Assessment of blood supply in superficial tissue by
polarization-gated elastic light-scattering spectroscopy

Michael P. Siegel, Young L. Kim, Hemant K. Roy, Ramesh K. Wali, and Vadim Backman

We report the feasibility of monitoring both hemoglobin oxygen saturation and hemoglobin concentration
in the superficial layer of tissue using polarization-gated elastic light-scattering spectroscopy. We detail
our analysis technique, the experimental validation of our analysis, and the detection of an early increase
in blood supply to the superficial layer of colon tissue in human patients with colonic adenomas as well
as in an animal model of colon carcinogenesis. To the best of our knowledge, this study represents the first
evidence that polarization gating can be used as a spectroscopic tool to quantify hemoglobin concentration
as well as oxygen saturation in the uppermost tissue layer. © 2006 Optical Society of America
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1. Introduction

Knowledge of hemoglobin oxygen saturation (So,)
and total hemoglobin concentration (Cyy,) in tissue is
useful for many medical applications. In a diagnostic
capacity, cancer-induced angiogenesis or vasodilation
would manifest as an increased local hemoglobin con-
centration. Additionally, hypoxia is known to be a
distinctive feature of many malignancies, which can
be detected as a reduction in Sp,.* Sy, is also known
to be a useful marker for assessing the potential ef-
fectiveness or monitoring the progress of certain can-
cer treatments.2-4 Last, there is significant interest
in the monitoring of Cy, and Sy, to assess functional
properties of tissues such as the brain.5

Optical techniques, because of their noninvasive
nature and the distinct absorption spectrum of hemo-
globin, are some of the most popular methods used to
quantify So, and Cyy, in human tissue. Near-infrared
(NIR) spectroscopy techniques are often used to mea-
sure these quantities because of the relative ease
with which NIR light can penetrate tissue.26-8 Dif-
fusion theory is another reliable basis for the deter-
mination of the optical properties of tissue.®-12
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Diffusion theory was used by Mourant et al., for ex-
ample, to determine absorption coefficients of tissue
phantoms.'3 This work was then extended to mea-
sure internal concentrations of drugs with unique
absorption bands in vivo.'* Diffuse reflectance spec-
troscopy is another popular technique used to assess
the properties of internal absorbers such as hemoglo-
bin within a tissue.'17 These techniques typically
provide information regarding relatively large tissue
depths. Franceschini et al. showed that, for two-layer
turbid media, diffusion analysis in the NIR range
provides information regarding the bottom layer
alone when the top-layer thickness is less than
0.4 cm.18

Less attention has been paid to the quantification
of hemoglobin properties in the superficial tissue
layer. That is not to say, however, that work in this
arena has never been done. Amelink et al., for exam-
ple, developed their novel differential path-length
spectroscopy technique to study near-surface tissues
and were able to accurately measure optical proper-
ties of superficial tissue.1220 This group even ex-
tended their technique to the measurement of S, and
Cyp. In colon tissue the superficial layer is the mu-
cosa, which contains the epithelium as well as sub-
epithelial connective tissue, microvasculature, and
smooth muscle cells. The epithelium is known to be
the origin of more than 85% of all human cancers,2!
making accurate assessment of this superficial layer
vital to the early detection of cancer.

In this paper we report on the use of polarization-
gated elastic light-scattering spectroscopy to mea-
sure So, and Cy, in the superficial layer of tissue,
using basic spectral analysis. Polarization gating is a

10 January 2006 / Vol. 45, No. 2 / APPLIED OPTICS 335



method used with optical spectroscopy techniques
that subtracts out the contribution from diffuse pho-
tons depolarized by multiple scattering events. Since
photons that penetrate more deeply into a tissue are
more likely to undergo multiple scattering events,
polarization gating effectively selects photons that
have been scattered from very shallow tissue depths.
This depth selectivity has been shown to be limited to
depths equal to a few mean free paths, therefore mak-
ing it a widely respected method for the probing of
superficial tissue structures within approximately
50 wm of the surface.22

A significant body of research exists that utilizes
polarization gating as a reliable means for selecting
photons scattered from shallow tissue depths.21-25
Myakov et al. integrated polarized reflectance spec-
troscopy with a fiber-optic probe and showed that it
could be reliably used to reduce the influence of
deeply penetrating photons.26 A number of research-
ers, including Jacques et al., have used polarization
gating techniques to clearly image near-surface
structures.23 Since deeply penetrating photons that
make up the diffuse component removed by polariza-
tion gating are more likely to encounter hemoglobin
in deeply set blood vessels, polarization gating is a
simple way to reduce characteristic hemoglobin ab-
sorption bands. We show that the contribution from
hemoglobin absorption that remains after polariza-
tion gating can be used to quantify hemoglobin resid-
ing in near-surface microvasculature.

