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Convective oxygen transport by microvessels depends on several parameters, including red blood cell flux
and oxygen saturation. We demonstrate the use of intravital microscopy techniques to measure hemo-
globin saturations, red blood cell fluxes and velocities, and microvessel cross-sectional areas in regions of
microvascular networks containing multiple vessels. With these methods, data can be obtained at high
spatial and temporal resolution and correlations between oxygen transport and hemodynamic para-
meters can be assessed. In vivo data are presented for a mouse mammary adenocarcinoma grown in
a dorsal skinfold window chamber model. © 2009 Optical Society of America
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1. Introduction

Oxygen is required by mammalian cells for normal
aerobic metabolism to produce energy for a cellular
function [1]. Capillaries are not the only site of oxy-
gen exchange [2], as significant exchange also occurs
in precapillary arterioles [3] and postcapillary ve-
nules [4]. The complexity of microvascular oxygen
transport and exchange with tissue is such that to
this day the process is not completely understood
[5,6]. There are a number of areas where a better un-
derstanding of microvascular oxygen transport may
lead to advances. For example, abnormal microcircu-
latory function and oxygen transport is associated
with several pathological conditions, including dia-
betes [7,8], hypertension [9,10], hemorrhagic shock
[11,12], wound healing [13,14], and solid tumors
[15-17]. Studies of normal physiologic function, such
as functional activation of specific brain regions [18],
can also benefit from further knowledge of microvas-
cular oxygen transport function. Experimental stu-
dies, theoretical models, and their combination will
play a role in these research areas.
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Convective oxygen transport by the microcircula-
tion can be mathematically described as a combina-
tion of parameters including red blood cell (RBC)
oxygen carrying capacity and saturation, and blood
flow measurements [6,19]. Hemoglobin saturation,
hematocrit, and blood flow rate can be related to con-
vective oxygen transport in a blood vessel per the
following equation by Secomb et al. [19]:

Qox(Po,) = @ui[HCo rcSHp (Po,) + @etPo,], (1)

where Q. (Po,) is the rate of oxygen transfer
(cm30,/s) and is a function of the blood partial pres-
sure of oxygen (Pp,, mmHg); @y, is the blood flow
rate (cm®/s); H is the hematocrit (dimensionless);
Corpc is the oxygen carrying capacity of a RBC,
which is the amount of oxygen bound in a fully satu-
rated RBC (cm30,/cm?); Sy, is fractional hemoglo-
bin saturation (dimensionless), which is a function of
blood Py, and . is the effective solubility of oxygen
in blood (¢cm? Oy cm™3 mmHg™!), which is generally
taken as a constant. This equation includes the
amount of dissolved oxygen in the plasma, which
is usually only a very small component of the amount
of oxygen transported by the microcirculation rela-
tive to the amount transported by RBCs at atmo-
spheric pressures. The microvascular hematocrit
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term in Eq. (1) can be obtained from the following
relation [20,21]:

VrecFRBC
H — JRBCTRBC 2
HR2Uan ’ @)

where Vgpc is the average volume of RBCs (cubic
centimeters), Frpc is the RBC flux (number of RBCs
per second), R is the radius of the blood vessel (cen-
timeters) , and v,,, is the average blood flow velocity
(centimeters per second). A similar equation that de-
scribes microvascular convective oxygen transport
given by Pittman [6] that does not include dissolved
oxygen in the plasma is the following:

Qox(Po,) = 7R?04yg[Hb|S1y, (Po,)Co 1 (3)

where [Hb] is the concentration of hemoglobin
(V/V, em?/cm?), and Cy gy, is the amount of oxygen
bound in a fully saturated unit volume of hemoglobin
(cm?3 Oy /cm?). Note that, despite their having the
same units, there is a subtle yet important distinc-
tion between Cj g, in Eq. (3) and Cygpc in Eq. (2):
Corpc refers to a single RBC and is normalized to
the volume of the RBC, while C iy, refers to hemoglo-
bin volume in the context of hemoglobin concentra-
tion. If the dissolved oxygen term in Eq. (1) is
neglected, then effectively Egs. (1) and (3) are equiva-
lent in that they both describe the volume of oxygen
being transported in the blood vessel per unit time in
terms of the volume of hemoglobin being transported
per unit time and the amount of oxygen being carried
by the hemoglobin.

