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Optical imaging of tumor hypoxia dynamics
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Abstract. The influence of the tumor microenvironment and hypoxia
plays a significant role in determining cancer progression, treatment
response, and treatment resistance. That the tumor microenvironment
is highly heterogeneous with significant intratumor and intertumor vari-
ability presents a significant challenge in developing effective cancer
therapies. Critical to understanding the role of the tumor microenvi-
ronment is the ability to dynamically quantify oxygen levels in the
vasculature and tissue in order to elucidate the roles of oxygen supply
and consumption, spatially and temporally. To this end, we describe
the use of hyperspectral imaging to characterize hemoglobin absorp-
tion to quantify hemoglobin content and oxygen saturation, as well as
dual emissive fluorescent/phosphorescent boron nanoparticles, which
serve as ratiometric indicators of tissue oxygen tension. Applying these
techniques to a window-chamber tumor model illustrates the role of
fluctuations in hemoglobin saturation in driving changes in tissue oxy-
genation, the two being significantly correlated (r = 0.77). Finally, a
green-fluorescence-protein reporter for hypoxia inducible factor-1 (HIF-
1) provides an endpoint for hypoxic stress in the tumor, which is used to
demonstrate a significant association between tumor hypoxia dynamics

and HIF-1 activity in an in vivo demonstration of the technique. ©2010
The International Society for Optical Engineering. [DOI: 10.1117/1.3523363]
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Tumor hypoxia plays an important role in cancer progression,
metastasis, and the effectiveness of therapies.'=> It is a highly
dynamic process and the temporal dynamics can play a signifi-
cant role in treatment resistance and tumor aggressiveness.>*~10
A recent trend in therapeutic strategies is to target tumor an-
giogenesis in order to modify the microenvironment and make
tumors more sensitive to conventional therapies.!! The ability
to measure pO, and image tumor hypoxia on the microscopic
level is essential to further understanding microenvironmen-
tal factors and modifying therapies, depending on treatment
response. Characterizing the local microenvironment, partic-
ularly hypoxia, longitudinally, on a microscopic scale would
be ideal. This is a challenging problem, however, and one for
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which no established imaging technique exists. Many methods
have been developed that range from histological staining with
reducible nitroimidazole reagents, protein markers, and green
fluorescence protein (GFP) or luciferase reporter genes, to elec-
trochemical probe methods, and optical, nuclear medicine, and
magnetic resonance techniques'? although some methods are
only suitable for the laboratory, others have been translated into
the clinic, and all have their advantages and drawbacks.'>!4
The key point is that there is no easily implemented technique
for imaging vascular oxygenation (hemoglobin oxygenation) in
combination with tissue oxygen tension on the microcirculatory
level. We present an approach based on hyperspectral imaging of
hemoglobin absorption and dual emissive boron nanoparticles
(BNPs). The combination of these techniques enables quantifi-
cation of both oxygen supply (hemoglobin oxygen saturation)
and tissue oxygen tension (BNPs ratiometric sensing).
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Recently, we reported a new kind of light-emitting biomate-
rial that offers many advantages for optical hypoxia imaging!’
Todide-substituted difluoroboron dibenzoylmethane-polylactide
(BF,dbm(I)PLA) is multiemissive, exhibiting both short-lived
fluorescence (F) and long-lived phosphorescence (P) after 1-
or 2-photon excitation. Especially unique is the presence of
P at room temperature (and 37°C) in these PLA biomateri-
als, even as BNPs in aqueous environments,'® which makes
them useful for O, sensing via a dynamic quenching mecha-
nism. Many pO, sensors are based on lifetime (7), because t©
is a concentration-independent variable, but its measurement
requires specialized instrumentation not typically present in
routine fluorescence detection systems. More straightforward,
however, is ratiometric sensing. A simple ratio of F/P inten-
sities at the respective emission maxima provides information
about relative O, levels, whereas calibration allows for abso-
lute pO, measurement. Ratiometric methods also eliminate the
effects of concentration and fluctuations in light intensity or
detector sensitivity. Previously, ratiometry had been achieved
with ternary mixtures of a cyanine dye standard and an O,-
sensitive Pt porphyrin phosphor in a sol gel matrix.!” But single-
component, dual-emissive BF,dbm(I)PLA offers the additional
advantages of greater sample homogeneity, minimal dye leach-
ing, biocompatibility, and simplified processing; because the
nanoparticle serves as both the standard (F) and the oxygen
sensor (P) at once, should a sensor molecule degrade, intrinsi-
cally coupled F and P are equally affected. Furthermore, long
P lifetimes (t = ~5 ms; compare to F: 7 = 0.5 ns) corre-
late with high oxygen sensitivity, making these materials es-
pecially well suited for hypoxia imaging. The second parame-
ter of interest is vascular oxygenation, which can be obtained
using hyperspectral imaging of transmitted light through the
window chamber to characterize hemoglobin absorption as a
function of wavelength. From these data, it is possible to ex-
tract the hemoglobin oxygen saturation within the microvas-
culature, as well as the product of hemoglobin concentration
and path length, which is proportional to the total attenuation
through the tissue. Finally, a HIF-1 reporter construct is ex-
pressed in the 4T1 cell line used in this study, which provides a
direct measure of HIF-1 activity through induced expression of
GFP.'® This enables quantification of the biologic consequences
of hypoxia on an important hypoxia-associated pathway that
has been shown to influence treatment resistance and tumor
aggressiveness.'”

