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Abstract. An important feature of tumor hypoxia is its temporal insta-
bility, or “cycling hypoxia.” The primary consequence of cycling hy-
poxia is increased tumor aggressiveness and treatment resistance be-
yond that of chronic hypoxia. Longitudinal imaging of tumor
metabolic demand, hemoglobin oxygen saturation, and blood flow
would provide valuable insight into the mechanisms and distribution
of cycling hypoxia in tumors. Fluorescence imaging of metabolic de-
mand via the optical redox ratio �fluorescence intensity of FAD/
NADH�, absorption microscopy of hemoglobin oxygen saturation,
and Doppler optical coherence tomography of vessel morphology and
blood flow are combined to noninvasively monitor changes in oxygen
supply and demand in the mouse dorsal skin fold window chamber
tumor model �human squamous cell carcinoma� every 6 h for 36 h.
Biomarkers for metabolic demand, blood oxygenation, and blood
flow are all found to significantly change with time �p�0.05�. These
variations in oxygen supply and demand are superimposed on a sig-
nificant �p�0.05� decline in metabolic demand with distance from
the nearest vessel in tumors �this gradient was not observed in normal
tissues�. Significant �p�0.05�, but weak �r�0.5� correlations are
found between the hemoglobin oxygen saturation, blood flow, and
redox ratio. These results indicate that cycling hypoxia depends on
both oxygen supply and demand, and that noninvasive optical imag-
ing could be a valuable tool to study therapeutic strategies to mitigate
cycling hypoxia, thus increasing the effectiveness of radiation and
chemotherapy. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

ypoxic tumors are more aggressive than their normoxic
ounterparts, and are resistant to radiation and
hemotherapy.1–3 Thus, a major goal of cancer research is to
ain a better understanding of oxygen supply and demand in
umors. Studies of oxygen supply and demand could provide a
asis for improved prognostic and treatment approaches for
olid tumors. An important feature of tumor hypoxia is its
emporal instability. “Cycling hypoxia” has been described as
pattern of temporal periodicity between hypoxic and reoxy-

enated states. It has been observed in many tumor types,4–6

hereas studies measuring pO2 fluctuations in normal tissue
muscle� in rats and mice have not observed significant
uctuations.7,8 One primary consequence of cycling hypoxia

s upregulation of the transcription factor hypoxia-inducible
actor 1 �HIF1� activity to a level that supersedes that of
hronic hypoxia. This transcription factor controls many cel-
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ournal of Biomedical Optics 011112-1
lular functions that exacerbate treatment resistance and tumor
aggressiveness.9

Cycling hypoxia could be caused by changes in tumor vas-
cular function �oxygen delivery� and metabolic demand. In
tumors, formation of new vessels and remodeling and dropout
of existing vessels occurs continuously, resulting in temporal
variations in blood flow and blood oxygenation.10 Oxygen
consumption rate is a highly dynamic feature of oxygen trans-
port in tumors, because small changes in demand for oxygen
create large changes in the extent and severity of hypoxia.11

Longitudinal imaging of tumor metabolic demand, vessel
morphology, hemoglobin oxygen saturation, and blood flow
velocities would provide valuable insight into the mechanisms
and distribution of cycling hypoxia in tumors. For example,
these data will allow for the study of tumor response to
changing hemodynamic and metabolic conditions induced by
experimental and traditional cancer therapies. Such informa-
tion can also be used to test and refine theoretical models for
structural adaptation in tumors, which have successfully pre-
dicted tumor response to drug and radiation therapy.12

