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Abstract. This study demonstrates the use of optical spectroscopy for
monitoring tumor oxygenation and metabolism in response to hyper-
oxic gas breathing. Hemoglobin saturation and redox ratio were
quantified for a set of 14 and 9 mice, respectively, measured at base-
line and during carbogen breathing �95% O2, 5% CO2�. In particular,
significant increases in hemoglobin saturation and fluorescence redox
ratio were observed upon carbogen breathing. These data were com-
pared with data obtained concurrently using an established invasive
technique, the OxyLite partial oxygen pressure �pO2� system, which
also showed a significant increase in pO2. It was found that the di-
rection of changes were generally the same between all of the meth-
ods, but that the OxyLite system was much more variable in general,
suggesting that optical techniques may provide a better assessment of
global tumor physiology. Optical spectroscopy measurements are
demonstrated to provide a reliable, reproducible indication of
changes in tumor physiology in response to physiologic manipulation.
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Introduction

umor oxygenation is a critical factor in determining the ef-
cacy of radiation and chemotherapy in cancer. Hypoxia leads

o genomic instability, and resistance to radiation, chemo-
herapy, and photodynamic therapy.1 It has also been recently
emonstrated that intermittent hypoxia in particular can in-
uce radiation resistance.2 The ability to monitor tumor oxy-
enation dynamically in vivo would thus be of tremendous
mportance in determining prognosis and potentially in guid-
ng therapy in both preclinical and clinical studies.

In vivo measurements of tissue oxygenation are most com-
only performed using needle-based sensors, including po-

arographic electrodes, and fluorescence lifetime sensors, such
s the OxyLite partial oxygen pressure �pO2� system �Oxford
ptronics, Wycombe, United Kingdom�.3 These approaches

re capable of providing accurate, absolute measurements of
xygen tension. However such devices have a number of limi-
ations. They have a small sampling area on the order of
.038 mm2 �OxyLite� or 80 �m2 �polarographic electrode�.3

his can be an advantage if local information is desired, but it
s difficult to generalize one or a few measurement points to a
lobal picture of tumor physiology. These devices also require

ddress all correspondence to Gregory Palmer, Dept. of Radiation Oncology,
uke University, Box 3455, Durham, NC 27710. Tel: 919–699–2089; Fax: 919–
84–8718; E-mail: greg.palmer@duke.edu
ournal of Biomedical Optics 024010-
diffusion of oxygen into the sensor, which results in a stabi-
lization period of around 15 min for the OxyLite sensor,
which can cause difficulties when measuring dynamic
changes in pO2 in a living subject, where fluctuating pO2 and
motion artifacts could cause significant problems. The polaro-
graphic electrode consumes oxygen in order to measure it,
which degrades sensitivity at low pO2.4 The commercial sys-
tem made for clinical use cannot be placed in a stationary
position for this reason. Recessed tip probe designs minimize
perturbation of the oxygen field and have rapid response times
but are not commercially available.5

Optical spectroscopy presents an attractive means of non-
invasively monitoring tissue oxygenation and metabolic pa-
rameters via diffuse reflectance and fluorescence spec-
troscopies. Diffuse reflectance spectra are acquired by
illuminating the tissue and measuring the diffusely reflected
light as a function of wavelength. This is affected by the ab-
sorption and scattering properties of the tissue �optical prop-
erties�, whose dominant absorbers are typically oxygenated
and deoxygenated hemoglobin. This measurement can thus
give a measure of total blood volume and hemoglobin oxygen
saturation. Fluorescence spectroscopy is sensitive to the in-
trinsic fluorescence properties of tissue associated predomi-
nantly with tryptophan, collagen, reduced nicotinamide ad-
enine dinucleotide �NADH�, and flavins; the latter two are

1083-3668/2009/14�2�/024010/8/$25.00 © 2009 SPIE
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lectron carriers involved in cellular oxidative
hosphorylation.6