1 Methods and Materials
1.1 BNP Preparation

The dye-polymer conjugate’> BF,dbm(I)PLA and boron
nanoparticle aqueous suspensions'® were fabricated accordingly
to previously reported methods at a concentration of 1 mg/ml.
Specifically, the polymer was generated by solvent-free lactide
ring opening polymerization using the primary alcohol func-
tionalized BF,dbm(I)OH initiator and tin octoate as the cat-
alyst. Nanoprecipitation of N,N-dimethylformamide solutions
of BF,dbm(I)PLA into water, followed by dialysis and pas-
sage through filter paper, yields nanoparticles ~80-100 nm
diam.
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1.2 Microscope

A Zeiss MPS intravital microscope was used for all imaging,
using a 2.5X objective. A DAPI excitation filter cube was used
for excitation, and a liquid-crystal tunable filter was used to
isolate the emission wavelengths (Varispec, Cri Inc., Woburn,
MA). This filter has a 10-nm bandwidth with an electronically
controllable center wavelength. A CCD camera (AM1412, Dig-
ital Video Camera Company, Austin, TX) was then used to
record images. For acquisition of BNP data, the DAPI excita-
tion filter and mercury lamp source (HBO100, Carl Zeiss AG,
Oberkochen, Germany) were used to excite the sample, with
the emission recorded from 425 to 575 nm in 5-nm increments
using 1-s exposures. This resulted in an 31-s acquisition time
for oxygen tension maps. These were acquired in increments
of 7.5 min, with brightfield hemoglobin saturation acquisitions
acquired continuously in-between these (GFC Mass Flow Con-
troller, Aalborg Inc., Orangeburg, NY). This was done to mini-
mize exposure of tissue to UV light during the hour acquisition
time. For brightfield imaging used for calculation of hemoglobin
saturation, an unfiltered halogen white-light source was used in
transmission mode through the window, with emission recorded
from 520 to 620 nm in 10-nm increments.

1.3 BNP calibration

The BNP solution was imaged in a 1-cm quartz cuvette with
continuous bubbling of gas. The gas was a mixture of nitrogen
and oxygen, with flow rates controlled by mass flow controllers
(Aalborg, Inc.). The solution was initially purged of oxygen by
bubbling with 100 N, for 30 min and then imaged using the
setting described above. The oxygen flow was then incremen-
tally increased to provide a range of oxygen concentration from
0 to 20%, with images taken at each increment after a 5-min
stabilization period.