1083-3668/2010/15�1�/011112/8/$25.00 © 2010 SPIE
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Current methods for measuring oxygen supply on the mi-
rovessel level include microelectrode measurements,7 and
hosphorescence lifetime imaging of a pO2 calibrated dye.13

icroelectrodes provide a sensitive and direct measure of
pO2, but are inherently invasive and limited to point measure-

ents. Phosphorescence lifetime imaging provides informa-
ion on the 2-D distribution of oxygen within the tumor, but
equires the injection of a contrast agent. The use of a contrast
gent is invasive and may require repeated exposure to the
ye for longitudinal measurements, which further complicates
ata acquisition and interpretation. Blood flow on the mi-
rovessel level has traditionally been measured using laser
oppler flowmetry,7 the dual-slit method,13 or video
icroscopy.14,15 Laser Doppler flowmetry provides a relative

not calibrated� measurement of blood flow at a single point,
nd scanning laser Doppler provides an average flow over a
issue area without accounting for contributions from indi-
idual vessels. The dual-slit technique and video microscopy
oth suffer from inaccurate estimations of the length traveled
y red blood cells because the length of a 3-D vessel is pro-
ected onto a 2-D image, resulting in imprecise velocity val-
es. Video microscopy of fluorescently labeled red blood cell
ux and blood flow rate can be done, but is only practical for
essels less than �30 �m in diameter because individual red
lood cells are difficult to visualize in larger vessels due to
bsorption of fluorescent light by hemoglobin.

Previous methods for measuring oxygen demand in tumors
nclude pO2 microelectrode measurements coupled with the-
retical simulations of oxygen diffusion,16 an isolated tumor
erfusion system combined with Fick’s principle
alculations,17 and cryospectrophotometric microtechniques.18

ll of these methods are invasive, which makes longitudinal
n vivo monitoring difficult. Positron emission tomography
PET� of fluoro-deoxyglucose �FDG� has also served as a
aluable marker for tumor metabolism.19,20 However, PET im-
ging is low resolution and expensive, and time course mea-
urements require repeated exposure to radioisotopes.

Optical imaging of tumor oxygen supply and demand is
ttractive because these methods are relatively low cost, high
esolution, and noninvasive, if performed in a transparent
indow chamber preparation. Optical imaging based on en-
ogenous tissue contrast does not require exogenous contrast
gents, and is thus well suited for long-term monitoring of
ycling hypoxia in tumors. Hyperspectral imaging of hemo-
lobin oxygen saturation21–23 coupled with 3-D Doppler opti-
al coherence tomography �OCT� of calibrated microvessel
lood flow rates24–27 allow for accurate, dynamic, and nonin-
asive imaging of oxygen supply in tumors.28 Doppler OCT
lso allows for visualization of vessel velocity profiles at any
essel cross section in the tumor, thus providing information
n the shear rate on the vessel wall.29 Oxygen demand can be
ptically monitored with the “redox ratio,” which is the ratio
f the inherent fluorescence intensity of the metabolic coen-
ymes FAD and NADH �the primary electron acceptor and
onor, respectively, in oxidative phosphorylation.�.30 This op-
ical redox ratio provides relative changes in the oxidation-
eduction state in the cell. The redox ratio is sensitive to
hanges in the cellular metabolic rate and vascular oxygen
upply.30–34
ournal of Biomedical Optics 011112-2
The goal of this study was to dynamically image changes
in oxygen supply and demand in tumors using a novel com-
bination of redox imaging �metabolic demand� and hyper-
spectral imaging, combined with Doppler OCT �oxygen sup-
ply�. The results reported here are the first demonstration of
combined noninvasive imaging of oxygen supply and meta-
bolic demand in tumors in vivo. These data could provide
insight into the sources of cycling hypoxia in tumors, and
serve as the basis for further studies that will incorporate
therapeutic strategies to mitigate hypoxia in tumors for im-
proved treatment response.