A number of small animal tumor studies have been carried
ut to demonstrate that optical spectroscopy is capable of
onitoring changes in tumor physiology in response to vari-

us perturbations to tumor oxygenation. Finlay and Foster7

emonstrated the use of diffuse reflectance spectroscopy for
easuring hemoglobin saturation of murine tumors in re-

ponse to carbogen and nitrogen breathing. They used a P3-
iffusion approximation of light transport to extract optical
roperties from the diffuse reflectance spectra. In this study,
he skin covering the tumor was surgically excised, and a fiber
ptic probe was placed in contact with the tumor. Diffuse
eflectance measurements were used to monitor hemoglobin
aturation in response to inhalation of hyperoxic and hypoxic
ases. They showed that hemoglobin saturation changed as
xpected in response to these gases. Conover et al.8 compared
emoglobin saturation quantified from diffusion theory–based
nalysis of near infrared spectroscopy �NIRS� of a mouse tu-
or to cryospectrophotometry of tumor microvasculature.
hey found that the volume-averaged hemoglobin saturation
as indicative of clinically relevant hypoxia, namely, when
IRS reported a hemoglobin saturation of 70% or more, less

han 6% of the tumor volume was found to be below 10%
aturation as imaged by cryospectrophotometry. Kim et al.9

nvestigated correlates between pO2 assessed by needle-based
ensors and NIRS for carbogen inhalation, where they used a
odified form of the Beer-Lambert law to derive relative

hanges in deoxyhemoglobin �Hb� and oxyhemoglobin
HbO2� from the NIRS data. They found that relative changes
n HbO2 correlated with tissue pO2, although there was sub-
tantial interanimal heterogeneity.9 Xia et al.10 used the same
echnique to compare relative changes in the concentration of
b and HbO2 to magnetic resonance imaging oximetry with

he FREEDOM �fluorocarbon relaxometry by echo-planar im-
ging for dynamic oxygen mapping� technique11 for hyper-
xic gas inhalation. They were not able to apply the standard
iffusion approximation to these data to extract absolute con-
entrations of Hb and HbO2, due to the small tumor size, but
eveloped a technique by which they could estimate it in
ombination with the pO2 data. They found that changes in
HbO2� correlated with pO2, and that the response time of
HbO2� was faster than that of pO2. Finally, Liu et al.12 also
nvestigated the use of NIRS to evaluate tumor vascular oxy-
enation and compared these to invasive measurements of
O2 for animals breathing hyperoxic gases. They found that
bO2 increased in a biphasic manner during oxygenated gas

nhalation. The needle sensor also followed in the same direc-
ion but had a slower response.

This study seeks to build upon this previous work by sys-
ematically comparing hemoglobin saturation quantified via
iffuse reflectance spectroscopy with tissue pO2 in a mouse
umor model. In addition, fluorescence redox ratios,13,14 de-
ned as flavin / �flavin+NADH� fluorescence, which is re-
ective of cellular metabolism and oxygen consumption were
uantified from fluorescence spectroscopy measurements. The
elationship between the redox ratio and hemoglobin satura-
ion were evaluated to determine if the results are consistent
ith expected trends. The diffuse reflectance and fluorescence

pectra were evaluated using a scalable Monte Carlo model of
ournal of Biomedical Optics 024010-
reflectance and fluorescence, respectively. These models have
been developed to extract the underlying absorption, scatter-
ing, and fluorescence properties from the measured diffuse
reflectance and fluorescence spectra.15,16 This allows the quan-
tification of the underlying physiologic indicators, notably he-
moglobin saturation, total hemoglobin concentration, as well
as the contributions of NADH and flavin to tissue fluores-
cence. The latter allow calculation of the fluorescence redox
ratio, which is indicative of the redox state of these electron
carriers; in other words, as these compounds are oxidized, the
redox ratio will increase, and as they are reduced, the redox
ratio will decrease. These models have been validated using
phantom studies, in which errors �under 10%� were reported
for the extraction of absorption and scattering properties,15 as
well as intrinsic fluorescence16 for a wide range of optical
properties, representative of tissue in the UV-visible range.
The unique features of these models include that they �1� are
based on Monte Carlo modeling, and so are valid for a wide
range of optical properties and small sampling volumes, and
�2� are adaptable to a variety of fiber optic probe geometries
or imaging modalities. In addition, the ability of this model to
determine the hemoglobin saturation in phantoms has also
been evaluated.17 Briefly, tissue simulating phantoms consist-
ing of hemoglobin �absorber� and polystyrene spheres �scat-
terer� were characterized using diffuse reflectance spectros-
copy with a fiber optic probe, similar to the one used in this
study. The oxygen tension was varied using Baker’s yeast,
and it was found that the hemoglobin saturation as a function
of pO2 was retrieved to within 3.6�2.9 for the whole range
of saturations tested �0% to 100%�.

