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ORIGINAL RESEARCH

Purpose:  To enhance the spatial accuracy of fluorine 18 (**F) misonidazole (MISO) PET imaging of hypoxia by using dynamic con-
trast-enhanced (DCE) MR images as a basis for modifying PET images and by using electron paramagnetic resonance (EPR) partial
oxygen pressure (pO,) as the reference standard.

Materials and Methods:  Mice (7 = 10) with leg-borne MCa4 mammary carcinomas underwent EPR imaging, T2-weighted and DCE
MRI, and F-MISO PET/CT. Images were registered to the same space for analysis. The thresholds of hypoxia for PET and EPR im-
ages were tumor-to-muscle ratios greater than or equal to 2.2 mm Hg and less than or equal to 14 mm Hg, respectively. The Dice simi-
larity coefficient (DSC) and Hausdorff distance (d,) were used to quantify the three-dimensional overlap of hypoxia between pO, EPR
and '®F-MISO PET images. A training subset (7 = 6) was used to calculate optimal DCE MRI weighting coefficients to relate EPR to
the PET signal; the group average weights were then applied to all tumors (from six training mice and four test mice). The DSC and
d,, were calculated before and after DCE MRI—corrected PET images were obtained to quantify the improvement in overlap with EPR
pO, images for measuring tumor hypoxia.

Results:  The means and standard deviations of the DSC and d,, between hypoxic regions in original PET and EPR images were 0.35
mm * 0.23 and 5.70 mm * 1.7, respectively, for images of all 10 mice. After implementing a preliminary DCE MRI correction to
PET data, the DSC increased to 0.86 mm * 0.18 and the d,, decreased to 2.29 mm = 0.70, showing significant improvement (P <
.001) for images of all 10 mice. Specifically, for images of the four independent test mice, the DSC improved with correction from
0.19 * 0.28 t0 0.80 = 0.29 (P = .02), and the d,, improved from 6.40 mm = 2.5 to 1.95 mm * 0.63 (P =.01).

Conclusion:  Using EPR information as a reference standard, DCE MRI information can be used to correct *F-MISO PET information

to more accurately reflect areas of hypoxia.

Supplemental material is available for this article.

©RSNA, 2021

he phenomenon of hypoxic radiation resistance, a char-
Tacteristic feature of virtually all living tissues and many
toxins, has been known in the field of radiation therapy
for over a century (1,2). A leading cause of tumor hypoxia
is chaotic inefficient tumor angiogenesis, which leads to
inadequate spatial and temporal delivery of oxygen and
other nutrients (3). As part of the tumor cells’ adaptation
process to accommodate a dwindling supply of oxygen and
nutrients, hypoxia-inducible factors are activated, which
promote tumor regrowth, as well as resistance to radiation
therapy and chemotherapy (4). Patients with hypoxic tu-
mors generally have a worse prognosis (5-7).

A relatively new in vivo oxygen imaging method is low-
frequency pulsed electron paramagnetic resonance (EPR)
imaging, which can be used to directly and quantitatively
image molecular partial oxygen pressure (pO,), as pO, lev-
els less than or equal to 10 mm Hg often define hypoxia
in solid tumors (8-10). The physics of imaging with EPR
is analogous to the physics of imaging with MRI, with the
exception that in EPR imaging, it is the relaxation rates of
unpaired electron spins rather than proton spins that are
observed. In addition, because the relaxation rate of un-
paired electrons in diatomic oxygen is too fast to directly
measure, it is necessary to introduce an oxygen spin probe
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Abbreviations

DCE = dynamic contrast-enhanced, d = Hausdorff distance,
DSC = Dice similarity coefficient, EPR = electron paramagnetic
resonance, '*F-MISO = fluorine 18 misonidazole, K™ = volume
transfer constant between blood plasma and the extravascular
extracellular space, PET = corrected PET image, PET" = mod-
eled F-MISO PET image, pO, = partial oxygen pressure, TMR
= tumor-to-muscle ratio, », = volume fraction of the extravascular
extracellular space in tissue

Summary

This study serves as a proof of concept for multimodal oxygen imag-
ing in developing an algorithm to make fluorine 18 misonidazole
PET more comparable with quantitative electron paramagnetic reso-
nance partial oxygen pressure imaging in terms of enabling location
of tumor hypoxia by incorporating dynamic contrast-enhanced MRI.