Calibration of BNP image data to absolute oxygen tension
was performed as follows. First, the BNP calibration data taken
from a pure BNP solution at various oxygen levels (described
above) were preprocessed by normalizing them to their mean
intensity. Next, they were spectrally decomposed using a two-
component non-negative PARAFAC algorithm.!® This yielded
the component spectra of the fluorescence and phosphorescence
emission, which can be seen in Fig. 1(a). The measured spectra
of BNP emission can then be expressed as a linear combina-
tion of each of the two components using a non-negative least-
squares fitting algorithm.?® This provides the F and P component
emission intensities, from which the F/P ratio was calculated.
Finally, this was calibrated to absolute concentration using a sec-
ond order Stern Volmer model, F/P = a + b[O,] + ¢[O,]*. Fig-
ure 1(b) shows the results of this calibration, with the true oxygen
concentration on the x-axis and the extracted oxygen concen-
tration on the y-axis, shown as a boxplot. It was found that the
responsiveness of the BNPs plateaus at ~15% oxygen, with bet-
ter accuracy at lower oxygen levels. The root-mean-square error
on an independent testing data set was found to be 2.1 over the
entire range, or 1.5 when including only oxygen levels of 15%.

1.4 Window Chamber Model

Invivoimaging was performed using a dorsal-skin-fold window-
chamber model in a nude mouse (source, NCI Frederick).?!
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Fig. 1 Component spectra (a) are shown for fluorescence and phos-
phorescence emission. In addition, (b) the accuracy of extraction of
the percent of oxygen is shown for the calibration data, where it can
be seen that there is tight correlation at lower values, with saturation
occurring at ~13% oxygen.

Briefly, this consists of a titanium metal frame that is surgically
implanted onto a dorsal skin fold. The frame holds the skin
taught, and one face of the skin is surgically excised, exposing
the underlying skin tissue, an example of which is shown in
Fig. 2. Approximately 10,000 4T1 mammary carcinoma tu-
mor cells were injected in 20 uL of Debucco’s modified eagle
medium (DMEM) via a 30-gauge syringe. These cells expressed
constitutive red fluorescent protein (RFP), with HIF-1 inducible
GFP expression.'® Finally, a coverglass was placed over the tu-
mor and secured with a retaining ring. The data presented were
acquired from a single mouse. All animal work was approved
by Duke University’s Institutional Animal Care and Use Com-
mittee.

1.5 In Vivo Imaging

The mouse was anesthetized using 1.5% isoflurane mixed with
medical air. The animal’s temperature was maintained using
a heated blanket. Breathing was monitored during imaging to
ensure appropriate depth of anesthesia. First, a set of background
images were acquired to characterize tissue autofluorescence.
Next, ~100 uL of the BNP solution was injected into the space
between the window and tumor tissue to bathe the tissue, with
excess fluid draining out the sides of the window, leaving a thin
layer of BNP solution. Fluorescence images were acquired every
7.5 min for 1 h, with transmission images acquired continuously
in-between fluorescence acquisitions.
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Fig. 2 The window-chamber model used in this study consists of a
titanium metal frame, which holds the dorsal skin fold in place. The
front skin flap is excised, and tumor cells are injected into the back
plane of the opposing side skin and covered by a round coverglass.
The inset shows the mouse with window implanted, with a larger view
of the window itself. This is a different animal than that shown in the
other figures.

1.6 Data Processing

Transmission images were processed using a modified form of
existing techniques.??> A modified form of Beer’s law was used,
which approximates attenuation through the tissue as a linear
combination of absorption and scattering terms, namely

I
log,, (7()) = by + b1 fder + Z&‘Ci, (1)
i

where I is the transmission in the absence of tissue attenuation,
which was measured using neutral density filters; by is a constant
term that accounts for variability in source intensity, specular re-
flection, or other heterogeneities in overall intensity; and pies s
the effective attenuation coefficient®® derived from diffusion the-
ory, et = /3Ma(tq + 1)), calculated for representative skin
optical properties at each wavelength,?* and accounts for attenu-
ation due to nonhemoglobin absorption and scattering. This was
empirically found to provide a good fit to the nonvascular com-
ponent of attenuation in tissue (for example, in the nonvascular
regions of the images). ¢; is the wavelength-dependent molar
extinction coefficient of each absorber in the model, and C; is
the product of its concentration and the effective path length. In
this case, two absorbers, oxygenated (HbO,) and deoxygenated
(Hb) hemoglobin, were used. The use of this approximation
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Fig. 3 (a) Bright field, (b) oxygen tension in the percent of oxygen, (c) hemoglobin oxygen saturation, (d) GFP-HIF-1 fluorescence, and (e) consti-
tutively expressed RFP fluorescence are shown. The hemoglobin saturation (c) is shown with percent oxygen saturation on a color scale, whose
brightness is modulated by the total hemoglobin content (thus, well-vascularized regions appear brighter). Also in (f), a combined plot shows the
hemoglobin oxygen saturation plotted as in (c), with a 3-D projection of the tissue oxygenation shown on the vertical axis. The tumor is seen
predominantly within the black box. These images were acquired toward the end of the imaging sequence (t = 55 min). Images are approximately