The goal of this study is to quantify and track changes in
oxygenation in response to carbogen breathing in 4T1 breast
tumors in nude mice using optical spectroscopy. Specifically,
hemoglobin saturation and the optical redox ratio were mea-
sured and compared with oxygenation measures from a well-
established method of measuring tumor pO2, the OxyLite sys-
tem. This enables future optical experiments to be put into
context when comparing findings to previous studies using
needle-based sensors.

2 Methods
Murine mammary carcinoma cells of the 4T1 cell line were
injected into a set of 14 athymic NCr nu/nu mice �National
Cancer Institute, FitzPatrick Cancer Center, Plattsburgh, New
York�. One million cells were injected into the flank of each
mouse, and the tumors were allowed to grow until they
reached a of diameter approximately 1.0 cm �around
1.5 weeks�. Upon reaching this size, the mouse was anesthe-
tized with 85-mg /kg pentobarbital and was placed on a
warming blanket. The optical spectroscopy probe and Oxy-
Lite sensors were then positioned on the surface of the tumor,
with the spectroscopy probe placed in contact with the surface
of the skin overlaying the tumor, and two OxyLite sensors
were inserted into the tumor on either side of the spectroscopy
probe as shown in Fig. 1. The optical spectroscopy probe was
held in place using a clamp, and the OxyLite sensors were
taped down during the experiment, while minimizing pressure
on the tissue, which could reduce perfusion. A baseline read-
ing was established for a period of at least 15 min to allow the
OxyLite sensors to stabilize, and baseline spectroscopy mea-
March/April 2009 � Vol. 14�2�2
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urements were then acquired. Then, the mouse was adminis-
ered carbogen gas �95% O2, 5% CO2� at a rate of 5 L /min
or the duration of the experiment. Diffuse reflectance mea-
urements were then acquired every minute for the first
0 min, and every 5 to 10 min thereafter for up to 90 min or
ntil the measurements stabilized. Fluorescence measure-
ents were made at baseline and at the end of the experimen-

al time period. At the end of the experiment, each mouse was
acrificed using an overdose of pentobarbital.

Optical spectroscopy measurements were made via a fiber
ptic probe coupled to a Skinskan �J.Y. Horiba, Edison, New
ersey� fluorometer, which have been described extensively in
revious publications.15,18 Briefly, the fiber optic probe con-
ists of a central collection core of 31 fibers with a diameter of
.52 mm surrounded by an illumination ring, also with 31
bers, having an outer diameter of 2.18 mm �shown in Fig.
�. The Skinskan consists of a 150-W xenon arc lamp, double
xcitation/emission monochromators, and a photomultiplier
ube �PMT� detector. Optical spectroscopy measurements
ere made by placing the fiber optic probe in direct contact
ith the tissue surface �no spacer was used�. Two sets of
ptical measurements were made: �1� the diffuse reflectance
pectra �350 to 600 nm�, and �2� the fluorescence emission
pectra obtained at 350- and 460-nm excitation, which excite
ADH and flavin, respectively. Both were acquired with
-nm increments, with the PMT set to 950 or 340 V for the
uorescence and diffuse reflectance, respectively. Integration

ig. 1 Experimental setup used for these experiments. A single fiber
ptical probe was placed in contact with the skin overlaying the tu-
or, and two OxyLite sensors were placed on either side of it.
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ig. 2 Probe geometry used in this study, showing the arrangement of
llumination and collection fibers.
ournal of Biomedical Optics 024010-
time of 0.1 s was used for the diffuse reflectance, and 1 s was
used for the fluorescence measurements. Calibration was car-
ried out daily by normalizing the diffuse reflectance data
wavelength by wavelength to a reflectance puck measurement
�Labsphere, Inc., North Sutton, New Hampshire� made with
the probe in flush contact. The fluorescence was calibrated to
a rhodamine standard, measured in a quartz cuvette. The dark
current of the PMT was subtracted from all measurements,
and the background signal measured in water was found to be
negligible.