A number of optical techniques capable of micro-
vascular oxygenation measurement have been devel-
oped, including spectroscopic methods [22—-27] and
phosphorescence quenching techniques [23,28-31];
however, measurement of microvascular convective
oxygen transport requires knowledge of additional
hemodynamic and functional parameters besides
oxygenation. Researchers have employed intravital
microscopy imaging techniques to determine convec-
tive oxygen transport in microvessel segments and
branches. In a notable example, Swain and Pittman
measured convective oxygen transport in individual
microvessel branches in hamster cheek pouch retrac-
tor muscles to identify longitudinal gradients of oxy-
gen in precapillary arterioles, thus demonstrating
diffusion of oxygen out of these vessels into the sur-
rounding tissue [32]. In this paper, we endeavored to
identify a particular combination of intravital micro-
scopy optical techniques to simultaneously capture
the relevant parameters necessary to measure con-
vective oxygen transport from a microvascular net-
work region such that high spatial and temporal
resolution and correlations of oxygen transport could
be achieved across the network. Three different op-
tical techniques were employed: wide-field spectro-
scopic measurements for microvessel hemoglobin
saturation, wide-field fluorescence measurements
for RBC flux and velocity, and confocal fluorescence
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measurements for a microvessel cross-sectional area.
The measured parameters were used with the
previously described equations to calculate the con-
vective oxygen transport throughout a microvessel
network. The abnormal oxygen transport in tumors
provided the motivation for this research; thus the
in vivo model chosen was tumors grown in mouse
dorsal skinfold window chambers. Furthermore, the
advantages and limitations of the method presented
in this study are discussed.

2. Materials and Methods

A. Tumor Cells

4TO7 mouse mammary adenocarcinoma cells, a
nonmetastatic subclone of the 4T1 cell line, were cul-
tured as a monolayer in DMEM (Dulbecco’s Modified
Eagles’s Medium, Mediatech, Manassas, Virginia)
with 10% fetal bovine serum (Mediatech, Manassas,
Virginia). The tumor cells were a gift from Mark
W. Dewhirst (Duke University, Durham, North
Carolina). Cultures were used after one or two pas-
sages from frozen stocks to ensure recovery from the
thermal shock and a normal growth rate. The cells
were enzymatically dissociated from the flasks
(BD Bioscience, San Jose, California) by using
0.05% trypsin/EDTA (ethylenediaminetetraacetic
acid, Mediatech, Manassas, Virginia) to prepare
single-cell suspensions. Cells were counted via a he-
macytometer to determine the cell concentration.

B. Preparation of Fluorescent Red Blood Cells

RBCs were fluorescently labeled by using a
modification of the procedure by Unthank et al
[33]. RBCs obtained from donor mice were labeled
with a 1mg/ml stock solution of Carbocyanine
dye 1,1'-dioctadecyl-3,3,3’,3’-tetramethylindodicar-
bocyanine, 4-chlorobenzenesulfonate salt (DiD solid,
Invitrogen, D-7757) dissolved in ethanol. DiD
(excitation 644 nm/emission 665 nm) was chosen as
the lipid membrane labeling solution because it is an
analog of the commonly used Dil dye (ex549nm/
em 565 nm), but with a markedly redshifted flu-
orescence excitation and emission spectrum to
minimize interference of RBC flux measurements
with hemoglobin saturation measurements (500—
575nm). RBCs obtained by cardiac puncture from
a donor mouse were washed twice via centrifugation
and resuspension in phosphate buffered saline
(PBS). The cells were labeled by adding 100 1 of cells
and 100 ] of DiD stock solution to 10ml of sterile
PBS. The solution was incubated at room tempera-
ture for 30 min and agitated every 10 min to ensure
suspension of the RBCs. After labeling, the RBCs
were washed to remove unbound dye and resus-
pended in PBS. Immediately prior to an imaging ses-
sion, a 50l bolus of packed labeled cells in saline
solution (30% V/V) was administered to the mouse
to be imaged by tail vein injection. An aliquot of
DiD labeled cells was saved for flow cytometric con-
firmation of the efficacy of the labeling procedure.



C. Animal Model and Imaging

All in vivo procedures were conducted in accordance
with a protocol approved by the University of Florida
Institutional Animal Care and Use Committee. A to-
tal of seven athymic (nu/nu) female nude mice
weighing at least 21 g (Charles River Laboratories,
Raleigh, North Carolina) were surgically implanted
with a titanium window chamber under anesthesia
(ketamine 100 mg/kg IP and xylazine 10 mg/kg IP)
on the dorsal skin flap. Tumors were established
at the time of window chamber surgery from a
10 uL. single-cell suspension of 5x 103 to 10 x 103
4TO7 cells injected into the subcutaneous tissue im-
mediately prior to placing a 12 mm round glass cover-
slip over the exposed area of the skin. Animals were
housed postsurgery in an environmental chamber
maintained at 33°C and 50% humidity with free ac-
cess to food and water and standard 12 h light—dark
cycles. Experiments were conducted after the tumor
had been well established, with three of the five an-
imals being imaged twice. Tumors suitable for our
experiments were typically obtained 8-13 days after
implantation.

