers at
SDSD=200 �m with respect to different combinations of phantom
layers. Fine oscillatory patterns specific to the microspheres embed-
ded in the upper layer can be seen in their respective phantoms. The
coarse structures of the overall spectra still largely depend on the
composition of the basal layer. The grouping of the spectra has been

swapped for this superficially probing fiber geometry.

July/August 2007 � Vol. 12�4�9



b
fi
t
l
c
t
t
a
f
i
t
o
t
t
d
s
u
n
o
a
o
n
s

p
9
t
e
fi
r
v
A
t
n
m
t
c
e
3
i

F
S
l
b
d

Wang, Nammalavar, and Drezek: Experimental evaluation of angularly variable fiber geometry…

J

asal reflectance. This is because a large proportion of the
bers’ sensitivity still resides in the stromal layer for the or-

hogonal fiber geometry. Not surprisingly, the intermediate
evels of epithelial scattering of the 5.63- and 7.32-�m mi-
rospheres should and did result in the maximal detection of
he overall reflectance. This conclusion may be explained by
he presumption that these microspheres would necessarily
ugment reflectance originating from the epithelial layer be-
ore excessively reducing light reflected from the stroma. This
ndicates that the dual reflectance contribution from both the
op and bottom layers of the phantoms can be attributed to the
rthogonal fiber configuration when the SDSD is small. Al-
hough the intensity of the reflectance spectra is affected by
he scattering coefficients of the epithelial phantom layer, as
iscussed before, the spectral structures of the normalized
pectra, as shown in the inset of Fig. 3, remain uniform. The
niformity of spectral structure implicates a singular domi-
ant source of the reflectance for all four phantoms. Since the
nly common denominator among the phantoms is the invari-
nt stromal layer, we conclude that the orthogonal fiber ge-
metry predominantly interrogates the stromal layer and does
ot sufficiently resolve the enlarging scattering particles at
uperficial depths.

Using the 20-deg fiber �Fig. 4�, the 7.32-�m microsphere
hantom exhibits the highest reflectance, even though the
.0-�m microsphere phantom has the highest epithelial scat-
ering coefficients among the four phantoms. This phenom-
non may also be attributed to the dual-layer probing of the
ber. While the 9.0-�m microspheres supply the strongest
eflectance from superficial depths, the correspondingly con-
erse effect of reducing basal reflectance is also significant.
s the 20-deg fiber still collects reflectance from both phan-

om layers, the reduction in stromal-layer reflectance still
egatively affects the overall reflectance level of the 9.0-�m
icrosphere phantom. However, as the fiber angle continues

o increase, the resultant reflectance spectra become more
haracteristic of the scattering microspheres embedded in the
pithelial layer. More specifically, at the collection angle of
0 deg, the sequence of reflectance magnitude agrees with the

ig. 14 Reflectance spectra detected by the 40-deg collection fibers at
DSD=200 �m with respect to different combinations of phantom
ayers. Definitive oscillatory patterns specific to the microspheres em-
edded in the upper layer can be seen in their respective phantoms
espite the phantom composition in the basal layers.
ncreasing trend of epithelial scattering coefficients in the top

ournal of Biomedical Optics 044011-1
phantom layers. Furthermore, the stroma-specific spectral de-
pressions and peaks, particularly observable at the wave-
lengths of 575 and 675 nm, are strongly suppressed in the
data shown in Fig. 5. The combined results indicate that the
reflectance signal from superficial depths can be effectively
enhanced, even in the presence of a dominant reflectance
source, such as the stromal layer implemented in our
phantoms.