Concurrent with optical measurements, tissue pO2 was de-
termined using the OxyLite pO2 sensor. This system consists
of a needle-based sensor consisting of a platinum-based fluo-
rophore enclosed in a silicone matrix. This fluorophore is
quenched by oxygen, and the resulting change in lifetime is
used to quantify pO2. This sensor was inserted into the super-
ficial region of the tumor at a depth of approximately
1 to 3 mm, to correspond roughly to the sensing depth of the
optical spectroscopy measurement.

The diffuse reflectance data were then processed using a
Monte Carlo–based model of diffuse reflectance to extract the
physiological information related to absorption and scattering
properties of the tissue.15 Briefly, the model works by con-
straining the absorption and scattering to specific known ab-
sorbers and scatterers in the tissue. The absorption ��a� and
reduced scattering ��s�� coefficients can then be calculated
based on the spectral properties of the absorbers and scatter-
ers. The optical properties are then input into a Monte Carlo
model of diffuse reflectance to determine what the collected
diffuse reflectance would be given those optical properties for
the specific measurement geometry employed. A nonlinear
least squares algorithm is then used to minimize the difference
between measured and simulated diffuse reflectance spectra,
and the resulting absorber and scatterer properties are returned
as the output of the algorithm. In this case, three absorbers
were used: HbO2 and Hb and a baseline absorption spectrum,
corresponding to the absorption of skin in the absence of
blood and melanin.19 Scattering was approximated using Mie
theory, using a single size scatterer having a range of sizes
between 0.35 and 1.5 �m, which has previously been shown
to closely approximate the scattering properties of a distribu-
tion of scatterer sizes expected in biological samples.15 He-
moglobin saturation �HbO2 / �Hb + HbO2�� was then used to
quantify the tissue oxygenation. To maximize the sampling
depth of the method, and minimize any influence of skin on
these measurements, diffuse reflectance fits were performed
over the range of 480 to 600 nm to extract the absorption
properties. This has been found to correspond to a range of
optical properties for which effects of skin are negligible on
the diffuse reflectance measurement.20

For fluorescence data, the full range of 350 to 600 nm was
used to enable characterization of optical properties at the
excitation and emission wavelengths of the fluorescence spec-
tra acquired. This leads to a reduced penetration depth at the
shorter wavelengths. The possible influence of skin on these
measurements is discussed in detail in Sec. 4 The fluorescence
data were processed using another Monte Carlo–based model
of fluorescence to separate the effects of absorption and scat-
tering from the measured fluorescence spectra.16 Briefly, this
algorithm uses Monte Carlo simulations, incorporating the ex-
March/April 2009 � Vol. 14�2�3
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itation wavelength optical properties, to model the path light
akes from the light source to the fluorophore. The intrinsic
uorescence properties then determine how much of this light
ill be converted to fluorescence. Finally, another Monte
arlo simulation, incorporating the emission wavelength op-

ical properties, determines how much of this generated fluo-
escence returns to the tissue surface to be collected by the
ptical probe. Using a process described in detail elsewhere,16

t is possible to separate the intrinsic fluorescence properties
rom the simulated effects of absorption and scattering, to
ield a quantity that is proportional to the product

���x�C����m� , �1�

here ���x� is the extinction coefficient of the fluorophore at
he excitation wavelength, C is its concentration, � is its
uantum yield, and � is the emission probability for the fluo-
ophore at the collected emission wavelength. The redox ratio
as than taken as the average of F460,520 / �F460,520+F350,445�,
460,525 / �F460,525+F350,450�, and F460,530 / �F460,530+F350,455�.
460,525 is the intrinsic fluorescence emission at 460-nm ex-
itation, 525-nm emission, which corresponds to the flavin
uorescence emission maxima, and F350,450 corresponds to

he NADH emission maxima, 450-nm emission. These values
ere averaged from three independent data points to mini-
ize measurement noise and to enable calculation of standard

eviations. This overestimates the measurement errors be-
ause the fluorescence emission is not quite flat over these
anges, but this provides upper bounds on these errors. Wil-
oxon signed rank �paired� and rank sum �unpaired� tests
ere used to test for statistical significance for all end points.