Key Points

» When compared with the reference standard of partial oxygen
pressure (pO,) electron paramagnetic resonance (EPR) images,
the level of overlap between hypoxic tumor regions depicted on
fluorine 18 (**F) misonidazole (MISO) PET images and hypoxic
tumor regions depicted on pO, EPR images was low (Dice simi-
larity coefficient [DSC] between hypoxic boundaries, 0.346 *=
0.23; Hausdorff distance [d, ], 5.70 mm * 1.7).

» When "F-MISO images were corrected by using the dynamic
contrast-enhanced MRI parametric volume transfer constant be-
tween blood plasma and the extravascular extracellular space and
volume fraction of the extravascular extracellular space in tissue,
there was improvement in the overlap between hypoxic regions
depicted on pO, EPR and "*F-MISO PET images (DSC, 0.863 *
0.18;d,, 2.29 mm * 0.70; P < .001 for both).
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into the system that, through the Heisenberg spin exchange, has
a slower relaxation rate that is proportional to pO, levels (11).

Recent preclinical studies using EPR for oxygen image—
guided radiation therapy provided the first mammalian study
to image and treat FSa fibrosarcoma hypoxic tumors located
with EPR pO, imaging, and this method showed significantly
increased tumor control with delivery of a boost dose of radia-
tion to hypoxic tumor regions versus delivery to well-oxygenated
tumor regions (10).

Although efforts have been made to apply EPR imaging to
humans (12), EPR imaging is not yet clinically available. Several
fluorine 18 (**F)-labeled PET radiotracers have been developed
and studied in clinical trials to identify tumor hypoxia. The most
widely available clinical radiotracer with the broadest applica-
tions as a hypoxia tracer is '*F-misonidazole (**F-MISO), as
used in PET (13). In regions with hypoxic levels of oxygen, the
molecule is reduced and trapped intracellularly in the presence
of oxygen. However, F-MISO can passively flow from the cell
back into the extracellular environment (14), requiring a 2- to
4-hour time delay before the retained tracer can be distinguished
from the background.

A recent phase II clinical trial for non-small cell lung carci-
noma used *F-MISO PET to help identify and treat hypoxic

tumor regions with radiochemotherapy boosts. In 24 of 34 pa-
tients enrolled in the study, a boost dose up to 20 Gy was deliv-
ered to the F-MISO PET-identified hypoxic regions (15,16).
'The results of this study did not demonstrate a significant benefit
from a hypoxia boost. However, there was no difference in tox-
icities observed between patients who did receive a boost dose
and patients who did not receive a boost dose, indicating that
such boosts may be safely administered if organs at risk are iden-
tified and their maximum radiation dose tolerances are observed.

To assess cervical cancer, Daniel et al (17) used hybrid
PET/MRI in the form of *F-MISO PET and dynamic con-
trast-enhanced (DCE) MRI, which depicts functional vascu-
larization properties. Vascular parameters derived from DCE
MRI, such as the volume transfer constant between blood
plasma and the extravascular extracellular space (K**), cor-
related with "*F-MISO PET, which demonstrates the influ-
ence of vascular permeability on radiotracer diffusion in
hypoxic tumors (18). Therefore, *F-MISO PET and DCE
MRI have the potential to provide complementary informa-
tion for characterizing the tumor microenvironment and
thus have the potential to correct ¥*F-MISO images for con-
founding variations due to vascular abnormalities.

We hypothesize that there are limitations in imaging
hypoxia with only ¥F-MISO PET that can be mitigated
with physiologic MRI while using EPR oxygen imaging in
a preclinical setting as a pO, standard. Supplementing '*F-
MISO PET imaging with DCE MRI may enable clinicians
to account for tumor vascular properties and how they relate
to hypoxia in their radiation therapy planning, potentially
improving outcomes. To address this hypothesis, mice with
MCa4 mammary carcinomas underwent T2-weighted MRI
to define tumor boundaries and also underwent DCE MRI
and '"F-MISO PET/CT, with the registered pO, EPR images
serving as the reference standard of true hypoxia. EPR was
used as the reference standard on the basis of the previously
cited tumor control studies, as well as previous studies that
found correlations among hypoxic cell markers (hypoxia-
inducible factor 1-a [HIF1-a], vascular endothelial growth
factor [VEGF], carbonic anhydrase IX [CA9]) (19) and that
found spatial and quantitative pO, correlations between EPR
images and Oxylite oxygen measurements (20).