4.2 Depth-Resolved Reflectance: Sensitivities to
Changes in the Morphology of the Scattering
Elements in the Basal Layer

From the results presented in Sec. 3.2, particularly for those
involving the intralipid phantoms, we observed that the spec-
tral structures and intensity levels of the reflectance spectra
vary significantly with respect to fiber geometry. Beginning
with the orthogonal fiber with SDSD of 500 �m, the high
scattering of the 0.6% intralipid emulsion produces reflec-
tance that is evenly distributed across the spectrum in spite of
the fact that photons are more intensely scattered at shorter
wavelengths. This preferential enhancement of the long wave-
lengths is most logically attributed to the particular fiber ge-
ometry that is in use. When the SDSD is sufficiently exten-
sive, the rise in the number of photons reflected near the
source fiber is less detectable to the collection fiber, which is
particularly sensitive to deeper depths of the phantom. There-
fore, photons near the blue end of the spectrum, although they
are in fact more intensely scattered and reflected nearer the
phantom surface than those near the NIR region, do not pro-
portionally contribute an equal gain in reflectance as do their
counterparts in the NIR. Consequently, the spectral structure
flattens when the intralipid concentration increases from the
0.3 to 0.6% emulsion. The measured reflectance spectra fur-
ther support this analysis when the fiber separation decreases
to 200 �m �data shown in Fig. 8�, since the fiber geometry
becomes more sensitive to superficially scattered photons at
shallower depths. More specifically, the intensity levels of the
reflectance yielded by the intralipid phantoms are in better
agreement with the 1:2 ratio of the emulsions �0.3 to 0.6%�.
This indicates that the effect of omitting superficially scat-
tered photons of the blue wavelengths, as a result of the
higher phantom scattering coefficients, is not as pronounced
as in the previous instance where the reflectance levels of the
intralipid phantoms are very similar �differing by less than a
percentage point� at the 400-nm wavelength. The greater sen-
sitivity to shorter spectral wavelengths suggests that reduction
in SDSD does, indeed, moderately lift the probing focus of
the fiber probe from the deep stromal layer toward the phan-
tom surface.

The intralipid phantoms allow us to test the capability of
fiber probes to resolve concentration differences, while the
polystyrene phantoms, namely those with the 0.51- and
0.92-�m microspheres in the basal layers, are more useful for
examining reduced-scattering coefficients and anisotropies.
The anisotropy is of great interest to us because it is strongly
dependent on the morphology of the scattering elements. For
example, the anisotropy of spherical particles is correlated to
the sizes of the particles: particles greater in size typically
have anisotropies in favor of the forward direction �thus, of

values nearer to 1�, while smaller particles are generally less
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orward scattering. Since these two phantom types have simi-
ar reduced-scattering coefficients ��s��, it should be noted
hat the 0.92-�m polystyrene phantom has greater scattering
oefficients in the natural form ��s� than the 0.51-�m phan-
om, because the anisotropy factors �g� of the former are also
reater. Taking these findings into consideration, we believe
hat the reduced-scattering coefficients are a more descriptive

etric to describe the scattering properties of the phantoms
hen the fiber geometry is primarily sensitive to deeper
epths. Under these circumstances, the mathematical models
f diffuse reflectance and the use of reduced-scattering coef-
cients in the description of bulk reflectance are better ob-
erved. In contrast, when the fiber geometry is more sensitive
o superficial scattering, anisotropic scattering is specifically
mplified in the determination of reflectance spectra. Under
his set of circumstances, large angular deflections, during the
ropagation of scattered photons, are relevant.13 In other
ords, the 0.51-�m microsphere phantom, by virtue of its

maller anisotropies, is expected to produce markedly stron-
er reflectance than the 0.92-�m microsphere phantom when
he fibers’ probing depths are superficial. Conversely, both of
he microsphere phantoms would generate reflectance of simi-
ar magnitude when the fibers’ probing depths are sufficiently
eep.

The results presented in Sec. 3.2 confirm our hypothesis
tated earlier. More specifically, the reflectance difference be-
ween the 0.51- and 0.92-�m microsphere phantoms is gen-
rally discernable only at wavelengths greater than 750 nm
hen the orthogonal fiber geometry with 500-�m SDSD is
sed. More interestingly, the two spectra intersect at approxi-
ately 550 nm, at which wavelength junction the reduced-

cattering coefficients of the two phantoms are nearly identi-
al �Fig. 1�c��. Beyond 550 nm, the reduced scattering of the
.92-�m microsphere phantom is slightly greater than that of
he 0.51-�m microsphere phantom, and this trend is corre-
pondingly manifested in the spectra. A logical explanation
ay be that the 0.92-�m microsphere phantom, with its