For spectral and RBC flux imaging, mice were
placed on the microscope stage on a heating pad to
maintain normal body temperature and were an-
esthetized by 1%—2% isoflurane in air. In two experi-
ments, an increase in convective oxygen transport
was induced during imaging by a change in breath-
ing gases from room air to 100% oxygen.

D. Spectral Imaging

The spectral imaging system, image acquisition, and
image processing methods for hemoglobin saturation
measurements were discussed in detail previously
[26]. Briefly, one hemoglobin saturation image set
comprised 16 images acquired in the wavelength
range of 500-575 nm with an interval of 5 nm. Auto-
mated spectral image acquisition was performed by
using customized LabVIEW software (National In-
struments, Austin, Texas). A Zeiss microscope (Carl
Zeiss, Inc., Thornwood, New York) was used as the
imaging platform. For transillumination of window
chambers, a 100 W tungsten halogen lamp was used.
Images were obtained at 1380 x 1035 pixels and
12 bit dynamic range by using a CCD camera ther-
moelectrically cooled to -20°C (DVC Company,
Austin Texas, Model 1412AM-T2-FW). The long-
working-distance objectives used were 2.5x and 5x
Fluars, 10x EC Plan-NeoFluar, and a 20x LD-Plan-
NeoFluar (Carl Zeiss, Inc., Thornwood, New York). A
liquid crystal tunable filter (CRI, Cambridge, Massa-
chusetts) with a 400720 nm transmission range and
a 10nm nominal bandwidth placed in front of the
camera provided band-limited images. Images were
saved as 16 bit TIFF files. For image processing, all
16 images per set were converted to double-precision
arrays in MATLAB (The Mathworks Inc., Natick,
Massachusetts). Using the linear least squares
method proposed by Shonat et al. [23], we converted
images on a pixelwise basis to relative values of

hemoglobin saturation. Hemoglobin saturation pseu-
docolor maps of the microvessel networks were cre-
ated from the spectral image data by a linear least
squares regression fit of a model of the microvessel
absorbance to the data using pure oxyhemoglobin
and deoxyhemoglobin reference spectra. Regions of
interest for hemoglobin saturation measurements
were selected on the basis of the proximity of the mi-
crovessel region to areas selected for RBC flux mea-
surements. Customized LabVIEW software enabled
automated image acquisition using the specifications
for camera exposure time and gain for each filter
wavelength. Given that the liquid crystal tunable fil-
ter transmits less at shorter wavelengths and more
at longer wavelengths, the exposure time for the
camera was controlled such that the full dynamic
range of the camera was utilized. The minimum ex-
posure time used was 400 ms for the longest wave-
length, whereas the maximum exposure time used
was 1400 ms for the shortest wavelength, resulting
in a typical acquisition time of approximately 16s
for image acquisition, filter tuning, image transfer,
and saving images on an external hard drive.

E. RBC Flux Imaging

Fluorescently labeled RBCs were imaged via stream-
ing video using an Andor iXon electron multiplying
CCD camera (Andor Technology, South Windsor,
Connecticut). A Cyb filter set was used (Chroma
Technology Corp., Rockingham, Vermont, excitation
640 nm with 20 nm bandwidth, emission 680 nm with
30nm bandwidth) in line with the illumination
source of a Zeiss FluoArc mercury lamp. To optimize
the resolution of the fast-moving cells, data were ac-
quired in kinetic acquisition mode with 2 x 2 binning,
using an exposure time of 16.2ms, a shift speed of
0.564 us, and a frequency of ~30Hz to ensure that
images would be captured with sufficient temporal
resolution. Internal triggering was used to spool data
directly to the computer hard drive, and 20s of
streaming video was saved every minute for 1h in
coordination with the acquisition of spectral imaging
data sets. Each frame was saved as a tagged image
format file (TTFF), resulting in a stack of 600 TIFF's
per data point. RBC flux was determined by first
identifying a region on a vessel of interest where
flowing RBCs appeared to be in good focus and then
manually counting the number of labeled cells flow-
ing past the designated location on the vessel over
the 20 s time interval of data acquisition for the time
point. These measurements were converted to flux by
correcting for the fraction of labeled RBCs versus un-
labeled RBCs in the mouse blood. The fraction of la-
beled RBCs was determined by flow cytometry of a
blood sample obtained postimaging via retro-orbital
puncture performed on the imaged mouse. The RBC
flux was then calculated by using Eq. (4):

Nggc (4)

F RBC — )
¢ NRBC fluor
NRBC‘total
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where Ngpc is the number of fluorescent RBCs
counted flowing in the vessel, ¢ is the time interval
in which Ngpc was counted (20 s in this case), and
Ngge fivor a0d NRB( total are the number of fluorescent
and total RBCs, respectively, counted by flow cytome-
try in the postexperiment blood sample.

