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fluoromisonidazole (FMISO) positron emission tomography (PET) is a widely used noninvasive imaging
modality for assessing hypoxia. We describe the first spatial comparison of FMISO PET with an ex vivo refer-
ence standard for hypoxia across whole tumor volumes. Eighteen rats were orthotopically implanted with Cé
or 9L brain tumors and made to undergo FMISO PET scanning. Whole brains were excised, sliced into 1-
mm-thick sections, optically cleared, and fluorescently imaged for pimonidazole using an in vivo imaging sys-
tem. FMISO maximum tumor uptake, maximum tumor-to-cerebellar uptake (TCmax), and hypoxic fraction
(extracted 110 minutes affer FMISO injection) were correlated with analogous metrics derived from pimonida-
zole fluorescence images. FMISO SUVmax was not significantly different between C6 and 9L brain tumors
(P=.70), whereas FMISO TCmax and hypoxic fraction were significantly greater for C6 tumors (P<.01).
FMISO TCmax was significantly correlated with the maximum tumor pimonidazole intensity (p = 0.76,

P<.01), whereas FMISO SUVmax was not. FMISO tumor hypoxic fraction was significantly correlated with
the pimonidazole-derived hypoxic fraction (p = 0.78, P<.01). Given that FMISO TCmax and tumor hypoxic
fraction had strong correlations with the pimonidazole reference standard, these metrics may offer more reli-
able measures of tumor hypoxia than conventional PET uptake metrics (SUVmax). The voxel-wise correlation
between FMISO uptake and pimonidazole intensity for a given tumor was strongly dependent on the tumor’s
TCmax (p = 0.81, P<.01) and hypoxic fraction (p = 0.85, P<.01), indicating PET measurements within
individual voxels showed greater correlation with pimonidazole reference standard in tumors with greater

hypoxia.

INTRODUCTION

Tumor hypoxia is associated with worse clinical outcomes and
has been implicated in tumor resistance to radiotherapy and
chemotherapy (1-5). In the hopes of improving prognostica-
tion and therapeutic planning, a variety of techniques for
measuring tumor hypoxia have been proposed and or eval-
uated. For example, a variety of noninvasive techniques for
measuring hypoxia have been developed using positron
emission tomography (PET) or magnetic resonance imaging
(MRI) (6-10). These imaging techniques might be used, for
example, to modify therapy based on the hypoxic status of a
tumor (11, 12). '®F-fluoromisonidazole (FMISO) PET is one of

the most widely studied imaging methods for measuring
chronic hypoxia in tumors (5, 6, 13-20). FMISO freely dif-
fuses into cells where its nitro functional group has an affin-
ity for electrons produced in the electron transport chain. In
cells with low oxygen levels, these electrons react with the
FMISO nitro functional group to form an alkylating agent
that binds to intracellular macromolecules, effectively trap-
ping the radiotracer within hypoxic cells (21). Studies in cell
cultures have shown that FMISO uptake increases up to 15-
fold when going from normoxic to hypoxic conditions
(3.5 mm Hg 0,) (22). Although these imaging techniques hold
great potential, these have uncertainties (eg, limited spatial
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resolution, variations in contrast agent delivery/retention)
that diminish the reliability of image-derived hypoxia meas-
urements (23-25).

Histologic analyses of resected tissue provide ex vivo meas-
urements that are well-established measurements of tumor hy-
poxia. This includes optical imaging of externally administered
nitroimidazole agents that are trapped intracellularly in areas of
hypoxia (26). One of the most widely used agents is pimonida-
zole, which, after injection, forms adducts within hypoxic cells.
Antibodies for pimonidazole have been developed that enable
immunohistochemical or immunofluorescent detection of the
pimonidazole adducts in resected tissue (21). Pimonidazole is
believed to be sensitive to hypoxic cells with oxygen tension
<10mm Hg 0, (27-29). The high specificity and sensitivity of
these immunohistologic or immunofluorescent measurements
make them useful for validating hypoxia measurements derived
from in vivo imaging modalities such as PET or MRI (8, 18, 19,
30, 31). However, owing to differences in scale, it is difficult to
directly compare in vivo medical images (slice thickness on the
order of millimeters) and ex vivo histologic measurements (slice
thickness on the order of micrometers). Consequently, few studies
have cross-validated in vivo PET or MRI hypoxia metrics with ex
vivo reference standards for hypoxia across whole tumor
volumes.