‘The main goals of this study were to quantify the accuracy
of ®F-MISO PET hypoxia imaging in vivo by using EPR as
the ground truth and to illustrate the initial steps in a po-
tential correction algorithm by using DCE MRI parametric
images to make F-MISO PET more compatible with EPR
pO, imaging in its spatial distribution of tumor hypoxia so
that it may beneficially enable direction of the radiation ther-
apy referenced previously (10). This set of experiments serves
as a proof of concept for multimodal oxygen imaging, and
the presented PET correction algorithm demonstrates its po-
tential implementation in future work to be conducted after
hypoxia imaging data sufficient for the purposes of creating
more robust training, testing, and validation sets have been col-
lected in other tumor types. This data learning algorithm is a
step in an effort to develop a machine learning algorithm that is
independent of EPR images.

radiology-ic.rsna.org ® Radiology: Imaging Cancer Volume 3: Number 2—2021
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Figure 1: Diagram of the imaging experiment for each mouse. '*F-MISO =
fluorine 18 misonidazole, DCE = dynamic contrast-enhanced, EPR = electron para-
magnetic resonance, K" = volume transfer constant between blood plasma and
the extravascular extracellular space, pO, = partial oxygen pressure, v_ = volume
fraction of the extravascular extracellular space in fissue.

o

Materials and Methods

Study Design

Animal experiments followed U.S. Public Health Service pol-
icy, followed the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and were approved by
the Institutional Animal Care and Use Committee.

For MCa4 syngeneic mammary carcinoma tumor prepara-
tion, 5 X 10° murine tumor cells were injected intramuscu-
larly in the left flank of 6- to 8-week-old C3H mice (Charles
River Laboratories). The tumors grew to 225-425 mm?®
within 1-2 weeks.

A total of 13 MCa4 tumor-bearing mice were entered into
the study for multimodal imaging using EPR, PET, and MRL
Three subjects were excluded from analysis for the following rea-
sons: two subjects died of accidental anesthetic overdose before
the imaging session was completed, and urine pooled in the tu-
mor leg cast and contaminated the PET image of one subject.
Either EPR or PET images showed tumor hypoxia for two sub-
jects, and images of two subjects showed an uptake of activity
only around the rim of the tumor, suggesting necrosis. Those
latter four aberrant subjects are included in the analysis and dis-
cussion for potential clinical relevance and interest. In total, 10
out of 13 tumors were analyzed.

Imaging Preparation

Anesthesia was administered through a mask for imaging and
was induced using 2% isoflurane mixed with 21.5% oxygen
and 78.5% nitrogen (air). Anesthesia and core temperature

Radiology: Imaging Cancer Volume 3: Number 2—2021 = radiology-ic.rsna.org

Gertsenshteyn et al

were closely monitored during imaging to maintain a respi-
ratory rate between 80 and 120 beats per minute and a core
temperature of 37°C. See Appendix E1 (supplement) for time
durations under anesthesia.

Following induction of anesthesia, the tumor-bearing leg was
set in a soft vinyl polysiloxane hemicylindrical dental-mold cast
(GC America), which immobilized the leg without obstructing
blood flow (21). The cast was applied in a custom-printed plastic
bed with preinserted fiducials that contained a 2-mM water solu-
tion in a trityl spin probe that was detectable at EPR, MRI, and
CT. This cast and fiducial setup enabled registration in MAT-
LAB (MathWorks) among EPR, MRI, and CT (21). The PET
image was registered to CT on the basis of anatomic landmarks
by using VivoQuant software (Invicro), focusing on the tumor-
bearing leg. A tail vein line was inserted for administering the
oxygen-quantifying OX071 EPR spin probe (GE Healthcare),
the gadolinium contrast agent for DCE MRI (GE Healthcare),
and the "*F-MISO for PET imaging. Figure 1 shows an overview
of the imaging sequence for each experiment.

Radionuclide Production

See Appendix E2 (supplement) for details on 'F-MISO
production.