RBC velocity was determined from the time re-
quired for an individual RBC to travel a specific dis-
tance in the blood vessel that passed through the
region of interest. The time interval was determined
from the frame rate of fluorescence video imaging.
The mean velocity of 5-10 randomly selected RBCs
from each time point was taken as vgy,.

F. Laser Scanning Microscopy

After hyperspectral imaging sessions, animals were
moved to an Olympus IV100 laser scanning micro-
scope (LSM). Before imaging, mice were anesthetized
using injectable anesthesia (ketamine 100 mg/kg IP
and xylazine 10 mg/kg IP), and placed on a heating
pad. A 4mg/ml stock solution of f-phycoerythrin (P-
800, Invitrogen, Carlsbad, California) was diluted to
approximately 18.7% V/V in sterile saline in order to
obtain a weight of 0.075 mg per 100 1 bolus, which is
the weight/volume used in a protocol obtained from
Brizel et al. [20], and 50-100 p1 of this solution was
delivered via tail vein injection. f-phycoerythrin was
chosen to illuminate the blood vessels because it is a
plasma binding dye that has a very broad and bright
emission spectrum (ex 542 nm, em 550—700 nm, with
peak 1 =575nm). This was suitable for the laser
source that was available for the LSM, which has
a solid-state laser tuned to 561nm that was used
for excitation. This wavelength closely coincides with
a secondary excitation peak of pg-phycoerythrin.
Images of areas that had been analyzed via hyper-
spectral imaging and RBC flux were used as a refer-
ence to locate the same regions with the LSM. Once
the regions were located visually, 3D automated
scanning was performed by acquiring x —y images
of the 10x objective area and stepping through the
z direction in 5-10 ym step sizes. While a maximal
image depth of about 300 um could reasonably be ex-
pected with the LSM system, imaging was performed
only to a depth of 50-100 ym which included the top
tumor vessel layer in the window chamber. The main
reason for the limitation in image depth was that
data acquisition at high axial spatial resolution in-
creased imaging time, which increased the probabil-
ity that a motion artifact that could ruin the data set
might occur during imaging. Despite the fact that the
window chamber was firmly secured to the imaging
platform, the skin could still move within the window
chamber owing to a reflexive muscle twitch or a deep
breath by the animal. Additional restraints on ani-
mal and skin movement during imaging could possi-
bly enable imaging to a greater depth.

Data obtained via LSM were originally saved to
the proprietary Olympus software as 16 bit TIFF
files that were subsequently converted to 8 bit by
using Imaged software. The 8 bit images were then
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loaded into Image Surfer, a 3D image reconstruction
freeware program for visualization and analysis of
3D images and data sets [34]. The software uses de-
convolution techniques to provide volume rendering
of image stacks and allows user manipulation of the
volume in the x, y, and z dimensions.

3. Results

Absorption from the fluorescent dye used to label the
RBCs could potentially affect the calculation of he-
moglobin saturation if the fraction of labeled cells
is high enough. In this case, the dye absorption would
have to be accounted for in the calculation. As shown
in Fig. 1, the effect of absorption from the RBC fluor-
escent labeling dye on calculations of hemoglobin sa-
turation was determined for various fractions of
labeled RBCs with 100% oxygen saturation flowing
in glass capillary tubes. To observe the effect, dye
absorption was not accounted for in the hemoglobin
saturation calculation. It can be seen in Fig. 1 that, at
RBC labeling fractions less than 5%, the effect of dye
absorption is negligible, while larger labeled frac-
tions cause progressively more interference. In this
study, the fraction of labeled RBCs in the mice was
in the range of 1%—3% as determined by flow cytome-
try of blood samples taken from the mice at the end of
each experiment; so the labeled RBCs had a negligi-
ble effect on the hemoglobin saturation calculation.

Figures 2-9 illustrate how the multimodality im-
age data (Figs. 2-6) were used to obtain microvessel
functional and hemodynamic data (hemoglobin
saturation and RBC flux in Figs. 7 and 8) for the cal-
culation of microvessel convective oxygen transport
(Fig. 9). A transmitted light image of an example tu-
mor microvessel network is shown in Fig. 2, and a
corresponding hemoglobin saturation map for the
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Fig. 1. Plot of apparent hemoglobin saturation of different frac-
tions of RBCs labeled with DiD. The absorption of the fluorescent
dye is not taken into account in the hemoglobin saturation calcu-
lation in order to observe the effect of the fluorescent dye absorp-
tion. The data points are the mean + standard deviation of a
region of pixels in an image of RBCs with 100% hemoglobin satura-
tion in a glass capillary tube. The standard deviation for the two
lowest labeled fractions of RBCs is less than 1%.