This study aims to address this knowledge gap by using a
recently developed methodology that coregisters in vivo medical
images with ex vivo fluorescent images of optically cleared tissue
(32). Optical tissue clearing overcomes the light penetration
issues that prevent optical imaging of thick tissue sections, facili-
tating the assessment of tumor hypoxia in larger sections of
resected tissue. Here, this method is used to cross-validate in vivo
measures of hypoxia (FMISO PET) with ex vivo measures of
hypoxia (pimonidazole immunofluorescence) across whole
tumor volumes. Preclinical brain tumor models that have
high (C6 glioma) and low (9L gliosarcoma) levels of hypoxia are
used (7, 33-35). The in vivo and ex vivo hypoxia measurements
are compared across whole tumor volumes, providing insight into
their regional agreement and potential for clinical application.

METHODS

Animals and Disease Models

C6 and 9L cells were harvested and resuspended in phosphate
buffer (PB) saline at a concentration of ~15 million cells/mL. A
total of 4 uL of cell suspension was then orthotopically implanted
in 5-to -9-week-old Wistar (C6) and Fisher (9L) rats purchased
from Charles River Laboratories (Wilmington, MA). In total, 18
rats were implanted with tumors (n=8 for 9L and n=10 for
C6) and made to undergo FMISO PET and T2-weighted (T2W)
MRI scanning. The St. Joseph Hospital and Medical Center’s
Institutional Animal Care and Use Committee approved of all ex-
perimental procedures performed in this study, and all animals
were treated humanely in accordance with the Laboratory Animal
Welfare Act.

In Vivo PET and MRI

In vivo imaging was performed 25-46 days after implantation of
9L tumor cells and 18-21days after implantation of C6 tumor
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cells. PET was performed using a Bruker Albira Si 3 ring preclini-
cal PET scanner. A total of ~13 MBq of FMISO was injected ei-
ther intraperitoneally (n = 8 total; 4 with C6 tumor and 4 with 9L
tumors) or intravenously (n= 10 total; 6 with C6 tumor and 4
with 9L tumors). The intraperitoneal (IP) injections were per-
formed owing to low concentrations of PET tracer that arose after
scanning multiple subjects in a single day. The low concentra-
tions of PET tracer required larger injection volumes that sur-
passed the institutional limits for intravenous (IV) injections, and
consequently required IP injections.

Dynamic PET scans were acquired from O to 115 minutes af-
ter IV injection of tracer or from 5 to 120 minutes for IP injec-
tions. For all PET scans, the brain was positioned at the center of
the field of view. An ordered subset expectation maximization
algorithm was used for PET image reconstruction. Reconstructed
PET images included corrections for scatter, dead time, and decay
of tracer.

MRI was performed with a 7 T Bruker Biospec preclinical
MRI scanner (Bruker Corporation, Billerica, MA). MRI scanning
was performed immediately following completion of the PET
scan. Animals were kept sedated when transferred between PET
and MRI scanners and were made to remain in position on
the same Bruker multimodality rat bed. To enable accurate
coregistration between the MRI and PET images, we placed a
fiducial phantom filled with water and PET tracer beneath the
rat in the multimodality bed to act as a landmark (32). During
MRI and PET, the rats were kept sedated, with airflow of 1-
1.5mL/s with 1%-3% isoflurane. MRI lasted ~15minutes
and included T2W rapid acquisition with relaxation enhance-
ment, with a repetition time of 6500 milliseconds, echo time

of 50 milliseconds, and a voxel size of 0.25 x 0.25 x 0.5 mm°.