Results
igure 3 shows representative fits from a single mouse at �a�
aseline and �b� after carbogen breathing. It can be seen that
he alpha and beta bands of hemoglobin absorption at around
40 and 580 nm appear more distinct in Fig. 3�b�, which is
ndicative of greater oxygenation. This corresponds to an in-
rease in saturation from approximately 28% to 57%, as re-
rieved from the diffuse reflectance model. It can be seen that
he fit provides a good approximation of the measured diffuse
eflectance.

(a)

ig. 3 Representative diffuse reflectance fits at �a� baseline and �b� afte
n �a� is indicative of Hb, while dual absorption minima seen at arou
ournal of Biomedical Optics 024010-
Figure 4 shows the raw and intrinsic fluorescence spectra
for �a� NADH and �b� flavin fluorescence. Each raw or intrin-
sic spectrum is normalized to the mean value obtained over
the entire spectrum for the raw or intrinsic baseline scan, re-
spectively, in order to put the data on the same scale. It can be
seen that the intrinsic fluorescence corrects for absorption by
hemoglobin apparent in the raw NADH spectra at around
400 to 450-nm emission. Also, the magnitude of the flavin
fluorescence is significantly altered upon correction for ab-
sorption and scattering, highlighting the importance of cor-
recting for these effects.

Figure 5 shows the tissue pO2 obtained from each of the
OxyLite probes and hemoglobin saturation for a representa-
tive animal, with carbogen breathing beginning at
t=0 minutes and continuing for the duration of the experi-
ment. It can be seen that the hemoglobin saturation shows a
more rapid response to the administration of carbogen at
t=0 minutes, which was found to be typical of other mice as
well. One OxyLite probe �top panel� showed no change in
pO2 upon administration of carbogen, which was a common
occurrence. Another interesting time course, which demon-
strates measurement of fluctuant hypoxia, is shown in Fig. 6,
where it can be seen that both the hemoglobin saturation and
pO2 show similar fluctuations, with changes in hemoglobin
saturation again preceding those of the OxyLite pO2 probe
�most closely tracking probe 1�.

Figure 7 shows baseline and stabilized carbogen breathing
measurements. All measurements were generally stabilized
after 10 min of carbogen breathing, so measurements were
averaged after this time point to produce the carbogen-
breathing data points. Error bars show the standard deviation
from these repeated measurements �typically at least five mea-
surements�, except for the case of the redox ratio, which
shows the mean and standard deviation over a specific wave-
length range �see Sec. 2�. For the set of 14 animals, a signifi-
cant increase was seen in pO2 for the paired test only, using
readings averaged for two probes, increasing from
3.7�4.5 mm Hg to 28�36 �paired: p=0.025, unpaired:
p=0.26�. Significant increases in hemoglobin saturation were
also seen, with saturation increasing from a baseline value of
30�19% to 49�20% upon carbogen breathing �paired:
p=0.0023, unpaired: p=0.012�. Hemoglobin concentration

(b)

ogen breathing. A single absorption minimum seen at around 560 nm
and 580 nm in �b� are indicative of HbO2.
r carb
nd 540
March/April 2009 � Vol. 14�2�4
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lso increased significantly upon carbogen breathing using a
aired test �p=0.00012�. Figure 7�d� shows the fluorescence
edox ratio before �black� and after �white� carbogen admin-
stration, obtained for a subset of the animals in this study. In
he presence of oxygen, the redox ratio would be expected to
ncrease,13 as is shown for eight of the nine cases. For the case
here the redox ratio did not increase, it is interesting to note

hat the hemoglobin saturation also showed only a small
hange upon carbogen administration �mouse 5�, so the data
re consistent using two independent measures of tumor
hysiology. A paired signed rank test indicates that there is a
ignificant increase in redox ratio upon administration of car-
ogen �p=0.012�.
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ig. 4 Raw and extracted intrinsic fluorescence spectra showing the
hape due to absorption can be seen to be corrected for particularly
emoglobin absorption �400 to 450 nm�. Spectra are normalized to t