After validating our technique, we applied it to both
an animal model of carcinogenesis, azoxymethane-
(AOM-) treated rats, and a human study in which we
looked for the presence of an early increase in blood
supply (EIBS) to the superficial mucosa. EIBS is a
novel marker for the detection of early carcinogene-
sis,27 characterized by an increase in blood supply to
the superficial mucosa before the appearance of dys-
plastic lesions. Therefore the ability to measure S,
and Cy, in the superficial tissue layer is uniquely
suited for the detection of this diagnostic marker.

2. Materials and Methods

A. Experimental Setup

A schematic diagram of our setup is shown in Fig. 1.
A collimated beam from a 75 W xenon arc lamp
(Oriel) was passed through one dichroic sheet po-
larizer (Melles-Griot) and then a beam splitter
(Newport). The beam then contacted our sample,
and light backscattered from this sample traveled
back through the beam splitter to be collected by a
lens (Melles-Griot). This beam splitter was oriented
at an angle of approximately 15° to the normal to
reduce specular reflection. A second polarizer was
positioned between this lens and our collection sys-
tem, which consisted of a spectrograph (Acton Re-
search Corp.) coupled to a CCD camera (Roper
Scientific Inc.). By adjusting the second polarizer
we independently collected light polarized parallel
to the incident beam (copolarized, ) and light po-
larized perpendicular to the incident beam (cross-
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Fig. 1. Schematic diagram of our system. The light from a xenon

lamp is collimated using a 4-f system and then passed through the
first polarizer P. It is then directed onto the sample, and backscat-
tered light passes through another polarizer before reaching a
spectrograph (SG) coupled to a CCD camera.

polarized, I,) over a spectral range from \ = 500 to
600 nm. The polarization-gated signal was taken as
the difference between copolarized and cross-
polarized signals. This difference was normalized
against the sum of the copolarized and cross-
polarized spectra from a polytetrafluoroethylene re-
flectance standard (Ocean Optics).

IH()\) - IL()\)

ATV = IO + 1,750\

(D

where AI(\) is the polarization-gated signal, and
I"™(\) represents the signal taken from the reflec-
tance standard. Sample spectra taken from a suspen-
sion of polystyrene microspheres in hemoglobin and
water are shown in Fig. 2.

B. Data Analysis

To extract values for Sy, and Cy, from our signal, we
developed an algorithm using MATLAB (MathWorks).
It is known that Beer’s law cannot be directly applied
to the analysis of scattered light because of unknown
path length and unknown attenuation due to scatter-
ing.14.28 However, Beer’s law served as the inspira-
tion for our analysis technique as we assumed
attenuation due to absorption to have an inverse ex-
ponential relationship with absorber concentration.
This assumption can be expressed as follows:

AI(N) = Mscattering()\)exp[ - aAPG()\)]’ 2)

where Al ,iering(\) Tepresents the polarization-gated
spectrum that would be obtained from a sample if it
were devoid of any absorber; Apg(\) represents the
polarization-gated spectrum of all absorbers that ac-
tually are present; and « is a nominal coefficient,
which would be the product of path length and con-
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Fig. 2. Spectra taken from a sample consisting of 4.3 um poly-
styrene beads suspended in a solution of water and hemoglobin.
Note the characteristic oxygenated hemoglobin absorption bands
in all three spectra at approximately 542 and 576 nm. I and I,
were normalized against the copolarized and cross-polarized spec-
tra from our reflectance standard, and Al was normalized against
the sum of the copolarized and cross-polarized reflectance spectra.

centration under the constraints of Beer’s law. We
hypothesized that a would serve as a reliable indica-
tor of absorber concentration over a wide range of
tissue properties and sought to experimentally vali-
date this hypothesis.

First, the spectrum of oxygenated hemoglobin
(HbO,) needed to be distinguished from that of deox-
ygenated hemoglobin (Hb). In this case, Apc(\)
= Apc™(\) + Apg™(\), where Apg"™"**(\) and Apg(\)
are the spectra of HbO, and Hb, respectively. This
case also required independent coefficients, oy, and
a0, 10 account for the different contributions of Hb
and HbO,, respectively. To obtain the individual
spectra for HbO, and Hb, we measured a solution of
1 g/1 HbO, in water using our system. This accounted
for deviations from published spectra caused by any
error in the calibration of our system. The solution
was placed in a glass-bottomed culture slide directly
on top of the reflectance standard and measured to
obtain a spectrum for HbO,. It was then deoxygen-
ated by adding sodium dithionite to a final concen-
tration of 10 g/l to measure the spectrum for Hb.