Tissue Preparation

Following in vivo PET and MRI, 13 of the 18 rats were sacrificed
via transcardiac perfusion with 150 mL of 100 U/mL heparinized
PB to clear the blood from the system. This procedure was fol-
lowed by 4% paraformaldehyde to fix the tissue (300 mL). One
hour before perfusion, the rats were injected intraperitoneally
with pimonidazole at 60 mg/kg, for ex vivo assessment of hy-
poxia. Once perfusion was complete, the brain was dissected and
immersed in 4% paraformaldehyde for an additional 24-36 hours
to complete the fixation process. After immersion in paraformal-
dehyde, the tissue was washed with 0.1-M PB and stored in
0.1-M PB.

Ex Vivo MRI and Tissue Slicing

Ex vivo MRI was performed on the excised rodent brains to ena-
ble registration of in vivo and ex vivo images. During the MRI
scan, whole brains were secured within a pathology slice block
(Acrylic Brain Slicer Matrix, Zivic Instruments, Pittsburgh, PA)
and placed within a cylindrical tube filled with PB. MRI acquisi-
tion was set so that the MRI slices were aligned parallel to the sli-
ces of the pathology slice block. Ex vivo MRI included the same
parameters as the in vivo MRI. Immediately following the MRI,
the slice block with the brain was removed from the cylindrical
tube, and the brain was sliced into 1-mm coronal slices. Each
brain slice was then placed in 0.1-M PB in preparation for optical
clearing. The brains were sliced into 1-mm slices because it was

VOLUME6 NUMBER4 | DECEMBER 2020



the thinnest size available in the acrylic MRI-compatible slice
block.

Optical Clearing and Pimonidazole

A clear, unobstructed brain imaging cocktail-based protocol was
used in clearing the tissue slices as described previously (32).
Following clearing tissue, slices were then washed in 0.1-M PB
and incubated at 4°C for 3 days in 0.1-M PB with 0.1% triton-X
and a 1:50 dilution of mouse IgG1 antipimonidazole (anti-Pimo)
monoclonal antibody conjugated with fluorescein isothycyanate
(FITC) (HP FITC Mab-1, Hypoxyprobe, Burlington, MA). After the
3-day incubation, the unbound antibody was washed from the
tissue slices with 0.1-M PB at room temperature.

Ex Vivo Fluorescence Imaging

Optically cleared brain slices were imaged using an in vivo imaging
system Spectrum (PerkinElmer, Waltham, MA). For in vivo imaging
system, each set of brain slices were placed in a 12-well tissue cul-
ture plate filled with Easylndex for refractive index matching
(LifeCanvas Technologies, Cambridge, MA). An excitation wave-
length of 500nm and an emission wavelength of 540 nm were
used for imaging anti-Pimo FITC. All in vivo imaging system imag-
ing consisted of a 60-second acquisition with a bin size of 1 (corre-
sponding to 34.4-um pixels), F/Stop of 8, and field of view of
6.6 X 6.6cm. In total, 2 acquisitions per brain were required to
ensure the field of view covered the entire 12-well plate. The result-
ing fluorescence images have units of radiant efficiency (ie, pho-
tons/s/unit area/unit steradian/wattage of excitation laser).

Image Registration

All registrations were performed in 3D Slicer v4.10.1 (Cambridge,
MA) using our previously developed multimodality registration
methodology that is briefly described here (32). In vivo PET and
MRI images were rigidly registered using the fiducial phantom
placed within the Bruker multimodality rat bed. In vivo MRI
images were then registered to ex vivo MRI images using an
affine registration (with 12° of freedom). The resulting transfor-
mation was also applied to register the PET to the ex vivo MRL
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The fluorescence images of optically cleared brain slices were
registered slice by slice to the ex vivo MRI slices using the pathol-
ogy slice block as a reference. This involved a landmark-based
registration where 6 points were manually placed along the edges
of the brain in each image. A 3D slicer’s landmark registration
module was used to calculate the geometric transform that most
closely aligned the corresponding landmarks placed within the 2
images. After registration, all images were in the frame of refer-
ence of the ex vivo MRI with matching 1-mm-thick slices. The
accuracy of this multimodality registration was assessed previ-
ously, where it was found to produce registered images with cor-
responding image features being at a median distance of 400 um
apart (32).