ig. 5 Representative time course data for showing pO2 for each of
he two OxyLite probes �top two panels� and the hemoglobin satura-
ion. The animal was provided carbogen continuously after t=0 min,
s indicated by the dashed line. Hemoglobin saturation and pO2 for
ne of the OxyLite probes �middle panel� can be seen to increase with
arbogen breathing. The other OxyLite probe shows no change upon
arbogen breathing. This corresponds to mouse 8.
ournal of Biomedical Optics 024010-
Finally, the dynamics by which the hemoglobin saturation
and redox ratio change upon perturbation were investigated
and are shown in Fig. 8. For the final 4 animals �animals 15 to
18�, the redox ratio was measured more frequently �4 to 5
times�. For these animals, the Spearman rank correlation with
hemoglobin saturation measured at the same time was calcu-
lated for each animal. This yielded a correlation coefficient of
0.9�0.1, for the four animals, indicating that the dynamics of
the change in these parameters are similar for each of these
measurements. However, when these measurements are
pooled for this subset of animals, the correlation coefficient is
only 0.5, indicating that the redox ratio is influenced by other
factors than just tissue oxygenation. In other words, there is
interanimal variability related to other factors than blood oxy-
genation that confound the correlation between fluorescence
redox and hemoglobin saturation. In Fig. 8, it can be seen that
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-nm and �b� 460-nm emission spectra. Significant deviations in line
350-nm emission spectrum around the vicinity of the Soret band of
an value.

Fig. 6 Time course demonstrating the measurement of fluctuant hy-
poxia for the two OxyLite probes �top two panels� as well as hemo-
globin saturation. This corresponds to mouse 7.
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or individual animals, there is a strong linear correlation, but
hat there is significantly more scatter when all observations
re pooled.

Discussion
he results presented here demonstrate that optical spectros-
opy is capable of providing highly reliable information re-

(a)

(c)

ig. 7 The �a� hemoglobin saturation, �b� total hemoglobin, �c� pO2 r
n this study. The data were averaged for the baseline �black� and car
robes are shown, when available. For mice 1 to 3 only a single OxyL
eported an error code during the experiment. The remaining mice ha
rror bars show standard deviations obtained from repeated measurem

ig. 8 A scatter plot of hemoglobin saturation and fluorescence redox
atio for the final four animals in this study for which more detailed
easurement of fluorescence redox ratio was obtained. It can be seen

hat individual animals show strong linear correlations �average cor-
elation of 0.9�, but that the overall correlation is less strong, yielding
n overall correlation coefficient of 0.5.
ournal of Biomedical Optics 024010-
garding tissue physiology. In fact, it compared favorably with
an established approach—that of the OxyLite pO2 sensor—
that has been used previously to monitor tumor physiology in
a number of preclinical and clinical studies �e.g., Ref. 21 and
22�. A key limitation of the OxyLite sensor is its small sam-
pling region, which makes it highly sensitive to positioning,
and for cases where the OxyLite is positioned in a poorly
perfused or necrotic microenvironment, it accurately reports
pO2 close to 0 throughout the experiment, as can be seen in
around half of the cases �Fig. 7�a��. In fact, the two OxyLite
sensors frequently reported pO2 that differed from one an-
other by a factor of 2 or more, highlighting the difficulty of
using a few needle-based sensors such as these as an indicator
of global tumor oxygenation due to the high degree of hetero-
geneity within a tumor. This sensitivity to positioning would
make longitudinal studies of tumor oxygenation difficult us-
ing needle-based sensors. The optical measurement of hemo-
globin saturation, however, showed more consistent results
across all animals �see Fig. 7�b��. Fluorescence redox ratio
also showed consistent relative changes upon administration
of carbogen. An advantage of using this metric is that it is
indicative of changes in metabolic activity caused by factors
other than tissue oxygenation, such as metabolite availability
and mitochondrial membrane potential, thus providing
complementary information. It was found that the dynamic
changes in the redox ratio were consistent with that of hemo-
globin saturation �r=0.9�, which is indicative of the fact that

(d)

(b)

by the OxyLite system, and �d� redox ratio data for each of the mice
breathing �white� levels. In panel �c�, data from both sets of OxyLite
be was used; for mice 11, 13, and 14, two probes were used, but one
OxyLite readings reported both before and after carbogen breathing.
eported
bogen-
ite pro
ve two
ents.
March/April 2009 � Vol. 14�2�6
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ach of these parameters is responding to the same perturba-
ion in this experiment. However, the interanimal variability
n the tumor microenvironment may lead to differences in
ubstrate availability or hypoxic preconditioning that may in-
uence metabolic activity. This is reflected by the fact that

nteranimal correlation of hemoglobin saturation and redox
atio was low �0.5�. Such measurements could be useful in
reclinical and clinical studies examining the effects of a
herapy, where longitudinal measurements could allow com-
arison before and after treatment.