EPR Imaging

Following preparation, each animal was inserted in the 250
MHz—pulsed EPR imager with its 9-mT magnetic field to
image pO, in the tumor. Immediately on insertion, the ox-
ygen-sensitive spin probe solution was administered at 0.6
mL/h (70 mM OX071, pH of 7.3, normal osmolality). Infu-
sion continued at 0.2 mL/h during tuning of the EPR reso-
nator and adjustment of the EPR main magnetic-field and
detection-circuit parameters.

Fiducial images were obtained first, which was followed by
11-minute acquisitions of two EPR images using spin-lattice
relaxation oxygen imaging (11). The first image confirmed the
presence of the oxygen spin probe throughout the entire tumor,
and the second image was obtained once the probe was retained
and relatively stable in the tumor. The second pO, image was
used for analysis. The intrinsic resolution of pO, images was 1.3
mm Hg at low pO,, and the output voxel resolution of the EPR
images was isotropic at 0.67 mm (10).

A control validation that lower pO, was only present in the
tumor, not healthy tissue, is described in Appendix E3 (supple-
ment). A brief experiment with EPR was also conducted on three
mice with two pO, images obtained approximately 5.5 hours apart
to quantify long-term hypoxia development and calibrate the 10-
mm Hg hypoxia threshold (see Appendix E4 [supplement]).

MRI Acquisition

Following EPR imaging, each mouse was transported to a
9.4-T small-animal scanner (Bruker) for T2-weighted and
DCE MRI. Multisection spin-echo T2-weighted imaging for
tumor localization was performed by using a rapid acquisition
with relaxation enhancement (RARE) pulse sequence: repeti-
tion time, 4000 msec; echo time, 20 msec; field of view, 25.6
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A axial view

B coronal view

Figure 2: Anafomic CT and T2-weighted (T2W) MR, partial oxygen pressure (pO,) electron paramagnetic resonance (EPR], fluorine 18 ('*F)
misonidazole (MISO) PET, and dynamic contrast-enhanced (DCE) MR parametric images of a representative fumor obtained by using a volume
transfer constant between blood plasma and the exiravascular extracellular space (K™) and a volume fraction of the extravascular extracellular space

infissue (v | are shown in A, axial and B, coronal views. The pink line shows the tumor confour drawn by referencing bright voxels in the T2-weighted
MR image. The black dotted line in the EPR and PET images represents the hypoxic regions as defined in the EPR (0O, < 14 mm Hg) and PET (tumor-

to-muscle ratio [TMR] = 2.2) images.

X 25.6 mm?; matrix size, 256 X 256; section thickness, 0.75
mm; number of sections, 39; RARE factor, eight; and number
of signals acquired, two.

Subsequently, T1-weighted DCE MR images were ob-
tained by using a temporal resolution of 5 seconds and the
following parameters: repetition time, 78.125 msec; echo
time, 1.2 msec; field of view, 25.6 X 25.6 mm?; matrix size,
128 X 64; flip angle, 30° section thickness, 0.75 mm; and
number of sections, 21. The DCE MRI data were continu-
ally acquired before (for 1 minute), during, and after a bo-
lus injection of 0.2 mmol/kg of gadodiamide (Omniscan;
GE Healthcare) for a total duration of 10.67 minutes (128
frames).

Parametric images were generated with DCE MRI data
analyzed by using MATLAB and an in-house software pack-
age. DCE MRI signal intensity curves were converted to con-
trast agent concentration curves, C(2), as a function of time,
t, using a previously published method (23). A precontrast
(before the administration of a contrast agent) T1 value of
2.2 seconds for muscle and a relaxivity value of 3.34 mM™" -
sec”! for gadodiamide were used in the calculations (24). The
standard Tofts model and previously published methods were

used to obtain maps of the following physiologic parameters:
K" and the volume fraction of the extravascular extracellular
space in tissue () (25-27).

PET/CT Imaging

B-CUBE and X-CUBE systems (Molecubes) were used for
PET and CT, respectively (28). Scanning started immediately
after approximately 150 uCi of "F-MISO was injected as a
bolus into the tail-vein cannula, and a 130-minute dynamic
PET examination was performed. The last 10-minute frame at
2 hours after injection was used for analysis and had an isotro-
pic voxel resolution of 0.4 mm on each side. Finally, a CT im-
age was obtained to enable anatomic co-registration with PET
data and attenuation correction of reconstructed PET images.