Image and Statistical Analysis

Tumor regions of interest were manually segmented using the
hyperintense regions on the T2W MRI as a guide. Spherical vol-
umes of interest (~45 mmB] were placed within the cerebellum.
PET image voxels were corrected for injected dose and rat weight
to give standardized uptake values (SUVs). The median tumor
and cerebellar SUVs were extracted for each rat (SUVmedian)
and summarized across all subjects by taking the median
SUVmedian (Figure 1). Owing to the tendency for distributions of
tumor SUVs to deviate significantly from normality, nonpara-
metric statistics were used in most of the analyses (including use
of median values and nonparametric statistical tests) (36, 37).
However, to enable comparison with previous literature, the
mean tumor and cerebellar SUVs were also extracted (SUVmean)
and summarized for all subjects by taking the mean SUVmean
(see online supplemental Figure 1).

Before image registration, the maximum tumor uptake was
extracted for each rat (SUVmax). The SUVmax was divided by
the mean cerebellar uptake to give tumor-to-cerebellar ratios
(TCmax), as this has been proposed as a measure of hypoxia (6,
14). The SUVmax and TCmax were extracted from 10-minute
PET frames acquired at 60 and 110 minutes after FMISO injection
(which differs from the 20-minute frame duration used in the
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Figure 1. Median '®F-fluoromisonidazo (FMISO) uptake in each dynamic positron emission tomography (PET) frame
for tumors (A) and cerebellar regions (B). The gray curves show median values for rats with intraperitoneal (IP) FMISO

injections (n = 8), and the black curves show median values for rats with intravenous (IV) FMISO injections (n=10). The
median tumor uptake is approximately equal for IP and IV injections after 60 minutes. The median cerebellar uptake is
slightly higher for IP injections after 60 minutes.
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aforementioned references (6, 14). An analogous metric was cal-
culated for the pimonidazole fluorescent images by extracting
the maximum fluorescence intensity value from the tumor
region. The SUVmax and TCmax were correlated with the maxi-
mum tumor pimonidazole intensity using Spearman correlation
coefficients (Figure 2). Differences in SUVmax and TCmax
between C6 and 9L tumors were assessed using Wilcoxon rank-
sum tests (Table 1).

The hypoxic volume was also calculated for each tumor, as
this metric has been frequently used in FMISO PET studies (4, 6,
20, 35, 38-40). PET voxels were normalized by dividing by the
cerebellar uptake. The tumor volume, which included normalized
PET uptake values >1.2, was considered as the tumor hypoxic
volume (6, 38). The tumor hypoxic volume was found to be
significantly correlated with the overall tumor volume, so the
hypoxic fraction was also evaluated. The hypoxic fraction
was calculated by dividing the hypoxic volume by the overall
tumor volume (defined using the T2W MRI) (16). An analo-
gous metric was derived for the pimonidazole fluorescence
images by taking the fraction of fluorescence tumor voxels
whose intensities were >1.5 standard deviations above the
mean contralateral brain autofluorescence (termed the “pimo-
nidazole-derived hypoxic fraction”). The FMISO hypoxic frac-
tion was compared with the pimonidazole-derived hypoxic
fraction using the Spearman correlation coefficient (Figure 3)

TCmax TCmax

and Lin concordance correlation coefficient to assess absolute
agreement (41).

For a voxel-wise comparison, the pimonidazole fluorescence
images were downsampled to the PET voxel size (0.5 x
0.5 x 1 mm). The voxel-wise correlation between PET uptake
and pimonidazole intensity in tumor voxels was assessed
using Spearman correlation coefficients. Correlation coeffi-
cients were calculated for each tumor and summarized for
the entire population by calculating the median value (Table
2). A Wilcoxon signed-rank test assessed whether the popu-
lation distribution of correlation coefficients was signifi-
cantly different from zero. The slope of the FMISO uptake
from 60 to 110 minutes was also calculated for each tumor
voxel, as this has been used as a measure of hypoxia (7). The
FMISO slope values were correlated with the pimonidazole
intensity values for tumor voxels using Spearman correla-
tion coefficients. P values <.050 were considered statisti-
cally significant.