The remaining unknown for our analysis was prior
knowledge of Al ,ering(\). Such knowledge would al-
low us to find oy, and oy, responsible for the best-fit
approximation to the expected Al . ering(N). To fill this
gap we assumed Al ering(N) to have a smooth linear
decline between N = 500 and 600 nm and to lack
spectral features of hemoglobin absorption, which in-
clude absorption bands at 542 and 576 nm in the case
of HbO, and 555 nm in the case of Hb. It is generally
known that light with longer wavelength scatters less
and thus penetrates more deeply into a scattering
medium. This principle is manifested as a decrease in
intensity over wavelength. Over our narrow spectral
region, this assumption turned out to be highly rea-

sonable. Thus our algorithm tested all values of oy,
and oo, over a chosen range and found those re-
sponsible for the best linear approximation of
Al attering(N) In the least-squares sense. With these
values in hand, Sy, and Cy;, could be found using the
following simple relationships:

o
So,= —— 2 %100 %, (3)

Qpo, T otEp
Cap * @ = apy + ampo, (4)

The validity of Eqgs. (3) and (4) was verified using the
tissue phantom experiments outlined below.

C. Tissue Phantom Model

To validate the accuracy of our analysis technique,
we performed a series of tissue phantom studies us-
ing polystyrene microspheres (Duke Scientific) sus-
pended in de-ionized water. Microspheres with a
diameter of 4.3 or 4.5 pm and a standard deviation of
25% were used in all cases. Concentrations were care-
fully controlled to maintain specific scattering prop-
erties throughout all experiments. All values for the
scattering coefficient p, were calculated at X\
= 550 nm using Mie theory.2?

S, calculations were validated using the method
reported by Hull and Foster in 1997.2 We rinsed 80 pul
of fresh, whole human blood from one healthy volun-
teer with 1X phosphate buffered saline (PBS),
pH 7.4, and centrifuged to separate out the red blood
cells. These cells were then resuspended in 1 ml of
PBS to a volume fraction of 3.2%, assuming a 40%
hematocrit. A small quantity of this solution was
added to a polystyrene bead suspension with p,
= 73.3 cm ! and deoxygenated by the addition of a
small amount of dry baker’s yeast. The gradual de-
oxygenation of this suspension was monitored using
an oxygen-sensitive microelectrode (Microelectrodes,
Inc.). The final volume fraction of red blood cells was
0.64%. This procedure was then repeated using ly-
ophilized human hemoglobin (Sigma-Aldrich) to a
concentration of 1 g/l instead of red blood cells. In
this case, p, = 96.0 cm .

As a standard for comparison, we used the subrou-
tine reported by Kelman3° to compute the hemoglobin
saturation at oxygen partial pressures ranging from
0 to 120 mm Hg at 7' = 20 °C and pH 7.4. By using
this method, we were able to compare our results
with those expected for our precise experimental con-
ditions. Values for Hill’s coefficient and the partial
pressure of oxygen at which hemoglobin is 50% sat-
urated (P5,) were used for quantifiable comparison.

The usefulness of our factor o as a measure of Cy,
was validated by preparing three 5 ml suspensions
with p, = 38.4, 115, and 223 cm ', respectively. Sus-
pensions were held in a 58 mm glass Petri dish and
had a geometric thickness of 1.9 mm. Concurrently,
we prepared suspensions with the same scattering
properties but also containing lyophilized human he-
moglobin to concentrations of 19.0, 17.0, and 14.2 g/I,
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respectively. These second suspensions were gradu-
ally incorporated into the first to vary their true Cy,
without changing their scattering properties.