Fig. 2. Transmitted light image of the tumor microvessel net-
work. White triangles represent regions of interest chosen for ana-
lysis. A 10x objective was used for imaging (NA of 0.3, working
distance of 5.5 mm).

network is shown in Fig. 3. In Fig. 4 is an image of
flowing fluorescently labeled RBCs flowing in the mi-
crovessel network. Data regarding dynamic changes
in hemoglobin saturation, RBC flux, and blood flow
were derived from data sets with the images in Figs. 3
and 4. Confocal image data (Fig. 5) were acquired on
an Olympus IV100 system after 1 h of imaging of he-
moglobin saturation and RBC flux. A 10x objective
was used for imaging in both microscope systems.
Since data for Figs. 3—5 were acquired in two differ-
ent imaging systems, relocation of the animal was re-
quired, but it was still possible to locate the original
imaged region. The confocal data were used to mea-
sure the cross-sectional area of the microvessel re-
gions of interest for analysis. In Fig. 6 is a 3D
reconstructed confocal image stack of the area im-
aged in Figs. 2-5 showing a cross-sectional area
across the dashed line in Fig. 5. The cross-sectional
areas marked in the figure are for the regions of in-
terest marked 1 (481 xm?) and 2 (324 um?) in Fig. 2.

Fig. 3. (Color online) Hemoglobin saturation image of the tumor
microvessel network in Fig. 2. The pixels are colored according to
the hemoglobin saturation scale to the right of the figure. The
background is black. Regions of interest for analysis are indicated
in the figure.

Fig. 4. Fluorescence image of RBCs labeled with DiD flowing in
the tumor microvessel network. Images were captured with an
electron multiplying CCD camera at video rates (~30Hz). 20s
of data were taken every minute of the hour-long imaging session,
and cells were counted over this time increment and then con-
verted to RBC flux measurements. The locations of the regions
of interest for analysis are indicated in the figure.

Figures 7 and 8 show example plots of RBC flux and
hemoglobin saturation over time for regions of inter-
est 1 and 3 from Fig. 2. It can be seen from the figures
that trends in the hemoglobin saturation dynamic

Fig. 5. (Color online) Confocal z-stack projection of the tumor mi-
crovessel network in Fig. 2. A total of 49 images were acquired at
5um intervals to a total depth of 245 um by using an Olympus
IV100 LSM. Regions of interest for analysis are indicated. The
dashed line indicates the location of the cross-sectional area in
Fig. 6.
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Fig. 6.
sured from confocal image stack data. The cross-sectional area was
calculated using the number of pixels in the vessel cross section
and the dimensions of a pixel in the image plane. The dashed line
in Fig. 5 indicates the location of the cross-sectional area.

324um? 481um?

(Color online) Microvessel cross-sectional areas were mea-

changes in general are similar to trends in RBC flux
fluctuations. An example of the oxygen transport
parameters that can be measured with this techni-
que is demonstrated with the vessels marked with
region of interest numbers 1 and 2 in Fig. 2. The
time-averaged RBC velocity for vessels 1 and 2, re-
spectively, is 442 and 98 ym/s. Using an approximate
RBC volume of 40 ym? derived from mouse hemato-
logical data [35] with measured RBC flux, vessel
cross-sectional area, and RBC velocity data in
Eq. (2), the time averaged hematocrits for vessels 1
and 2 are 0.14 and 0.08, respectively. Taking the
maximal oxygen carrying capacity of RBC [Cygpc
in Eq. (1)] as 0.5 cm?® Oy /cm? [32], then the measured
data were used with the previously defined equa-
tions to obtain the convective oxygen transport over
time in the two vessels as plotted in Fig. 9. Fourier
analysis was performed on the time series data in
Fig. 9, and the mean-subtracted normalized power
spectra of the convective oxygen transport data are
shown in Fig. 10. The dominant fluctuation fre-
quency is less than 0.2cycles/min, which is
consistent with previously measured 4T1 tumor he-
moglobin saturation fluctuation data obtained with
our imaging system [25] and reported pO, fluctua-
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Fig. 7. Plot of RBC flux versus hemoglobin saturation (HbSat) for
region of interest 1 in Fig. 2. The data points were acquired at
1 min intervals for 1h.
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Fig. 8. Plot of RBC flux versus hemoglobin saturation (HbSat) for
region of interest 3 in Fig. 2. The data points were acquired at
1 min intervals for 1A.

tions in a variety of tumor types measured with
oxygen microelectrodes ([36—40]).