orward-scattering anisotropies and higher values in both the
ative- and reduced-scattering coefficients, yields particularly
trong basal reflectance at deeper depths that are preferentially
etected by the 0-deg 500-�m SDSD fiber configuration.
hile these matching observations could be merely coinci-

ental, information obtained from the data cited in Fig. 8
trengthens our belief that the prominence of the anisotropy in
he determination of reflectance increases as the fiber geom-
try becomes more sensitive to superficially scattered pho-
ons. The data given in Fig. 8 show that the 0.51-�m micro-
phere phantom renders stronger reflectance than the one that
onsists of the 0.92-�m microspheres in the stromal layer at
00-�m SDSD. It results from the natural tendency of pho-
ons to be backscattered by smaller particles, and the aniso-
ropic scattering effect may offset the greater scattering power
f the larger particles and push the intersection of the two
pectra from 550 nm, as previously shown in Fig. 7, to nearly
00 nm. At longer wavelengths, where the probing depths of
he fibers are sufficiently deep, the reflectance detection re-

ains preferential to the 0.92-�m microsphere phantom, of
hich the higher anisotropies direct more photons forward

nto the medium, resulting in higher reflectance from the stro-

al layer. Based on our experimental observations, we be-

ournal of Biomedical Optics 044011-1
lieve that the anisotropies of the scattering particles in the
phantoms could have a strong influence over the spectral de-
pendence of the reflectance, especially at superficial probing
depths where the phenomenon of backscattering dominates.

4.3 Depth-Resolved Reflectance: Tissue Phantoms
with Relevant Tissue Scattering and Absorption

Based on the results shown in Sec. 3.3, we observed that the
orthogonal fiber geometry with extensive SDSD is able to
differentiate the phantom properties of the stromal layer,
whereas the difference in the epithelial phantom layer does
not affect the overall reflectance spectra. However, as the
SDSD is reduced to 200 �m, we begin to observe the epithe-
lial influence in the overall spectra. This result agrees with the
conclusion drawn in our previous discussion: that the SDSD
indeed has significant effect on the spatial distribution of the
reflectance measurements. Based on the results shown in Fig.
12, we see a relative decrease in the reflectance intensity of
phantoms with abnormal epithelial layers when compared to
their counterparts with normal epithelial layers. This suggests
that the influence from the epithelial layers may require con-
sideration in the overall interpretation of the reflectance spec-
tra. Specifically, since the scattering coefficients of the abnor-
mal epithelium are 2.5 times higher than those of the normal
epithelium, the probability of photons being superficially re-
flected from depths outside the detection of the collection fi-
ber is then also higher. The stronger epithelial scattering,
which reduces the number of photons reaching the stromal
layer, consequently diminishes the reflectance originating
from greater depths. However, despite the difference in reflec-
tance due to the variations in the epithelial layers, the more
interesting observation is that the normalized spectra of the
phantoms with common stromal layers remain congruent.
This finding indicates the inadvisability of using flush fibers
to isolate the signals from superficial tissue depths in as much
as the stromal layers remain a dominant part of the overall
reflectance.

As the collection angle continues to increase to 40 deg, we
are able to achieve complete layer separation by demonstrat-
ing that the reflectance spectra sampled by the 40-deg fibers
only correlate to the epithelial phantom layers. This finding,
as well as the results presented in Secs. 3.1 and 3.2, all affirm
the viability of using the angled-fiber approach to correctly
characterize tissue with respect to particular layers of interest.