To verify the relevance of the above tissue phantom
studies with respect to in vivo tissue architecture
(i.e., a thin, scattering epithelial layer lacking absorb-
ers above a thick layer containing both scatterers and
absorbers), we performed a series of two-layer phan-
tom studies. In these studies, the bottom layer was an
agarose gel (2 g agarose and 100 ml de-ionized water)
containing polystyrene microspheres and hemoglobin
with geometric thickness of 3.8 mm. The concentra-
tion of microspheres was held constant to keep .,
= 115 cm ™' through all trials while the concentration
of hemoglobin was varied between 0.34 and 0.80 g/1.
The top layer consisted of an aqueous suspension of
polystyrene microspheres with w, = 115 cm ' and
geometric thickness of 87 wm for our first trial and
ws = 38.4 cm ! and geometric thickness of 260 pm for
our second trial. No hemoglobin was present in the
top layer. The top layer simulated an avascular thin
layer of epithelium, and the second layer mimicked
subepithelial connective tissue, microvasculature,
and smooth muscle immediately beneath the epithe-
lium. If results of this two-layer study are in agree-
ment with those from the one-layer study, then its
relevance will have been validated.

D. Animal Studies

The institutional animal care and use committee of
Evanston-Northwestern Healthcare approved all
studies reported in this paper. Four male Fisher 344
rats were randomly placed into two groups of two—
the test group, which received two injections of AOM
(15 mg/kg) per week and the control group, which
received two injections of saline per week. AOM is a
trusted colon carcinogen in rats; rats treated with
AOM develop the earliest known marker of colon car-
cinogenesis, aberrant crypt foci (ACF), after approx-
imately 5 weeks.2? Approximately 20 weeks after the
second carcinogen injection, adenomas start appear-
ing with frank adenocarcinomas requiring 35-40
weeks to develop.2! Only 2 weeks after AOM treat-
ment (prior to occurrence of ACF), rats were eutha-
nized by CO, and their colons were removed and
separated into proximal and distal segments. These
segments were preserved in PBS and measured using
our instrument within 2 h of sacrifice. In our analysis,
we looked at only distal colon segments because the
distal colon is known to reliably develop cancerous
adenomas after AOM treatment, whereas the proxi-
mal colon is not.2?

E. Human Studies

Biopsies were taken with fully informed consent from
the cecum of 100 patients undergoing routine
colonoscopy. Patients whose present or previous
colonoscopies revealed no sign of neoplasia (adenoma
or carcinoma) were placed in the control group. Pa-
tients with cecal adenomas were placed in the test
group. In the case of an adenoma, biopsies were taken
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Fig. 3. Recreation of the hemoglobin oxygen dissociation curve
using the spectral analysis of a polarization-gated signal. The
dashed curve represents the curve as predicted by Kelman’s sub-
routine.

of tissue approximately 2 cm away from the adenoma
and not of the adenoma directly. All samples were
preserved in PBS, placed on a glass slide, and mea-
sured using our system within 2 h of surgery.

3. Results

A. Phantom Model

Using the same procedure reported by Hull and Fos-
ter,2 we validated our S,, measurements using a
best-fit approximation of Hill’s equation to our data
with a least-squares approach. First we found values
for Hill’s coefficient and P5, using data gathered in
our yeast phantom experiments. These values were
then compared with Hill’s coefficient and Pj;, ob-
tained using the same least-squares approach to
the hemoglobin dissociation curve found by the
subroutine reported by Kelman.3° This predicted
value for Hill’s coefficient was 1.84 with P;,
= 4.07 mm Hg. Calculated Hill’s coefficients from our
phantom experiments were 1.77 = 0.15 and 1.67
+ 0.11 for the red blood cells and the lyophilized
hemoglobin, respectively. P;y’s were 5.57 mm Hg
+ 0.72 and 4.42 mm Hg = 0.53, respectively. Within
the bounds of experimental error, these values were
in excellent agreement with those that we predicted
(Fig. 3).

To determine the accuracy of these calculations we
found S, of polystyrene bead phantoms with known
100% HbO, over a wide range of concentrations. The
results showed a high level of accuracy with S,
= 98.5% = 0.8%.

The results showed that « had a strong linear cor-
relation with Cy, (Fig. 4) over our range of physiolog-
ical hemoglobin concentrations and scattering
coefficients. We used the results of this experiment to
find the scaling factor by which a can be converted to
an absolute hemoglobin concentration in grams per
liter. This factor was found as the average slope of «
versus Cy, for all p,, and its value was 0.876. We also
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Fig. 4. Relative concentration of hemoglobin « calculated over a
range of physiological values. The solid line represents the curve
used to calibrate « for calculations of absolute hemoglobin concen-
tration. Dashed lines represent linear approximations for .,
= 38.4 and 223 cm ' We used these curves to identify a maximum
reasonable deviation in calculations of hemoglobin concentration
due to scattering.