RESULTS

Uptake curves comparing median tumor values for IP and IV
FMISO injections are shown in Figure 1A. After IV injections, the
median tumor uptake increased rapidly and peaked after
40 minutes. After IP injections, the median tumor uptake

Table 1. Median Values of Various ' 8F-fluoromisonidazo Metrics for C6 and 9L Brain Tumors

Metric Time After Injection (Minutes) Median C6 (n=10) Median 9L (n=8) P Value
60 1.3 g/cm® 1.2 g/cm® .900
AR S e 110 e e 700
60 1.7 1.2 .002
FMISO TCmax 110 19 14 006
60 0.35 0.01 .001
FMISO hypoxic fraction 110 0.60 0.14 006
Abbreviations: FMISO, 18F-ﬂuoromisonidazo; SUVmax, maximum standardized uptake value; TCmax, maximum tumor-to-cerebellar ratio.
382 TOMOGRAPHY.ORG | VOLUME6 NUMBER4 | DECEMBER 2020
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increased more slowly and peaked after 60 minutes. Sixty to
110 minutes after IP and IV injections, the median tumor uptake
was similar for both, and the uptake decreased slightly during
this time.

Uptake curves comparing median cerebellar values for IP
and IV FMISO injections are shown in Figure 1B. After IV injec-
tions, the median cerebellar uptake increased rapidly and peaked
after 30 minutes. After IP injections, the median cerebellar uptake
increased more slowly and peaked after 60 minutes. Sixty to
110 minutes after IP injection, the median cerebellar uptake was
slightly higher than for IV injections for the same time; however,
both injection routes showed steady decreases in uptakes during
this time. See online supplemental Figure 1 for the mean FMISO
uptake curves for tumor and cerebellum.

A comparison of FMISO metrics between C6 and 9L tumors is
shown in Table 1. The tumor SUVmax 60 minutes after FMISO
injection was not significantly different between C6 and 9L tumors

(P=.900); a similar result was found for the tumor SUVmax 110
minutes after FMISO injection (P=.700). The TCmax 60 minutes
after FMISO injection was significantly greater for C6 tumors than
9L tumors (P =.002); similar results were found 110 minutes after
FMISO injection (P=.006). The FMISO hypoxic fraction 60
minutes after FMISO injection was significantly greater for Cé
tumors than for 9L tumors (P=.001); similar results were found
110 minutes after FMISO injection (P =.006).

In total, 13 of 18 rats had brain tissue excised for slicing,
clearing, and ex vivo fluorescent imaging. Comparison of FMISO
PET and pimonidazole fluorescence maximum tumor values is
shown in Figure 2. FMISO SUVmax values at 60 (Figure 2A) and
110 (Figure 2B) minutes after injection were not significantly
correlated with the maximum pimonidazole fluorescence inten-
sity. Similarly, FMISO SUVmedian values were not significantly
correlated with the median pimonidazole fluorescence intensity
values. However, TCmax values at 60 (Figure 2C) and 110 (Figure

FMISO Spearman (p) Spearman (p)
FMISO Tumor Hypoxic FMISO 60 Minutes 110 Minutes
Injection Volume Volume*® Hypoxic Post Post
Tumor line Rat Route (mm3) (mms) Fraction® Injection Injection
Rat 12 1% 14 0.50 0.04 +0.23 -0.10
Rat 14 IP 11 0.54 0.05 +0.29 +0.15
9L Rat 15 IP 17 0.00 0 +0.08 -0.04
Rat 21 1% 219 144.25 0.66 +0.58 +0.63
Rat 25 1% 119 11.00 0.09 +0.14 -0.06
Rat 31 IP 24 14.50 0.60 +0.32 +0.60
Rat 32 1% 46 39.50 0.87 +0.14 +0.40
Rat 33 1% 17 12.00 0.72 +0.35 +0.38
Rat 34 1% 24 8.50 0.35 -0.24 +0.27
cé Rat 41 Ip 63 4375 0.69 +0.66 +0.77
Rat 43 1% 123 74.50 0.61 +0.21 +0.37
Rat 44 1% 90 81.25 0.90 +0.50 +0.63
Rat 45 IP 33 8.75 0.27 +0.20 +0.23
Median 42 12.00 0.60 +0.23 +0.37

Abbreviations: IV, intravenous; IP, intraperitoneal

“Hypoxic volume and hypoxic fraction at 110 minutes after FMISO injection.
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2D) minutes after injection were both significantly correlated
with the maximum pimonidazole intensity. The strongest corre-
lation was for TCmax at 110 minutes, with a Spearman correla-
tion coefficient of 0.76 (P =.004).