The saturation values are rather higher than would be ex-
ected given the pO2 values reported by the needle elec-
rodes. This is likely due to the fact that hemoglobin satura-
ion is representative of blood oxygenation levels, while the
eedle electrodes are reflective of tissue pO2. Thus the needle
lectrodes would be more likely to be located distal to a blood
essel where pO2 is lower. Another potential source of dis-
repancy is that the needle electrode may in some cases be
ocated deeper than the optical sampling depth, which would

ake it more likely to sample hypoxic/necrotic regions.
One potential concern is the ability of the optical probe to

ample the tumor through the skin. The reflectance fits were
estricted to wavelengths longer than 480 nm in extracting the
bsorption properties in order to maximize probing depth, be-
ause absorption in tissue is lower at longer wavelengths. This
emoves the Soret band, but there is still much structure in the
50 to 600-nm range �alpha and beta bands� to distinguish
bO2 and Hb. Phantoms studies using hemoglobin have

hown that the accuracy with which the hemoglobin concen-
ration can be extracted is not diminished using a more limited
avelength range.15 Shorter wavelengths had to be used, how-

ver, to characterize the fluorescence properties of tissue �in
his case, fits were performed over 340 to 600 nm�. This has
ome impact on interpretation of the hemoglobin saturation
nd redox ratio data, because the hemoglobin saturation re-
orted will tend to reflect a deeper sensing volume, where the
issue is likely to be more hypoxic. Monte Carlo simulations
f fluorescence indicate that the median probing depth �i.e.,
edian depth of origination for collected fluorescence�,

anges from 0.4 to 2.8 mm for the range of optical properties
epresentative of those encountered in this study, as deter-
ined by the reflectance fits. The outer diameter of this probe

s approximately 2.2 mm, which gives a probing volume on
he order of 10 mm3. Typical thickness of skin in these mice
s 0.29�0.06 mm based on histological sections, with the
umors grown subcutaneously �they were directly beneath the
kin�. This would suggest that effects of the skin on the mea-
urement could be significant �particularly for high absorption
nd low scattering�. We are currently developing on an opti-
ized probe geometry with a larger source-detector separa-

ion, which will minimize any such artifact.
Another related concern is the use of a homogeneous

odel, when skin and tumor layers are likely to have different
ptical properties. A two-layer model could be employed in
he future, but this would significantly complicate the model-
ng, and would likely require a more complex measurement
eometry to enable the effective separation of the optical
roperties of two layers: using multiple source detector sepa-
ations, or angularly resolved measurements, for example.23 In
ddition, there is heterogeneity within each tissue type, with
ournal of Biomedical Optics 024010-
hemoglobin not being distributed homogeneously, and varia-
tions in tissue scattering and absorption throughout the tissue
volume due to morphological/physiological differences
throughout the tumor. In the simplified homogeneous case,
extracted optical properties represent some composite average
of the two layers, and the best approach may be to design a
probe that maximizes sampling volume, thus weighting this
average more toward the deeper tumor tissue.

Finally, the temporal kinetics of these measurements indi-
cate that changes in hemoglobin saturation precede that of
tissue pO2, as assessed by the OxyLite probe, as has been
previously reported.12 Part of this discrepancy could be attrib-
uted to the longer response time of the OxyLite sensor to
changes in oxygenation �10 to 15-min stabilization time�, but
this response could also be due in part to the time for oxygen
to diffuse into tissue. Our primary goal in this work is to use
optical spectroscopy to monitor changes in response to tradi-
tional therapies, such as chemotherapy and radiation, which
would be expected to occur over relatively long time frames,
but in investigations looking at fast dynamic changes in oxy-
genation, this could be a potential source of error that would
require further investigation.

In conclusion, it has been demonstrated that optical spec-
troscopy can successfully monitor changes in tissue oxygen-
ation in response to a perturbation. Future work will incorpo-
rate such measurements into preclinical and clinical studies
examining the effects of antiangiogenic therapy, chemo-
therapy, and radiation therapy upon tumor physiology, both as
an indicator of therapeutic efficacy, and ultimately as a means
of guiding therapy toward the most efficacious treatment regi-
men.
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