determined the error in this calibration as the max-
imum deviation from this factor detected in our phan-
tom study. Specifically, error was calculated as the
differences between our calibration curve and the lin-
ear approximations of a versus Cyy, for p, = 38.4 and
223 cm . After the calibration was performed, it was
possible to measure absolute hemoglobin concentra-
tion, with a known level of error, over a wide range of
scattering properties even when p, is unknown. As
discussed below (Subsection 3.B), this procedure can
clearly rule out unknown scattering properties as a
source of error in hemoglobin concentration calcula-
tions. To test the accuracy of our optical measure-
ment of blood content in superficial tissue in the
presence of a thin avascular epithelial layer, we con-
ducted studies with the two-layer physical tissue
models. In these models, the optical properties of
each layer were chosen to mimic those of real colonic
tissue. As shown in Fig. 5, we demonstrated that the
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Fig. 5. Results of two-layer phantom study. The agreement be-
tween these data and those gathered during the single-layer phan-
tom study demonstrates the relevance of our technique for in vivo
applications.
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Fig. 6. Spectra taken from human biopsy samples. (a)
Polarization-gated spectrum taken from a control group patient
prior to hemoglobin removal. (b) Polarization-gated spectrum from
(a) after hemoglobin removal. (c) Polarization-gated spectrum
taken from a test group patient prior to hemoglobin removal. (d)
Polarization-gated spectrum from (d) after hemoglobin removal. In
both (b) and (d), the dashed curves represent the linear approxi-
mation of the spectrum.

presence of a thin, scattering top layer has no effect
on results generated by our algorithm and that our
one-layer phantom study is therefore reliable.

B. Animal and Human Studies

Sample spectra taken from human data are depicted
in Fig. 6. Spectra obtained from the rat study are
similar in appearance. We detected a statistically sig-
nificant increase in the blood supply to the superficial
mucosa of the colon in AOM-treated rats as early as
2 weeks after initiation of carcinogenesis as well as in
human patients with one or more adenomas (Fig. 7).
Positive error bars in Fig. 7 represent calculated Cyy,
if b, = 38.4 cm ™', and negative error bars represent
calculated Cyy, if p, = 223 cm ™ % It is clear in both
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Fig. 7. Display of EIBS in both (a) the AOM rat model and (b) the
human colon biopsies. To obtain these results we used the calibra-
tion curve in Fig. 4 to convert a to true Cy,. This relation was
Cy, = 0.876a. Error bars represent possible deviation on account
of scattering ranging from p, = 38.4 to 223 cm . Final population
sizes were 4 rats and 24 human patients.
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models that a change in scattering properties within
this range is not responsible for a false diagnosis of
EIBS.

No significant difference in S,, was detected in ei-
ther case. The average S, for human control patients
was 75.9% * 12.3%, and for patients with adenomas
the average S, was 79.4% = 5.7%. S, in the super-
ficial mucosa of AOM-treated rats was approximately
0% for all samples. This discrepancy may seem inter-
esting at first glance, but actually met with our prior
expectations. The reasons behind this are discussed
in Section 4.

4. Discussion

We have demonstrated the ability to use polarization-
gated elastic light-scattering spectroscopy to accu-
rately measure the oxygen saturation of hemoglobin
(So,) and hemoglobin concentration (Cyy) in the su-
perficial tissue layer. Furthermore, this capability
was extended to the detection of an EIBS in humans
with cecal adenomas as well as AOM-treated rats
after 2 weeks of initiation. The accuracy of our mea-
surements was successfully validated using polysty-
rene bead phantoms.

To the best of our knowledge, this work represents
the first evidence that polarization gating can be used
to assess blood supply and hemoglobin oxygen satu-
ration in shallow tissue depths. Polarization gating is
often used with spectroscopic or imaging techniques
to remove the contribution of hemoglobin to a signal
by removing the background created by deeply pen-
etrating photons. However, as is evident in Figs. 2
and 6, the entire contribution by hemoglobin absorp-
tion is not always removed by simple polarization
gating. The remaining contribution is likely a result
of subepithelial blood vessels that lie within 50 pm of
the surface2” in the case of colon tissue. Until now,
accurate, noninvasive assessment of this blood has
not been possible.

Our method is based on a relatively simple shape-
fitting procedure over a spectrum spanning 100 nm,
making it very fast and accurate. Measurements of
So, required no calibration and had less than 1%
error. Measurements of Cy;, had an average standard
error of less than 5% for constant p,. R® values for
ws = 38,115, and 223 cm ' were 0.996, 0.989, and
0.969, respectively, showing a strong linear correla-
tion between our factor a and actual Cy, in all cases.
On the basis of these strong linear relationships, we
were able to carry out a straightforward calibration
and extend our technique to the measurement of ab-
solute hemoglobin concentration.