Comparison of FMISO PET and pimonidazole fluorescence
tumor hypoxic fractions is shown in Figure 3. The FMISO and
pimonidazole values showed a moderate Spearman correla-
tion at 60 minutes (Figure 3A) and a stronger correlation at 110
minutes (Figure 3B) after FMISO injection. The Lin concordance
correlation coefficients between FMISO- and pimonidazole-meas-
ured hypoxic fractions were 0.42 (95%(CI, 0.09-0.76) and 0.69
(95%ClI, 0.25-0.89) at 60 and 110 minutes after FMISO injection,
respectively.

Table 2 shows voxel-wise correlations between FMISO PET
uptake and pimonidazole fluorescence intensity in tumor
regions. The median voxel-wise Spearman correlation coefficient
across all tumors was 0.24 (P=.004) 60 minutes after FMISO
injection and 0.37 (P=.003) 110 minutes after FMISO injection.
However, there was variability across tumors, with some tumors
showing no correlation and some tumors showing a strong posi-
tive correlation between FMISO and pimonidazole (see the range
of values in Table 2). The voxel-wise correlation between FMISO
and pimonidazole for a given tumor was significantly dependent
on the tumor’s hypoxic fraction (p = 0.58, P=.040) 60 minutes
after FMISO injection. The voxel-wise correlation between FMISO
and pimonidazole for a given tumor was significantly dependent
on the TCmax (p = 0.81, P=.0009) and the tumor hypoxic fraction
(p = 0.85, P=.0003) 110 minutes after FMISO injection. The
voxel-wise correlation between FMISO and pimonidazole for a
given tumor was not significantly dependent on the FMISO injec-
tion route (IP vs IV), tumor volume, or tumor SUVmax. The FMISO
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Pimonidazole Fluorescence

Pimonidazole/MRI

uptake slope from 60 to 110 minutes also showed a positive corre-
lation with the pimonidazole intensity values, with the median
voxel-wise Spearman correlation coefficient across all tumors
being 0.31 (P=.02).

Figure 4 shows the registered images for a 9L tumor that
showed no voxel-wise correlation between FMISO uptake and
pimonidazole intensity. Figure 5 shows the registered images for a
C6 tumor that showed a moderate voxel-wise correlation between
FMISO uptake and pimonidazole intensity. Figure 6 shows the reg-
istered images for a 9L tumor that showed a strong voxel-wise cor-
relation between FMISO uptake and pimonidazole intensity.

DISCUSSION

This study provides the first cross-validation of in vivo image-
derived hypoxia metrics with an ex vivo hypoxia reference
standard across whole tumor volumes. This analysis further
establishes the reliability of hypoxia metrics derived from FMISO
PET images and sheds insight on their clinical utility. Although
numerous reports have verified that FMISO provides a clinically
useful measure of hypoxia, no study to our knowledge has spa-
tially correlated FMISO uptake with an ex vivo reference standard
for hypoxia across whole tumor volumes. Previous attempts to
spatially validate image-derived measures of hypoxia have relied
on autoradiography that provides cross-validation between radio-
tracers and pimonidazole antibodies at the microregional level
(18, 19, 31). However, although autoradiography provides excel-
lent cross-validation at a microregional level, it has a number of
limitations:

(1) It makes no direct comparison between in vivo images
and ex vivo reference standards.
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(2) It provides no way of evaluating imaging techniques that
do not use radiotracers (eg, MRI).

(3) It is performed on thin histologic sections that can be
challenging to acquire across whole organs or tumors,
even in preclinical studies.
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To overcome these limitations, a method was recently devel-
oped to coregister in vivo medical images with ex vivo optical re-
porter images of cleared tissue (32). Here, that method was used
to compare FMISO PET metrics of hypoxia with analogous pimo-
nidazole fluorescence metrics across the whole tumor.