Perturbations to convective oxygen transport can
be measured with this technique. For the tumor net-
work shown in Fig. 11, the mouse initially was
breathing normal air during the imaging session
and after 20 min was switched to 100% oxygen
breathing. The tumor microvessel network with indi-
cated regions of interest and a graph of convective
oxygen transport over time are shown, respectively,
in Figs. 11 and 12. An increase in the average
convective oxygen transport with 100% oxygen
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Fig.9. Convective oxygen transport over time for regions of inter-
est 1 and 2 in Fig. 2. Note that the values for region of interest 2 are
plotted as 10x their actual value for clarity. The oxygen transport
in these vessels tends to fluctuate together, although vessel 1 is
transporting about 10x more oxygen than vessel 2. It should be
noted that there was difficulty in imaging RBCs at the 6 min time
point for vessel 2; so the RBC flux was interpolated for that data
point.
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Fig. 10. Normalized power spectra for the convective oxygen

transport time series data in Fig. 9 obtained by Fourier analysis.

The frequency scale is given in cycles per minute (cpm).

breathing was measured (see Table 1). Unlike ROI 1,
the increase in average convective oxygen transport
in ROI 2 was not statistically significant. This may
be a result of the increase in magnitude of the fluc-
tuations that occurred in ROI 2 after oxygen breath-
ing (air breathing standard deviation 1.0 cm? Oy/s,
100% breathing standard deviation 1.8 cm? Oy /s). An
increase in the magnitude of tumor pO, fluctuations
with 100% oxygen breathing has been previously re-
ported [37]. By way of comparison, the data in Fig. 9
for regions of interest 1 and 2 in Figs. 2—-6 were di-
vided into time periods of 1-30 and 31-60 min, and
the average convective oxygen transport for each
time was period calculated. As is shown in Table 1,
there was virtually no change in the average convec-
tive oxygen transport in the two time periods when
the mouse breathed room air alone for the duration of
the experiment.

iy
100 pm ,»-

Fig. 11. Transmitted light image of the tumor microvessel net-
work for Fig. 12. White triangles represent regions of interest cho-
sen for analysis. Arrows indicate blood flow direction in the vessels
around the regions of interest. A 10x objective was used for ima-
ging (NA of 0.3, working distance of 5.5 mm).
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Fig. 12. Convective oxygen transport over time for regions of in-
terest 1 and 2 in Fig. 11. The mouse initially started breathing nor-
mal air and was switched to 100% oxygen breathing during the
experiment. The vertical dashed line indicates the point at which
100% oxygen breathing was started.

4. Discussion

Convective oxygen transport in individual microves-
sel branches has been measured using optical
techniques. Swain and Pittman used microspectro-
photometry to measure hemoglobin saturation and
hemoglobin concentration, a dual detector cross-
correlation technique to measure blood velocity, and
video measurements of vessel diameter to calculate
the vessel cross-sectional area [32]. Using these mea-
surements, the authors were able to calculate convec-
tive oxygen transport in segments of hamster cheek
pouch retractor muscle microvessels. In this study,
we sought to expand upon previous techniques by de-
veloping a method to enable high spatial and tempor-
al resolution and correlations of convective oxygen
transport to be achieved across an entire network re-
gion rather than interrogating blood vessel segments
individually at different points in time. To achieve
this goal, a spectral imaging technique developed
previously [26] was employed to capture hemoglobin
saturation information from the microvessel net-
work. As a wide-field imaging modality, this techni-
que enables temporal and spatial correlation of
fluctuations of hemoglobin saturation across the net-
work [25]. Wide-field fluorescence imaging was cho-
sen for the same reason to obtain RBC flux and
velocity information across the microvessel network.
Confocal imaging was used to obtain accurate micro-
vessel cross-sectional areas rather than assuming a
circular vessel cross section. Confocal imaging also
enables more comprehensive measurements of mi-
crovessel positions within the tissue and relative
to other branches in the network. It should be
noted that intraluminal variations in hemoglobin
saturation and RBC flux or velocity are possible
[41], and the technique described in this paper does
not address this issue. Rather, the intent was to
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Table 1. Comparison of Tumor Microvessel Convective Oxygen Transport in Sequential Time Periods with Air Breathing Alone or Air Breathing and
100% Oxygen Breathing

Average Convective Oxygen Transport (cm® O,/s) (mean + SEM?)