2 Materials and Methods
2.1 Multifunctional Microscope
Fluorescence, hyperspectral, and OCT imaging were con-
ducted on the same microscope to noninvasively monitor
changes in metabolic demand and hemodynamics with tumor
growth. All images were collected with a 4� objective �NA
=0.1�. Hyperspectral �hemoglobin oxygen saturation� and
SDOCT �blood flow and vascular morphology� arms were
connected through two separate base ports in an inverted mi-
croscope �Carl Zeiss Axiovert 200�. 2-D hyperspectral images
were collected with a 100-W halogen lamp for transillumina-
tion, and detection was achieved with a 10-nm bandwidth
liquid crystal tunable filter �LCTF� �CRI Incorporated,
Woburn, Massachusetts� placed in front of a DVC 1412 CCD
camera �DVC Company, Austria, Texas�.23 Custom software
was used to tune the filter and acquire images at 10-nm in-
crements between 500 and 620 nm. Measurements of the dark
offset and transmission through a neutral density filter at each
wavelength were made before each imaging session. Hemo-
globin saturation images were calculated by applying an ex-
tension of the Beer-Lambert law to the wavelength-dependent
attenuation at each pixel �assuming oxygenated and deoxy-
genated hemoglobin as the primary absorbers, along with a
tissue scattering parameter�, and then solving for hemoglobin
saturation with linear least-squares regression.23 The system,
software, and analysis techniques have previously been vali-
dated on liquid phantoms with an accuracy of approximately
1% and in vivo.23

2-D fluorescence imaging was conducted in the epi-
illumination geometry with a 100-W mercury lamp. NADH
images were collected with a 360-nm bandpass excitation fil-
ter �40-nm bandwidth� and a 390-nm longpass dichroic
beamsplitter. FAD images were collected with a 470-nm
bandpass excitation filter �40-nm bandwidth� and a 510-nm
longpass dichroic beamsplitter. Fluorescence emission was
collected with the same LCTF and charge-coupled device
�CCD� described before for the hyperspectral arm. The LCTF
was set to 480-nm and 530-nm emission for NADH and FAD
imaging, respectively. Redox images were calculated by di-
viding the FAD image point by point by the NADH
image.30,34 To account for interanimal variability in the time-
course experiments, the redox ratio for each animal was nor-
malized the first time point of the first region of interest
within each animal. Note that the redox image represents the
redox ratio of a superficial ��200 to 300 �m thick� tissue
layer probed by the excitation-emission wavelengths,35 and
the hemoglobin saturation images show vessels from a simi-
January/February 2010 � Vol. 15�1�
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arly superficial tissue layer.22,23 OCT volumes indicate that
his layer contains most of the blood vessels in the field of
iew. The spatial resolution of hyperspectral and redox imag-
ng is defined by the NA of the objective �5 �m�.

The spectral domain OCT arm was illuminated by a
i:sapphire laser source �Femtolasers, Vienna, Austria� cen-

ered at 790 nm with a 90-nm full width at half-maximum.
he OCT interferometer was common path, utilizing the top
urface of the window chamber cover glass as the reference
eflection, and the spectral interferogram was detected using a
ustom-made spectrometer �spectral resolution and coverage
.08 and 164 nm, respectively� with a 2048 element line scan
CD camera �Atmel, Aviiva, San Jose, California�. The OCT

ystem was driven by software that controls the lateral scan-
er and performs data acquisition and archiving �Bioptigen,
ncorporated, Research Triangle park, North Carolina�. 3-D
lood flow images were collected with Doppler OCT, which
easures phase changes due to flowing erythrocytes.24 Phase

hanges were calculated from multiple A-scans collected at
he same position in the volume, and were related to flow
elocity profiles by measuring the angle of incidence in the
-D volume. This method has previously been validated in
ow phantoms.36 Doppler OCT volumes were collected over
2�1.5 mm area with 250�125 pixels �with a resulting

esolution of 8 and 12 �m in the lateral dimensions�, and
rom 2 mm in the depth dimension with 1024 pixels, with a
-ms integration time for each A-line. Ten repeated A-scans at
ach location were collected at each x-y position for Doppler
hift estimation. Cross sectional vessel flow profiles were fit
o a second-order polynomial and corrected for the angle of
ncidence to provide velocity in millimeters per second. Maxi-

um blood velocity �Vmax� was determined from the peak of
his fit, vessel diameter �D� was determined from the zero-
rossings of the fit, and the shear rate on the vessel wall was
etermined from the derivative of the fit �dvz /dr� evaluated at
he vessel wall, assuming a Newtonian fluid.29 Note that in
essels with diameters 30 to 60 �m, the velocity profile is
xpected to be blunter than a parabola �this reflects the non-
ontinuum behavior of blood rather than non-Newtonian
ehavior�.25,37–39 Thus, the estimated wall shear rate may be
n underestimate in these calculations. However, our fit re-
ults suggest that the departure from a parabola is small, so
he second-order polynomial fit is a reasonable approxima-
ion. The flow in the vessel is the average velocity in the
essel times the cross sectional area of the vessel
Vmax /2*�*�D /2�2�.