4.4 Comparisons to Published Work on Spatially
Resolved Spectroscopy

In recent years, the importance of spatially resolved spectros-
copy has gained much interest. From Monte-Carlo-based
computational analyses to clinical measurements, many dif-
ferent approaches have been proposed to achieve desired
depth selection in stratified tissue structures. More specifi-
cally, with respect to fiber geometries, the commonly adopted
approaches are fiber separation �SDSD� and angles. Amelink
et al.,34,35 in their differential path-length spectroscopy study,
demonstrated the feasibility of achieving analysis of particle
size in superficial layers of turbid media by sampling diffuse
reflectance at different fiber separations, followed by a post-
measurement algorithm to compute the superficially scattered

reflectance signals. Other studies on the approach of SDSD

July/August 2007 � Vol. 12�4�1
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ave also demonstrated that large fiber separations consis-
ently produce extensively diffused reflectance and deeper
robing depths.17,36 More specifically, Arifler et al.36 demon-
trated an increasingly significant influence of hemoglobin ab-
orption to the overall reflectance spectra as SDSD increases.
heir result is consistent with the observations made in our
tudy, particularly in Sec. 3.3.

In addition to SDSD, the approach of utilizing variable
ber angles to achieve spatially resolved spectroscopy has
lso been demonstrated. One advantage of the angular ap-
roach is its ability to further enhance the detection of super-
cially scattered light. As shown in this study, superficially
cattered reflectance can be directly measured with angled
bers without further signal processing. Liu and
amanujam,37 and Skala et al.18 have also shown the possi-
ility of detecting enhanced fluorescence signals from epithe-
ial phantom layers as the illumination angle increases from 0
o 45 deg. Another interesting approach, while similar in prin-
iple to our angled fiber geometry, uses a ball lens-coupled
ber probe instead of rotating fibers for depth-resolved spec-

roscopy of epithelial tissue.15,38 By adjusting the focal point
f the ball lens, the illumination and collection angles are
ffectively manipulated. Thus, enhanced epithelial fluores-
ence and reflectance measurements are demonstrated in both
omputational prediction and phantom experimentation. Ne-
man et al.16 showed that the applicability of the angled fiber
pproach can be further improved when polarization gating is
ntegrated in the fiber probe to provide more refined spatial
esolution for superficially scattered signals.

While the geometric manipulation of fiber probes is indeed
n effective means of achieving more refined spatial resolu-
ion in turbid media, the spatial selectivity of this approach
anges from 50 to a few hundred micrometers,17,39 whereas
he spatial resolutions of optical coherence gating and confo-
al imaging are approximately 10 to 15 �m. However, this
imple fiber geometry manipulation does provide sufficient
patial selectivity for spectroscopy where the spatial require-
ent is relatively minimal. Fiber geometries and their effec-

iveness for spatial selection are expected to significantly im-
rove the efficacy of current spectroscopic diagnostics with
imited additional implementation complexity and cost, which
ill result in accurate, fast, and portable optical diagnostics in

he future.

Summary
he evidence for achieving spatially resolved reflectance
easurement using angularly variable fiber geometry is dem-

nstrated. Combined with fiber separation, sufficient layer
eparation is carried out in experimentation using tissue phan-
oms with a wide range of optical properties. Generally speak-
ng, an increase in fiber obliquity with respect to the target
urface at small source-detector separation distances yields
ignificant sensitivity to the superficial region of the target.
otwithstanding these findings, the spatial specificity of fiber
eometry also depends on the scattering and absorption prop-
rties of targeted regions in a turbid medium. By adopting a
wo-layer stratified epithelial tissue model, this study specifi-
ally assesses the effects of layered distribution of tissue scat-
ering and absorption to the spatial resolution of reflectance

ampling using angularly variable fiber geometry.

ournal of Biomedical Optics 044011-1
Using the two-layer phantoms, we obtain strong experi-
mental evidence that the morphological variations of the scat-
tering particles embedded in the epithelial phantom layers do
not directly result in discernable changes in the reflectance
spectra when the orthogonal fiber geometry is used. On the
contrary, by observing the spectral transitions of the reflec-
tance spectra sampled using different fiber configurations, as
collectively demonstrated in Figs. 1 and 5, it is evident that
the oblique fiber geometry accentuates the spectral character-
istics of the scattering elements in the epithelial phantom
layer. At the same time, the stromal influence to the overall
spectra is much suppressed. Thus, as a result of the improved
layer separation, one can differentiate among the phantoms by
directly comparing reflectance levels and spectral patterns of
the reflectance spectra when the oblique fibers are imple-
mented. However, when the stromal properties are varied in
the phantoms, the orthogonal fibers with a larger SDSD are
shown to be the more sensitive fiber geometry to the variants.
The differences in the concentration and morphology of the
stromal phantoms can be best manifested in the reflectance
spectra when sufficient probing depths are achieved. On the
other hand, the oblique fibers can effectively lessen or elimi-
nate the stromal influence from the reflectance spectra and
produce epithelial-specific spectra, despite the scattering con-
ditions of the stromal phantom layer.