5 x 3.7 mm, with a T-mm scale bar seen in (a).

enables rapid calculation of physiologic parameters, namely,
hemoglobin content and saturation on a pixel-by-pixel basis.
This equation is fit using a non-negative least-squares optimiza-
tion algorithm over the measured wavelength range.’ From
this, the total hemoglobin content times the path length, Hb, =
Cubo, + Cmp and the hemoglobin saturation, Hbg, = Cppo,/
Hb, are calculated.

2 Results and Discussion

Figure 3 provides an example of optical data demonstrating
quantitative imaging of tumor hypoxia and vascular function.
Figure 3(a) shows a transmission image that allows for visual-
ization of the tumor and its vasculature. Figure 3(b) depicts the
oxygen tension as percent O, extracted from the BNP spectrum.
These images reveal a region in the tumor with relatively high
oxygen tension, while relatively low oxygen tension appears in
the adjacent regions. This poorly oxygenated zone appears to be
poorly vascularized and downstream of the tumor blood supply.
Figure 3(c) shows the hemoglobin saturation on a color scale
from blue (deoxygenated) to red (oxygenated). The color en-
coding at each pixel is then multiplied by the total hemoglobin
content extracted from the same pixel, such that large vessels
appear brighter, while nonvascularized pixels appear black, due
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to low hemoglobin content. The tumor appears well vascular-
ized with heterogeneous oxygenation. Figure 3(d) shows the
GFP intensity, normalized to the peak value, which shows dis-
tinct pockets of intense GFP fluorescence within the central
part of the tumor. Figure 3(e) shows the constitutively active
RFP, showing the extent of the tumor. Finally, Fig. 3(f) shows a
three-dimensional (3-D) visualization of the relationship among
hemoglobin oxygen saturation, hemoglobin content, and tissue
oxygen tension. The hemoglobin oxygen saturation color map is
overlaid on a 3-D projection of the tissue oxygen tension plotted
on the surface map, with the oxygen tension appearing on the
vertical axis. Thus, oxygen gradients can be visualized as slopes
on the plot, with a peak appearing on one side of the tumor close
to the large artery on the lower left side, with a steep fall off
on the trailing edge. Video 1 shows this rendering as it appears
from a variety of angles.

A key advantage of both BNP emission and hemoglobin
absorption-based hyperspectral imaging techniques is their abil-
ity to monitor dynamic changes over time. To this end, the pa-
rameters described for Fig. 3 were imaged semicontinuously for
the course of 1 h. This enabled characterization the temporal
dynamics of each parameter and allowed for their interrelation-
ships to be studied. Figure 4(a) shows the Spearman rank cor-
relation between the hemoglobin saturation and tissue oxygen
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_————————
T —
Video 1 The 3-D projection of tumor oxygen tension on the z-axis,
along with hemoglobin saturation and total hemoglobin on the color
scale identical to that shown in Fig. 3 (blue = deoxygenated — red =
oxygenated, with the intensity modulated by the total hemoglobin con-
tent making vessels appear brighter). This enables visualization of gradi-
ents in tissue oxygen tension in relation to vessel morphology and oxy-
genation. It can be seen that the tumor oxygen tension is highly hetero-
geneous and has a steep gradient dividing a relatively well-oxygenated

region from a relatively hypoxic region. (QuickTime, 2.6 MB).
[URL: http://dx.doi.org/10.1117/1.3523363.1]