.2 In Vivo Imaging
ll in vivo experiments were conducted under a protocol ap-
roved by the Duke University Institutional Animal Care and
se Committee. A titanium window chamber was surgically

mplanted under anesthesia �ketamine 100 mg /kg and xyla-
ine 10 mg /kg IP� on the back of athymic nude mice �nu/nu,
CI, Frederick, Maryland�. A window chamber tumor was

stablished during chamber implantation by injecting 20 �L
f a single cell suspension �8�106 cells� of FaDu �human
quamous cell carcinoma� cells into the dorsal skin fold prior
o placing a 12-mm-diam number 2 round glass coverslip
Erie Scientific, Portsmouth, New Hampshire� over the ex-
osed tissue. Animals were housed in an on-site housing fa-
ournal of Biomedical Optics 011112-3
cility with ad libitum access to food and water and standard
12-h light/dark cycles.

Redox and hemoglobin saturation imaging were validated
on mice with a tumor-free window chamber. Perturbation ex-
periments were performed with the mice under ketamine/ xy-
lazine anesthesia �maintained at body temperature� while
breathing air, then 100% oxygen through a nose cone, and
then 100% nitrogen through a nose cone at 1-L /min flow
rate.

For longitudinal imaging of tumor growth, animals were
anesthetized with Isoflurane �1.5% with oxygen� and main-
tained at body temperature. Imaging began when tumors
reached 1 to 2 mm in diameter. A Doppler OCT volume
�5-min acquisition�, followed by hemoglobin saturation �30-s
acquisition� and redox �15-sec acquisition� imaging were col-
lected every 6 h for 36 h. Vessel morphology maps were used
to achieve spatial registration between each imaging session.
Transition between microscope modes was approximately
1 min. Mice were allowed to recover after each imaging ses-
sion.

Note that no corrections were made to the data to account
for the cardiac cycle. All vessels of interest were microvessels
�diameter �70 �m� that do not exhibit large changes in flow
due to the cardiac cycle. Previous studies have used Fourier
analysis of blood flow and pO2 in rats to show low-frequency
fluctuations ��2 cycles /min� in both tumor and muscle tis-
sues, which is much lower than the measured respiration rate
and heart rate ��50 to 60 and 300 to 400 cycles /min,
respectively.7

2.3 Statistical Analysis
Doppler OCT and hyperspectral data were collected over the
36-h time course from a total of five mice, and redox images
were also collected over the time course from three of these
mice. Three to six regions of interest were chosen within each
tumor based on visual inspection of the hemoglobin saturation
time course images. Vessel regions that demonstrated fluctua-
tions in hemoglobin saturation over the time course, and that
were spatially distributed across the surface of the tumor,
were chosen as regions of interest. The mean and standard
deviation of the hemoglobin saturation were measured at
these vessel regions of interest, over an area within the inner
diameter of the vessel and a slab thickness of no more than
20- �m. The Doppler velocity profile was measured at the
same vessel cross section of interest. The mean and standard
deviation of the redox ratio was measured from a
25 to 60-�m-diam circular area adjacent to the vessel. The
redox area of interest was chosen to exclude blood vessels and
to remain less than 100 �m in diameter �the length of oxygen
diffusion in tissue.40 A total of 21 regions of interest were
analyzed over the time course, with 14 regions of interest that
include redox ratio measurements. One of the animals for
which redox images were collected included only six time
points for the four regions of interest within that animal, due
to tumor hemorrhage at the last time point.