I5RE
1RE

Pimonidazole fluorescence

Pimonidazole/MRI
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Across 13 rat brain tumors, the voxel-wise analysis revealed
a modest positive correlation between FMISO PET uptake and
pimonidazole fluorescence intensity. However, the results varied
greatly across tumors, with some tumors showing a strong posi-
tive correlation and other tumors showing no correlation. Using
autoradiography, a previous study by Troost et al. (18) found a
weak-to-moderate pixel-by-pixel correlation between FMISO
uptake and pimonidazole immunohistochemistry in subcutane-
ous brain tumors. Troost et al. (18) suggested that using only
60 minutes of FMISO uptake time may have limited the correla-
tion between FMISO and pimonidazole staining found in their
study. This is supported by the results of this study, with only
weak-to-moderate correlation between FMISO PET and pimoni-
dazole fluorescence found after 60 minutes of FMISO uptake.
Furthermore, after 110 minutes of FMISO uptake, a stronger cor-
relation between FMISO uptake and pimonidazole fluorescence
was found. This trend held true for the voxel-level measures and
for the tumor summarized metrics (eg, tumor hypoxic fraction).
This indicates that static FMISO PET frames acquired at later time
points post injection (after 60 minutes) provide a more accurate
measure of the spatial distribution of hypoxia within tumors,
which agrees with results from previous studies (14). The reason
for more accurate hypoxia measures at later time points is likely
due to increased washout of FMISO from the blood compartment
at later time points, providing increased specificity to bound
FMISO (ie, hypoxic regions) (6). FMISO PET imaging at time
points later than 110 minutes after injection may further improve
correlations with the pimonidazole reference standard (14, 42).
However, it was not possible to test within this study because of
tracer decay and timing limitations that arose from scanning
multiple subjects within a single day.

The majority of previous brain cancer studies using FMISO
PET have attempted to improve quantification of hypoxia by
normalizing the FMISO tumor activity by the blood activity (4-6,
13, 14, 17, 20, 38-40, 42-44). Traditionally, the FMISO blood ac-
tivity has been measured by blood sampling; however, recently,
it was shown that FMISO cerebellar activity can be used as a sur-
rogate for FMISO blood 3activity at later time points post injec-
tion (6). We found that normalization of the tumor FMISO
activity by the cerebellar activity greatly improved the correla-
tion between FMISO PET metrics and pimonidazole fluorescence
imaging metrics. Most notably, there was a strong positive corre-
lation between the FMISO TCmax and the maximum pimonida-
zole fluorescence intensity. The more conventional metric, the
tumor SUVmax, was not significantly correlated with the maxi-
mum pimonidazole fluorescence intensity. These results support
the notion that the cerebellum can be used as a surrogate for
FMISO blood activity, and its use can significantly improve esti-
mates of tumor hypoxia. One uncertainty that remains is because
of the relatively low spatial resolution of the PET images that
leads to partial volume effects and hindered quantification of
small hypoxic regions (45). However, the strong correlation
between the TCmax and pimonidazole max suggests that despite
these effects, FMISO PET images can still provide reliable assess-
ment of the most hypoxic tumor region.

Another metric that has been widely used in FMISO PET
research is the tumor hypoxic volume (4, 6, 20, 35, 38-40). The
FMISO hypoxic volume is calculated as the volume of tumor that
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is above a certain PET uptake threshold (after normalization by
the FMISO blood or cerebellar activity). In this study, the FMISO
tumor hypoxic volume was significantly correlated with the
overall tumor volume (defined using the T2W MRI), suggesting
that it may not provide a reliable assessment of the tumor’s
hypoxic status. Therefore, the analysis focused on the tumor
hypoxic fraction, as it was less dependent on the overall tu-
mor volume (16). A strong concordance between the FMISO tumor
hypoxic fraction and the pimonidazole-derived hypoxic fraction
was found, indicating good absolute agreement between the 2
measurements. This supports utilization of the FMISO hypoxic
fraction as a marker of tumor hypoxia and for comparing the
degree of hypoxia across tumors.