Microvessel

Fig. ROI Air, 1-30 min Air, 1-20 min Air, 31-60 min 100% O,, 21-45 min
2 1 8.8x 10710 + 0.4 x 10-10° 8.9 x 10710 £+ 0.4 x 10-10°
2 2 6.7 x 10711 + 0.6 x 10-11° 6.8 x 10711 £ 0.5 x 10-11°
11 1 2.8x 10710 + 0.2 x 10710¢ 3.8x10710 + 0.2 x 10710¢
11 2 6.6 x 10710 £+ 0.2 x 10-10° 7.83x 10710 £ 0.4 x 10710

“Standard error of mean.
*Not statistically different, ¢ test.
“Statistically significantly different, ¢ test, p < 0.01.

make macroscopic observations across network
regions; thus the measured parameters can be con-
sidered average or integrated values within the
microvessels.

As can be seen from Fig. 1, the fraction of in vivo
labeled RBCs in these experiments was such that ab-
sorption from the fluorescent dye did not have an ef-
fect on the calculation of hemoglobin saturation. If
this were a concern, it would be relatively easy to
account for the dye absorption by including it in
the regression equation for calculation of hemoglobin
saturation. It would be necessary to use a dye absorp-
tion spectrum that was acquired on the spectral
imaging system for this purpose. Figures 2-12 de-
monstrate how multimodal optical imaging can be
used to acquire imaging data on hemoglobin satura-
tion, RBC flux, velocity, and hematocrit, and micro-
vessel cross-sectional area that can be used to
calculate convective microvascular oxygen transport
in a local network region, in this case a tumor micro-
vessel network. Fluctuations in hemoglobin satura-
tion in the microvessels were similar to changes in
RBC flux, as can be seen in Figs. 7 and 8. Sponta-
neous arteriolar vasomotion can cause fluctuations
in blood flow and has been documented in a variety
of normal tissues [42-44]. Acute fluctuations in tu-
mor blood flow that contribute to tumor oxygen fluc-
tuations have also been documented [36,38,45,46]
and are believed to be caused by a combination of fac-
tors, including tumor feeding vessel vasomotion, dy-
namic changes in RBC rheology and flow resistance,
and intussusceptive angiogenesis [36,47]. The corre-
lation between RBC flux and hemoglobin saturation
in Figs. 7 and 8 was expected, as previous measure-
ments of RBC flux and perivascular oxygen tension
made with microelectrodes have shown such a rela-
tionship in tumor microvessels [45]. The measured
time-averaged RBC velocity, flux, and microhemato-
crit values in this study were comparable with those
obtained for similarly sized microvessels in a rat
mammary adenocarcinoma [20].

The main advantage of the technique described in
this paper is the ability to perform simultaneous
imaging and measurements of microvessel hemoglo-
bin saturation and RBC flux across a microvessel
network region. This can enable analysis of complex
convective oxygen transport relationships among
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vessels in a local network region. Our technique for
measurement of oxygen delivery may potentially be
combined with other techniques to measure oxygen
deposition or utilization in tissue to give a more com-
plete picture of tissue oxygen supply and demand.
For example, the fluorescent hypoxia marker EF5
can highlight tissue areas that have been exposed
to hypoxia [48], and this can be compared with the
convective oxygen transport in the supply vessel
networks. The fluorescent respiratory metabolites
NADH (reduced nicotinamide adenine dinucleotide)
and FAD (flavin adenine dinucleotide) may be used
to compute redox ratios [49] to provide a relative
measure of tissue oxidative metabolism in response
to oxygen delivery. Phosphorescence lifetime imaging
may be utilized to measure tissue oxygen tension
[23,29] to form a more complete picture of oxygen de-
livery and deposition in tissue. The combination of
additional techniques will increase the technical
complexity of experimental procedures and may be
subject to various limitations. There are several re-
search areas where a complete picture of tissue oxy-
gen supply and demand may be beneficial. These
include studies of tumor angiogenesis, treatment
with antiangiogenic agents, and measurement of
changes in tumor microvessel function [50], investi-
gations of vascular pathologies that contribute to cer-
ebral ischemia and brain injury [51], and studies of
impaired oxygen delivery and hypoxia in various re-
tinopathies due to pathological angiogenesis [52].
A limitation of the technique is the shallow depth
that can be imaged by using spectral imaging for the
hemoglobin saturation measurements. This will re-
strict investigations to more superficial vessels in
most tissues with the exception of a few specific
cases, such as mesentery tissue, which is relatively
transparent and 2D. Another constraint is that the
RBC flux measurement technique places a limit on
the distribution of vessel diameters that can be mea-
sured and the size of the field of view that can be
used. It is difficult to accurately measure RBC flux
in larger vessels because some of the deeper labeled
RBCs in a large-diameter vessel may be shielded by
shallower RBCs in the vessel and therefore may not
be imaged. Also, larger vessels have larger microhe-
matocrits, which makes it difficult to discriminate in-
dividual labeled RBCs. The field of view is limited to