Pearson’s correlation coefficients were used to determine
linear correlations between blood oxygenation �hemoglobin
saturation�, blood flow �maximum velocity, flow, vessel inner
diameter, and shear rate�, and metabolic demand �redox ratio�.
Significant correlations �p�0.05� are reported for the pooled
January/February 2010 � Vol. 15�1�
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ata �all regions of interest and time points grouped together�,
or which there were n=143 samples for the blood oxygen-
tion and blood flow comparisons, and n=94 samples for the
etabolic demand comparisons. As described before, the re-

ox ratio was normalized to the first time point of the first
egion of interest within each animal. Thus, blood oxygen-
tion and blood flow biomarkers were also normalized to the
rst time point of the first region of interest within each ani-
al for comparisons with the redox ratio only.
Next, a linear mixed model was used to analyze repeated

easures. This approach separates the interanimal variation
rom the total variation �thus increasing statistical power� to
etermine whether the biomarkers �i.e., hemoglobin satura-
ion, redox ratio, maximum velocity, vessel inner diameter,
ow, and shear rate� change over time. Let Yijk denote the
alue of a biomarker from the i’th animal in the j’th region of
nterest �ROI� at the k’th time point. Assume Yijk follows the
inear mixed model Yijk=�+ tk+bij +�ijk �model 1�; where

+ tk is the time effect, bij is the animal specific random
ffect, and �ijk are intra-animal errors. The time effect was
ested by the F-statistic. A second mixed model was used to
ddress the association of two variables adjusting for the co-
ariate time. Model 2 �Yijk=�+Xijk+ tk+bij +�ijk� includes
he covariate X, and the linear association of biomarker X on
he behavior of another biomarker Y was tested with the
-statistic. Associations were tested between blood oxygen-
tion �hemoglobin saturation�, blood flow �maximum velocity,
ow, vessel inner diameter, and shear rate�, and metabolic
emand �redox ratio� biomarkers.

Results
he results of perturbation experiments in a normal mouse
indow chamber �no tumor cells were injected� are shown in
ig. 1. To segment the vessels from background, the hemo-
lobin saturation images were thresholded by the total absorp-
ion image. The same mask was negatively applied to the
edox images. Note that there are two distinct peaks in the
emoglobin saturation histogram for air and oxygen breathing
Fig. 1�b��, due to arteriolar and venous blood oxygenation.
itrogen and oxygen breathing resulted in a decrease and in-

rease, respectively, in both the redox ratio and the hemoglo-
in saturation compared to air breathing, as expected. The
esults in Fig. 1 were confirmed in a second mouse, and are
onsistent with previous reports.23,33 These perturbation ex-
eriments indicate that NADH and FAD signals have been
roperly isolated for redox imaging.

The hemoglobin saturation �Fig. 1�a�� and redox �Fig.
�b�� images collected from one mouse over the 36-h time
ourse are shown in Fig. 2. Longitudinal oxygen gradients are
pparent in the hemoglobin saturation images, with decreased
emoglobin saturation levels within the tumor �Fig. 2�a�, at
he 1� compared with the tumor periphery �Fig. 2�a�, at the 2�.
hese longitudinal gradients have been previously observed

n studies employing phosphorescence lifetime imaging of
pO2.41,42 The redox images indicate that the redox ratio within
he tumor is higher in areas with large-diameter oxygenated
essels �Fig. 2�b�, at the 3�. Both the hemoglobin saturation
nd the redox ratio appear to vary with time.

Figure 3 shows an en-face view of the 3-D Doppler OCT
olume �manually segmented in Amira software, Mercury
ournal of Biomedical Optics 011112-4
Systems, Chelmsford, Massachusetts� from the zero-hour time
point �Fig. 3�a�� of the same animal shown in Fig. 2. Plots of
the cross sectional vessel velocity profile from one vessel �ar-
row, Fig. 3�a�� are shown along with the second-order poly-
nomial fit and the R-squared value of the fit for each time
point �Figs. 3�b�–3�h��. The shape and peak of the velocity
profile changes with time, indicating changes in vessel diam-
eter, shear rate, and maximum vessel velocity over the 36-h
time course.