Interestingly, the greater a tumor’s hypoxic fraction the
stronger the voxel-level correlation between FMISO and pimoni-
dazole images. This suggests that FMISO measurements in indi-
vidual tumor voxels are more accurate in tumors showing a
greater hypoxic fraction. These tumors are likely the best candi-
dates for image-guided radiotherapy based on boosting dose to
radio-resistant hypoxic tumor regions (11, 12). It is not surprising
that the voxel-level correlation between FMISO and pimonida-
zole images is worse in tumors with less hypoxia. Misonidazole
has been shown to be sensitive to hypoxia only when oxygen
tension values are <3-10mm Hg, suggesting that tumors with
low levels of hypoxia (ie, tumors with oxygen tension >3-
10 mm Hg) will not be reliably assessed with FMISO or pimonida-
zole imaging techniques (16, 46).

In preclinical studies, IP radiotracer injections offer some
advantages over IV injections. IP injections can be technically
easier to implement, as they do not require insertion of a catheter
or needle into a vein for tracer administration. IP injections also
enable a greater volume of tracer to be injected that can be par-
ticularly advantageous if radiotracer concentrations are low (eg,
at the end of the day when scanning multiple subjects with a sin-
gle batch of radiotracer). This study showed that after 60 minutes,
the median tumor FMISO uptake was similar for IP and IV injec-
tions. The results also showed that the correlations between the
ex vivo pimonidazole reference and FMISO PET images were not
dependent on the injection route (IP vs IV), suggesting that the IP
injection could be a valid alternative to IV injections when imag-
ing rat brain tumors.

A limitation of this work is that the tissue clearing proce-
dures could be washing out pimonidazole adducts and, therefore,
diminish the correlation between FMISO and pimonidazole.
However, the greater degree of pimonidazole staining seen on
the C6 tumors relative to 9L tumors, which agrees with previous
literature, provides evidence that the pimonidazole adducts are
not being washed out. The strong correlation between the pimo-
nidazole and FMISO PET provides further evidence that the
pimonidazole adducts are not being washed out. An additional
limitation of this work is that we used animal models of glioma
(9L and C6 tumors), which may provide slightly different rela-
tionships between FMISO PET and pimonidazole fluorescence
than human glioma cells. However, no previous study had eval-
uated the correlation between FMISO uptake and pimonidazole
staining in C6 and 9L tumors, despite the widespread utilization
of these cell lines in preclinical studies (7, 17, 33, 34). Therefore,
these results provide a valuable reference for previous and future
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studies aiming to use FMISO PET with these glioma cell lines.
Consistent with the previous studies, this study showed that, in
general, C6 tumors showed greater hypoxia (based on both
FMISO PET and pimonidazole measurements) than 9L tumors (7).
However, there were exceptions, with some 9L tumors showing
elevated FMISO PET and pimonidazole fluorescence measure-
ments (eg, Figure 6).

In conclusion, in vivo FMISO PET images were registered
to ex vivo fluorescence pimonidazole images of optically
cleared brain tissue to evaluate the regional correlation
between the 2 imaging techniques. These results can serve as
a platform for cross-validating other promising hypoxia
imaging methods such as fluorine-18-labeled [2-(2-nitro-1
[H]-imidazol-1-yl)- N-(2,2,3,3,3-pentafluoropropyl)-aceta-
mide] (EF5) PET (10). EF5 is more lipophilic than FMISO,
which offers potential advantages for PET imaging, as it can
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more readily enter tissues. Thus, EF5 could show greater cor-
relations with pimonidazole than with FMISO. The results
here showed a moderate voxel-wise correlation between
FMISO PET uptake and pimonidazole fluorescence intensity;
however, the results varied greatly across individual tumors.
A strong correlation between the maximum FMISO TCmax
and the maximum pimonidazole intensity was identified.
Similarly, a strong correlation between the FMISO-derived
hypoxic fraction and the pimonidazole-derived hypoxic
fraction was found. These results can be used to better inform
clinical use of FMISO PET and, in particular, identify the
most reliable imaging metrics of hypoxia.
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