One possibility would be to assume that hemoglo-
bin concentrations in our animal and human studies
were equal between test and control groups, and that
the change we observed was due to a difference in
scattering alone. For example, a drastic decrease in
s would allow photons to penetrate more deeply into
tissue before being depolarized, thus increasing their
likelihood of being absorbed by hemoglobin, even if
overall hemoglobin concentration remained constant.
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In simple terms, low p, would be falsely represented
as high Cy,. To address this concern, the increases in
Cy, seen in both our rat study and our human study
would require a change in scattering that is out of the
realm of normal variation in tissue properties, even
in the case of malignant tissue.31-33 Not only would
the change in scattering have needed to exceed the
sixfold difference in p, accounted for by our experi-
mental calibration, but the scattering coefficient of
precancerous tissue would need to be far less than
that of normal tissue. According to the literature, this
is seldom the case. Collier et al. reported ., of normal
cervical tissue to be 22 cm ', whereas precancerous
cervix had u, = 69 cm ™!, marking nearly a threefold
increase.?2 Furthermore, Beek et al. reported p, for
colon adenocarcinomas in rats to be 280 + 20 cm ' at
N\ = 632.8 nm, indicating that ., of the precancerous
tissue used in both of our studies was more likely
near the upper limit of our calibration range than the
lower limit.3* We therefore concluded that our tech-
nique is a reliable means of comparing hemoglobin
properties as long as the comparison is being made
between similar tissue types.

EIBS is a novel biomarker, whose origin has not yet
been established. Our current hypothesis focuses on
the potential early overexpression of inducible ni-
trous oxide synthase. This would lead to an increase
in vasodilation and an increased supply of blood with-
out angiogenesis. It is important to distinguish EIBS
from the well-known increase in blood supply result-
ing from angiogenesis, which is necessary to provide
nutrients to adenomas or tumors with a diameter of
more than ~1 mm.* To illustrate this point, human
biopsies were taken approximately 2 cm away from
adenomas and rat colons were examined after only 2
weeks of AOM treatment. Typically, angiogenesis as-
sociated with colon carcinogenesis does not occur un-
til approximately 40 weeks after the administration
of AOM.2! Therefore human measurements were not
taken from locations likely to contain new blood ves-
sels and rat measurements were taken at a time
point known to predate the conception of angiogene-
sis.

Neither our animal study nor our human study
revealed a significant difference in hemoglobin oxy-
gen saturation between test and control groups. Hu-
man tissue had reasonable S, values, in the vicinity
of 75% saturation. If it is true that subepithelial cap-
illaries account for blood measured by our system, a
value somewhere between approximately 100% sat-
urated blood found in arteries and approximately
50% saturated blood found in veins is expected. The
near 0% So, values in the superficial layer of rat
colon, on the other hand, was an interesting finding.
In terms of explanation, rats were euthanized using
CO,, meaning that they were deprived of oxygen prior
to death. Low Sy, was, in fact, the reason for their
deaths and this was evident in our measurements.
Therefore our animal study and our human study
both met prior expectations for S,,, which helped to
further validate our technique.



Final consideration must be paid to any variations
in these results on account of the distribution of he-
moglobin within human tissue. Evidence exists that
both the packaging of hemoglobin into red blood
cells3> and the inhomogeneous distribution of blood
within biological tissue3® have an effect on the ab-
sorption spectrum of hemoglobin. The spectrum we
used in our analysis proved to be reliable for studies
on phantoms containing either red blood cells or
stripped hemoglobin. Additionally, values for S, and
Cy, that we detected in the human biopsies were well
within a reasonable physiological range. We there-
fore conclude that any error resulting from such af-
fects is negligible in this case.

In summary, we have described a reliable approach
to quantify hemoglobin oxygen saturation and hemo-
globin concentration in superficial tissue using
polarization-gated elastic light-scattering spectros-
copy and a basic spectral analysis. We detected an
early increase in blood supply to the subepithelial
portion of the mucosa and submucosa in human colon
biopsies of patients with adenomas as well as rat
colons after 2 weeks of treatment with AOM. This
study lays the foundation for future in vivo studies
using fiber-optic technology.

This study was supported by National Institutes of
Health grant RO1CA109861. Y. L. Kim is supported
in part by the Cancer Research and Prevention
Foundation.
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