Figure 4 shows quantitative measures of the redox ratio
�Fig. 4�b��, hemoglobin saturation �Fig. 4�c��, vessel maxi-
mum velocity �Fig. 4�d��, vessel inner diameter �Fig. 4�e��,
flow �Fig. 4�f��, and shear rate �Fig. 4�g�� over the 36-h time
course in six regions of interest �Fig. 4�a�� from the same
animal shown in Figs. 2 and 3. These plots indicate that all
variables change with time within the same region of interest
within the same animal. All regions of interest appear to vary
together with time for the redox ratio �Fig. 4�b�� and for the
hemoglobin saturation �Fig. 4�c��. However, each region of
interest appears to vary differently with time compared with
the other five regions of interest for the blood flow parameters
�Figs. 4�d�–4�g��.

The spatial distribution of the redox ratio with respect to
the nearest vessel is shown in Fig. 5 for tumors and normal
tissues. There is a significant �p�0.05� decrease in the redox
ratio for points greater than 30 �m from the nearest vessel,
compared to the point closest to the nearest vessel �point
zero�. This is in agreement with previous reports that mea-
sured pO2 as a function of distance from the nearest
vessel.15,16 However, the normal tissues showed no significant
increase or decrease in the redox ratio as a function of dis-
tance from the nearest vessel.
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Fig. 1 Hemoglobin saturation �HbSat� and redox images taken from a
nontumor-bearing window chamber of a mouse breathing oxygen, air,
and nitrogen �a� at 1 L/min through a nose cone. To segment the
vessels from background, the hemoglobin saturation images were
thresholded by the total absorption image. The same mask was nega-
tively applied to the redox images. Histograms of �b� the hemoglobin
saturation and �c� redox images show that the hemoglobin saturation
and redox ratio increase with oxygen breathing and decrease with
nitrogen breathing, as expected. Image sizes are 2�1.5 mm.
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The relationship between the biomarkers for blood oxy-
enation �hemoglobin saturation�, blood flow �maximum ve-
ocity, flow, vessel inner diameter, and shear rate�, and meta-
olic demand �redox ratio� were tested with the Pearson’s
orrelation coefficient �Table 1� for the pooled data �all re-
ions of interest and time points from all animals grouped
ogether�. The correlation coefficients �r� in Table 1 are

hown for biomarker relationships for which a significant �p
0.05� linear correlation was found. The hemoglobin satura-

ion is positively correlated with the maximum velocity, flow,
nd shear rate �HbSat line of Table 1�, and the redox ratio is
ositively correlated with the hemoglobin saturation, maxi-
um velocity, flow, and diameter. All statistically significant

orrelations are weak �r�0.5�, which indicates that many

0h

6h

12h

18h

24h
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0

0.45
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1

2

3

HbSat Redox

(a) (b)

ig. 2 �a� Hemoglobin saturation and �b� redox images taken from
ne mouse over the 36-h time course. The time of imaging in hours is
ndicated in the lower left corner of each hemoglobin saturation im-
ge. For the purposes of this figure only, the hemoglobin saturation
mages were thresholded by the total absorption image, and then by a
5-�m-diam circular kernel. The kernel excluded pixels with an ab-
orption value smaller than the average of the 15-�m-diam kernel.
he mask was applied to hemoglobin saturation images to isolate
essels from the nonvascular background, and the same vessel mask
as negatively applied to the redox images. The tumor boundary is

ndicated by a white dashed line in �b�. Image sizes are 2�1.5 mm.
ournal of Biomedical Optics 011112-5
factors contribute to the variability of each biomarker, as
expected.11 The linear mixed model determined that all biom-
arkers significantly change �p�0.05� with time �Fig. 6�, and
that the vessel diameter is associated with the redox ratio of
the adjacent tissue �p�0.05� after adjusting for the effect of
time. No other biomarker pairs were found to have significant
associations �p�0.05� when adjusting for the effect of time.