tension, pixel by pixel. Solid white regions indicate areas where
the hemoglobin content was not sufficient to reconstruct the
hemoglobin saturation. It can be seen that there is a tight corre-
lation of hemoglobin oxygen saturation with tumor oxygenation
(median » = 0.77). This correlation is relatively low; however,
in the central tumor region, where instable flow and shunting is
expected to occur. Figure 4(b) shows the pixel-by pixel standard
deviation of tissue oxygenation over time, which indicates the
magnitude of oxygen fluctuations over time. It can be seen that
there are two distinct regions within the tumor, with the lower
left quadrant showing distinctly greater fluctuations. This region
is sandwiched between the large artery and vein in the lower left
quadrant. The region to the right of the tumor shows consistently
lower oxygen levels throughout the imaging period, and thus has
relatively low standard deviation. Video 2 shows the dynamics
of tissue oxygen tension and hemoglobin saturation over time,
which illustrates these trends visually. Qualitatively, it can be
seen that there are often rapid changes in hemoglobin saturation

Video 2 Shows the dynamics of hemoglobin saturation and tumor oxy-
genation over an 1-h time period with oxygen tension shown as a 3-D
projection along the z-axis, and hemoglobin saturation shown on a
blue — red color scale identical to that in Fig. 3. Tissue oxygenation
can be seen to be a dynamic process with constant variability through-
out the time period. Hemoglobin saturation tracks well with changes in
tissue oxygenation, with reddening vessels coinciding with increased
oxygen tension. (QuickTime, 3.4 MB).

[URL: http://dx.doi.org/10.1117/1.3523363.2]

(color scale), that coincide with more gradual changes in tissue
oxygenation (z-axis height).

Finally, insofar as it is widely hypothesized that different
microenvironmental phenotypes respond differently to various
forms of treatment, one of the primary aims of this work was
to evaluate the ability of these imaging techniques to segment
tissues into different physiologic phenotypes based on the tem-
poral dynamics of tissue oxygenation. To this end, the temporal
oxygenation data were first decomposed using wavelet analysis.
This is similar to Fourier analysis, which has previously been
used to characterize temporal dynamics,? but has the advantage
of being localized with respect to time as well as frequency,’®
and thus would better describe potentially abrupt or irregular
changes in flow patterns. A decomposition was performed using
a second-order Daubechies wavelet.”® The discrete wavelet de-
composition is applied at multiple levels, or scales. At the first
level, the original signal is decomposed into an approximation
and detail signal, where the detail signal is the convolution of
the original signal and the wavelet function at the smallest scale
or highest frequency. This essentially splits the signal into a

Fig. 4 (a) The Spearman rank correlation of hemoglobin oxygen saturation and tissue oxygen tension, which indicates that the central portion of
the tumor has relatively low correlation between these parameters, indicating inefficiency of oxygen delivery to the tumor and possible shunting of
flow. (b) The standard deviation of the tissue oxygen tension over the 1-h time period over which measurements were made, which indicates regions
of the tumor that show the largest magnitude of fluctuations over time. A 1-mm scale bar is seen in (a).
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Fig. 5 Results of the clustering analysis shows (a) the spatial cluster assignment and (b) the median percent O, within each cluster. Also shown is
the (c) HIF-1-induced GFP expression for the same tissue region. There is clear spatial segregation of the tumor and normal tissues, with the tumor
being contained predominantly within clusters 2, 3, and 4. Note that this analysis was performed over a smaller region of interest indicated by the

black box in Fig. 3(a). A 1-mm scale bar is seen in (a).