a size such that single flowing labeled RBCs can be
resolved and imaged reliably. If microvessel dia-
meters changed during imaging owing to a change
in vascular muscle tone, then the cross-sectional
areas measured with confocal microscopy may not re-
present the actual value at the previously measured
time points during spectral and fluorescence ima-
ging. However, in tumors, microvessels are abnormal
with little to no smooth muscle or innervation [53]; so
this occurrence is less likely, but in normal tissues
spontaneous vasomotion is common [42—44]. Errors
in the microvessel cross-sectional area can affect cal-
culations of microvessel hematocrit and convective
oxygen transport. However, if Eq. (1) is used for cal-
culation of convective oxygen transport with the
plasma oxygen transport term neglected, then the ef-
fects of microvessel diameter changes can be avoided
if the product of the microvessel cross-sectional area
and average RBC velocity (ﬂRZVan) is used to calcu-
late volumetric blood flow (Qy,;) in Eq. (1), as is effec-
tively done in Eq. (3), so the zR?V ,,, term will cancel
the denominator in the hematocrit term [H;
see Eq. (2)].

Two-photon microscopy (TPM) has been used to
measure microvascular oxygenation (pOy) with phos-
phorescence lifetime imaging [54], blood velocity
[565], and microvessel morphology [56]. TPM also has
the potential to measure hemoglobin saturation [57].
An appropriate combination of these methods may
enable measurement of convective oxygen transport
in microvessel networks in 3D with greater imaging
depth than the technique described in this paper. The
scanning beam nature of TPM can limit the spatial
and temporal correlations of dynamic changes in con-
vective oxygen transport across the network, depend-
ing on the time scale of the dynamic events being
measured and the image acquisition speed of the in-
strument. A more severe limitation is that TPM mea-
surements of blood velocity require scanning of the
imaging laser beam parallel to the axis of blood flow
in each individual measured microvessel segment,
which can be time consuming and impractical in
the case of networks with complex geometries. Wide-
field phosphorescence lifetime imaging has been
combined with imaging of fluorescently labeled
RBCs [58], thus enabling simultaneous acquisition
of microvessel oxygenation and RBC velocity or flux
across a network. A problem with phosphorescence
lifetime imaging is that it can be difficult to use
for measurements of microvascular convective oxy-
gen transport. Recall from Section 1 that convective
oxygen transport is a measurement of the amount of
oxygen transported by blood flow, which predomi-
nantly occurs as oxygen bound to hemoglobin in
RBCs and can be determined from measurements
of hemoglobin saturation (percent of maximal hemo-
globin oxygen carrying capacity) [6,19]. Phosphores-
cence lifetime imaging measures the amount of
diffusing oxygen (pO,) available to interact with a
phosphorescent dye [6]. While hemoglobin satura-
tion can be related to ambient pOy through the

hemoglobin—oxygen dissociation curve, the shape
of the curve is dependent on the local pH and pCO,
[1,5]; so unless these factors are somehow known, in-
accurate calculations of hemoglobin saturation may
be obtained. This is especially true in tumor micro-
environments, which are known to have pathologi-
cally acidotic pH values [30,59]. Spectral imaging
has been combined with laser speckle contrast ima-
ging for simultaneous wide-field imaging of micro-
vascular hemoglobin saturation and blood flow [22].
However, laser speckle contrast provides only rela-
tive measurements of perfusion [60]. Techniques for
absolute velocity measurements with laser speckle
and Doppler techniques are in development but cur-
rently not reliable enough for routine use with tissue
[61]. Several recent papers provide evidence that
optical coherence tomography (OCT) may have the
potential to make 3D measurements of microvessel
convective oxygen transport from endogenous sig-
nals with a single imaging modality. Doppler OCT
can provide blood velocity information [62,63], and
blood flow can be mapped in 3D microvessel net-
works [64]. Blood flow measurements with OCT can
be made with flow rates measured in terms of abso-
lute blood volumes [65]. Measurements of hemoglo-
bin saturation in blood vessels using OCT are in
development [66,67], and a recent in vivo study de-
monstrated that precise hematocrit measurement
using OCT is feasible [68]. These techniques have not
yet been combined to demonstrate convective oxygen
transport measurements with OCT. The spatial reso-
lution and relatively low hemoglobin absorption in
the wavelength range typically used for OCT may
restrict such measurements to vessels with larger
diameters and hematocrits.

In summary, we have developed a multimodality
optical imaging technique to measure microvascular
convective oxygen transport with high spatial and
temporal resolution across a microvessel network re-
gion. We demonstrated this technique in vivo in a
mouse window chamber tumor model. This techni-
que may be useful for investigations of complex oxy-
gen transport dynamics in microvessel networks.

C. deDeugd and M. Wankhede contributed equally
to this work.
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