4 Discussion
Multifunctional optical imaging of oxygen supply and de-
mand has several advantages over traditional techniques. The
combination of OCT, absorption, and fluorescence imaging
provides quantitative information on blood flow, blood oxy-
genation, and metabolic demand, respectively, in living tis-
sues. This combination of optical imaging modalities is non-
invasive, relatively inexpensive, and fast. These attributes are
well suited for long-term repeated measures in vivo. We have
demonstrated the attributes of this imaging platform for the
study of cycling hypoxia in tumors in the dorsal skin fold
mouse window chamber. This is the first demonstration of
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Fig. 3 An en-face view of the 3-D Doppler OCT volume �manually
segmented in Amira software, Mercury Systems� from �a� the zero-
hour time point of the same animal shown in Fig. 2 �2�1.5-mm
imaged area, 0.6 mm depth�. Plots of the cross sectional vessel veloc-
ity profile from one vessel �arrow in �a�� are shown along with the
second-order polynomial fit and the R-squared value of the fit for each
time point �b� through �h�. The time of imaging in hours is indicated in
the upper right corner of each plot.
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ombined noninvasive monitoring of oxygen supply and
etabolic demand in tumors in vivo.
All biomarkers �hemoglobin saturation, redox ratio, maxi-

um velocity, vessel inner diameter, flow, and shear rate�
ignificantly changed with time �p�0.05� over the 36-h im-
ging period, which supports previous reports that blood oxy-
enation, blood flow, and metabolic demand all contribute to
ycling hypoxia in tumors.3 These variations in oxygen sup-
ly and demand are superimposed on a decline in metabolic
emand with distance from the nearest vessel in tumors �Fig.
�, in agreement with previous interstitial pO2 microelectrode
easurements.15,16 Our results indicate a positive correlation

etween the blood flow, blood oxygenation, and metabolic
emand in tumors �Table 1�, but the correlation between these
iomarkers is weak and suggests that no single biomarker can
ully explain the behavior of another.11 When adjusting for the
ffect of time, the vessel diameter was found to be associated
ith the redox ratio of the adjacent tissue, which indicates

hat vessel diameter plays a key role in tumor metabolic ac-
ivity and cycling hypoxia in tumors.43 Future studies will
xploit these biomarkers to investigate functional changes in
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ig. 4 Quantitative measures of �b� the redox ratio, �c� hemoglobin
aturation, �d� vessel maximum velocity, �e� vessel inner diameter, �f�
ow, and �g� shear rate over the 36-h time course in �a� six regions of
nterest from the same animal shown in Figs. 2 and 3. The mean and
tandard error are plotted for �b� the redox ratio and �c� hemoglobin
aturation, and the mean �d� through �g� is plotted for the remaining
ariables.
ournal of Biomedical Optics 011112-6
oxygen supply and demand in response to therapeutic strate-
gies. For example, it is possible that antiangiogenic therapies
may stabilize cycling hypoxia by reducing the magnitude of
changes in vascular diameter and blood flow rate over time.3

It is anticipated, however, that antiangiogenic therapies would
have less influence on redox ratio. The combination of tech-
nologies presented here would permit a direct test of this hy-
pothesis.

Extracted biomarkers including the hemoglobin
saturation,44,45 maximum velocity and vessel diameter,14 and
shear rate,46 are all in qualitative agreement with previous
studies that employed different techniques in window cham-
ber tumors, as well as a previous study that employed the
same techniques in a different window chamber tumor
model.28 Variations in red blood cell flux and pO2,15 hemo-
globin oxygen saturation,23 and diameter44 have previously
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Fig. 5 Normalized redox ratio as a function of distance from the near-
est vessel for tumors �compiled from n=94 line profiles corresponding
to the 94 regions of interest from the three redox animals across the
entire tumor time course�, and for normal tissues �compiled from n
=36 line profiles from six regions of interest from each of six normal
animals�. All profiles were normalized to the point closest to the ves-
sel before averaging across all line profiles. For the tumors, there is a
significant �p�0.05� decrease in the redox ratio between the point
closest to the vessel �point zero� and all points greater than 30 �m
from point zero. Normal tissues did not show a significant increase or
decrease in the redox ratio as a function of the distance from the
nearest vessel. Error bars are standard error.