high-frequency component (detail) and low-frequency compo-
nent (approximation), the sum of which yields the original sig-
nal. This process can be repeated with the scale of the wavelet
function increasing by powers of 2 at each step, thus extracting
lower and lower frequency components. In this case, a two-level
decomposition was performed, which divides the temporal re-
sponse into short- and long-period oscillations (center cycling
periods of approximately 22.5 and 45 min). These coefficients
were fed into a fuzzy c-means clustering algorithm?’ to identify
which regions within and surrounding the tumor behaved most
similarly over time. The fuzzy clustering algorithm classifies
each tissue region according to the relative associations with
each cluster centroid, allowing for the fact there is not a hard
discrimination boundary between clusters; thus, cluster associ-
ations are assigned weights from 0 to 1. This was performed
over a smaller region of interest containing only the tumor and
immediately adjacent normal tissue as shown by the dark box
in Fig. 3(a) to simplify this analysis. For the purpose of display,
the maximum cluster association was selected for each pixel.
Figure 5(a) shows a map of the maximum cluster association
for each pixel, and Fig. 5(b) shows the median percent O, over
time within each of these clusters. The tumor is contained pre-
dominantly within clusters 2, 3, and 4, with cluster 3 showing
an earlier increase in oxygenation [see Fig. 5(b)] and also hav-
ing a higher median value and larger variance over time [see
Fig. 3(b)]. Interestingly, the bimodal distribution of GFP ex-
pression is also reflected in the distribution of clusters 3 and 4,
which may reflect the influence of oxygen dynamics on HIF-
1 activity. Specifically, cluster 3 has the largest fluctuations in
oxygen tension [as seen in Figs 4(b) and 5(b), whereas cluster
4 has the lowest absolute oxygen tension [as seen in Fig. 5(b)],
which have been shown to be two significant drivers of HIF-1
activity.* A pixel-by-pixel correlation of cluster 3 with GFP fluo-
rescence intensity yields a Pearson correlation coefficient of 0.46
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(p < 1 x 10~ 1), indicating the significant correlation between
cycling hypoxia dynamics and HIF-1 activity. The remaining
clusters were not correlated with GFP fluorescence (correlation
coefficients ranging between —0.14 and — 0.09), which may
be due in part to the fact that they all include significant normal
tissue regions.

One of the limitations of this study is the Beer’s law assump-
tion for tissue attenuation. This is a common practice in inter-
preting wide-field hyperspectral imaging data sets, but it does
not account for changes in path length with respect to wave-
length and optical properties, or for the heterogeneity present
in tissue. We are currently developing a Monte Carlo—based
approach for interpreting such data and evaluating the errors in-
duced through use of simplified modeling techniques. Another
consideration in interpreting these data is the route of admin-
istration. Because the nanoparticles were applied topically, the
sensing volume is limited to the superficial tissue space. It is
unclear, based on this study, whether the nanoparticles are taken
up by the cells or to what extent they penetrate into the tissue,
but this could influence the measurement over time as the sens-
ing volume changes. Because epi-illumination was used, along
with a relatively short imaging duration (1 h), it is likely that the
measurement is highly superficial throughout the measurement
time. However, these fluctuations are more likely driven by true
changes in tissue oxygenation than a change in penetration depth
over time, given the high correlation coefficient seen between
the independent measure of hemoglobin oxygen saturation. The
time scale for these fluctuations in oxygenation is consistent
with those measured previously using other methods.*> In the
future, confocal imaging or histology could be employed to gain
a better understanding of the penetration depth of these nanopar-
ticles over time, after topical application. In addition, for many
clinical applications, a topical application may not be practical.
For this reason, the use of intravenous administration has also
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been considered and we have developed a PEGylated nanopar-
ticle formulation that was found to accumulate near the tumor
vasculature using confocal imaging.?®

In conclusion, we have demonstrated and validated tech-
niques by which vascular and tissue oxygenation can be imaged
at high spatial and temporal resolution, enabling a detailed un-
derstanding of the tumor microenvironment and its influence on
tumor gene expression. All these techniques are implemented
using a simple modification to a standard fluorescent micro-
scope, enabling a wide range of potential applications. There is
no other technology that facilitates simultaneous measurement
of vascular oxygen supply and tissue oxygen tension using a sin-
gle instrument, and this work enables a significant advancement
in our ability to characterize tissue hypoxia and its dynamic in-
teractions in vivo. Hypoxia is a critical factor in a wide range
of disease processes, including cancer, epilepsy, wound healing,
and more. The capability of the techniques developed here to
quickly, quantitatively, and nondestructively assess the dynam-
ics of vascular oxygen supply and tissue oxygen tension could
open up new possibilities for understanding of the basic mech-
anisms by which disease processes are influenced by hypoxia
and correlating these to therapeutic response. In the future, we
hope to translate these techniques to a clinical setting as a means
of assessing tumor hypoxia and therapeutic response to evaluate
their potential in guiding and monitoring therapy.
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