In the final part of this study, hemoglobin is the key ele-
ment added to the tissue phantoms to provide biologically
relevant absorption properties. The signs of strong hemoglo-
bin absorption are evident in the reflectance spectra for all
phantoms when the deeply probing 0-deg 500-�m fiber is
used. Phantoms with different stromal layers are clearly dis-
cernable in direct viewing of the spectra. However, this fiber
geometry fails to distinguish the epithelial layers of the phan-
toms that share a common stromal layer. As we shorten the
fiber separation to 200 �m, several observations suggest an
increase in the sensitivity to the superficial layer. We see from
one such observation that the ratio of hemoglobin’s Soret ab-
sorption at 415 nm to the rest of the spectra decreases, indi-
cating that a reduction in hemoglobin absorption is most
likely due to reduced path lengths and probing depths. An-
other significant finding is that the intensity variations of the
measured reflectance, which were previously not discernable,
can now be correlated to the scattering properties of the top
layers. As such, phantoms with weaker epithelial scattering
yield higher reflectance when measured at this particular fiber
geometry �0 deg 200-�m�, suggesting the onset of the influ-
ence of the upper layer in the presence of a dominating basal
layer. However, despite the visible distinctions in the intensity
levels of the reflectance spectra, the overlapping normalized
spectra still reveal the insufficient resolution of the differences
in the top layer using the orthogonal fiber geometry.

The transition from basal to superficial detection of phan-
tom reflectance gradually evolves as the collection fiber angle
is modulated to higher degrees. Complete layer separation is
achieved when the fiber obliquity reaches 40 deg, for which
only the oscillatory scattering characteristics of the top-layer
polystyrene microspheres are seen. At the intermediate 20-deg
collection angle, we find that the coarse structures of the over-
all spectra are still associated with the stromal phantoms.
More specifically, the enhanced detection of early-returning

photons using the 20-deg fibers causes phantoms with the
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ommon top layers to develop the same patterns of ripples
hat are specific to the microspheres embedded in their respec-
ive epithelial phantom layers. However, the grander peaks
nd valleys in their wave-like spectra are mismatched entirely.
nterestingly, these peaks and valleys can be exactly matched
hen two phantoms with common stromal layers are com-
ared, which indicates the residual presence of stromal reflec-
ance in the spectra.

In conclusion, our study provides experimental evidence
hat spatially resolved reflectance spectroscopy can be
chieved by the use of angularly variable fiber geometry.
ased on the results of our phantom study, photons scattered

rom the epithelial phantom layer can be exclusively sampled
sing oblique fiber geometry. We also demonstrate that the
bsorption and scattering conditions in both superficial and
asal layers of the phantoms can be selectively probed by
sing suitable combinations of fiber angles and separations.
he angled fibers are sensitive to the changes of morphology

by spectral patterns� and concentration �by reflectance mag-
itude� of the scattering particles in either the epithelial or
tromal layers of our phantoms when appropriate fiber geom-
try is selected. This is an encouraging result, since the mor-
hological variations of the epithelial cells, which are often
inked to the progression of epithelial dysplasia, may be ac-
urately resolved using spatially resolved spectroscopy when
his technique is further developed and matured in the future.
n equally important observation is that hemoglobin absorp-

ion can be effectively assessed or excluded from the reflec-
ance measurements. The findings of improved separation of
issue phantom layers and consequent increased sensitivity to
hantom morphology and absorption may provide diagnosti-
ally vital insight for future implementation of spectroscopic
ethods for early cancer detection in actual epithelial tissue.
ith this study as a foundation, future efforts will focus on

dditional experimentation using in-vitro tissue samples
oupled with the optimization of clinically applicable probe
esigns.
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