Table 1 Pearson correlation coefficients for hemoglobin saturation
�HbSat� versus maximum velocity �Vmax�, flow, diameter, and shear
rate �top line� and for the normalized redox ratio, normalized hemo-
globin saturation, normalized maximum velocity, normalized flow,
normalized diameter and normalized shear rate �bottom line�. The
data are compiled from all regions of interest and time points grouped
together, with n=143 observations for the top line and n=94 obser-
vations for the bottom line. The correlation coefficient is listed for
comparisons with p�0.05.

Vmax
�mm/s�

Flow
�mm3/s�

Diameter
��m�

Shear rate
�1/s�

HbSat �%� 0.49 0.37 p�0.05 0.49

HbSat Vmax Flow Diameter Shear rate

Redox 0.50 0.28 0.32 0.43 p�0.05
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een observed in window chamber tumors over time scales
anging from one hour to several days.

Previous studies have employed different methods to in-
estigate the relationship between some of the biomarkers
resented in this work. Intravascular pO2 and blood flow rate,
s well as interstitial pO2 and red blood cell velocity or vessel
iameter, were found to have no correlation in a previous
tudy.13 Helmlinger et al. used phosphorescence lifetime im-
ging to quantify pO2 and video microscopy to quantify red
lood cell velocity and vessel diameter. Although hemoglobin
xygen saturation and pO2 are related, they are not the same
ndpoint, and video microscopy provides a 2-D projection
ather than an absolute measure of blood velocity. The study
esign and tumor models employed in the previous and cur-
ent studies also differ. Previous studies employing the same
echniques as the current study have found a significant cor-
elation between the hemoglobin saturation and blood veloc-
ty, blood flow, and shear rate in a different tumor model.28

dditional studies15 indicate that vessel remodeling with tu-
or growth alters flow distributions, and the relationship be-

ween blood flow and tissue oxygenation in tumors is hetero-
eneous.

Demand for oxygen in tumor cells is created by the normal
espirative process of the cells.32 The redox ratio is a measure
f cell respiration �oxygen demand�,30 while the hemoglobin
xygen saturation is one component of oxygen supply. There-
ore, it is intuitive that the hemoglobin saturation of a vessel is
omewhat related to the redox ratio of the surrounding tissue.
owever, we do not expect a one-to-one correlation between

he redox ratio and hemoglobin saturation. Oxygen delivery is
ffected by the hemoglobin saturation as well as the vascular
rchitecture, hematocrit, and blood flow.32 The redox ratio is
ndicative of changes in oxygen supply as well as metabolite
vailability and mitochondrial membrane potential.47 Thus,
he redox ratio, blood flow and hemoglobin saturation provide
omplementary information.

Figure 5 shows a decrease in the redox ratio with increas-
ng distance from the nearest vessel in tumors, and no such
ecrease in the redox ratio with distance from the nearest
essel in normal tissues. We hypothesize that this tumor gra-
ient is due to increased metabolic activity coupled with com-
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aximum velocity �Vmax�, and shear rate �n=21�, as well as for the

edox ratio �n=14�. Note that the 36-h time point has four fewer
amples �see Sec. 2�. The linear mixed model determined that all
iomarkers significantly change �p�0.05� with time, and that the ves-
el diameter is associated with the redox ratio of the adjacent tissue
p�0.05� after adjusting for the effect of time. Error bars are standard
rror.
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promised microvascular oxygen transport in tumors compared
to normal tissues. Future studies will investigate this hypoth-
esis.

In this study, absorption and fluorescence microscopy were
combined with OCT to unravel the contributions of blood
flow, blood oxygenation, and metabolic demand on cycling
hypoxia. These findings could guide the design and develop-
ment of therapeutic strategies to mitigate cycling hypoxia, and
thus reduce tumor resistance to radiation and chemotherapies.
Second, this study experimentally demonstrates the attributes
of our multifunctional optical imaging approach for mapping
oxygen supply and demand in vivo. This approach has broad
applicability in the study of other diseases that are affected by
oxygen supply and demand, such as cerebral hypoxia �stroke�,
cardiac ischemia, and Alzheimer’s disease. Moreover, these
processes can be studied with multifunctional optical imaging
in vivo and do not require contrast-enhancing dyes.
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