Preprocessing for Image Analysis

The three-dimensional tumor contour and muscle contour
were drawn manually (Fig 2) by referencing the sharp-edge
contrast between normal tissue and malignant tumor tis-
sue (high voxel intensity) on each T2-weighted MR image
(29-31) and by using home-built ArbuzGUI Matlab toolbox

radiology-ic.rsna.org ® Radiology: Imaging Cancer Volume 3: Number 2—2021



A: Objective: E
Transform True PET = PET

i True PET

B: Transformation of EPR (true hypoxia) to modeled PET

Gertsenshteyn et al

2) Logistic Function 3) PETM

1)  True EPR
: L p N E

PET [TMR]

EPR [mm Hg]

PET™

Figure 3:

Ve

A, Representative fumor images from subject 1 demonstrate the objective of this study, which is to transform the true PET image to a corrected PET

image (PET). B, The frue electron paramagnetic resonance (EPR) image in units of partial oxygen pressure (pO,) s fransformed by using the logistic funcfion
based on Equation (1) to the modeled fluorine 18 ('8F) misonidazole (MISO) PET image (PET") in tumor-to-muscle rafio (TMR) units. C, Pictorialized outline of
the training algorithm incorporating K™ and v_ images to correct the modified PET image. This serves as a proof of concept and is a step toward combining
these modalifies by using machine learning. The arrows in the true EPR and K™ images indicate a similarity in tumor subregions between low perfusion (blue
K voxels) and low pO, (blue EPR voxels). K = volume transfer constant between blood plasma and the extravascular extracellular space, v, = volume

fraction of the extravascular extracellular space in fissue.

software. PET data were converted to tumor-to-muscle ra-
tio (TMR) units, and the threshold of hypoxia was defined
by a TMR greater than or equal to 2.2, a threshold that was
chosen empirically (14). Based on the supplementary experi-
ment (see Appendix E4 [supplement]), the calibrated hypoxia
threshold increased by approximately 40% over the course of
approximately 5.5 hours. Therefore, because the PET image
was obtained approximately 5 hours after the EPR pO, image,
a threshold of 14 mm Hg instead of 10 mm Hg was used to
define hypoxia demonstrated on EPR images to better match
the hypoxic state of the tumor by the time the ¥F-MISO PET
image was obtained.

Images from all modalities were registered to the EPR image by
using the embedded fiducials and anatomic references mentioned
previously in the article and those published previously (32). The
fiducials are visible on the MR and CT images in Figure 2. MR
images were downsampled, and EPR images were upsampled to
the isotropic PET voxel size of 0.4 mm for analysis in MATLAB.

PET Correction

The data learning algorithm used to incorporate pO, from the
EPR images into the "*F-MISO PET images is a two-step pro-
cedure, which is described in greater mathematical detail in
Appendix E7 (supplement). In the first step, images were vec-
torized, and the inverse logistic function was used as a model of
SE-MISO retention in hypoxic cells, with the point of inflec-
tion occurring at the thresholds of hypoxia. In simpler terms,

Radiology: Imaging Cancer Volume 3: Number 2—2021 = radiology-ic.rsna.org

Equation (1) converts the EPR pO, image data to PET TMR
unitS: PETilg' = “/(1 + exp[y(EPRi,j - EPRthreshold)D (1)>

in which PET™ is the modeled *F-MISO PET image,  is the
identity of the subject, j is the nth element in the vectorized
image set, a is the maximum of the logistic curve set to the
maximum average PET signal (TMR = 5.79), 1y is the slope of
the logistic curve set to 0.85, and EPRM is the original EPR im-
age with the PR, set to 14 mm Hg. Note that the inflec-
tion point of the logistic function represents the cutoff point
for hypoxia in the EPR image. The model is shown in Figure
3, B; the input EPR image in Figure 3, B (step 1) results in the
output PET™ in Figure 3, B (step 3).

The residual vectorized difference residual R is de-
fined by Rij;=PET,;—PET/]. In the second step, weight-
ing coefficients B for MRI parametric images (K™ and
v) were estimated using a least squares minimization of
Ri . Ri,j = ﬁKtrans,iKif]r'ans + ﬁve,ivei,j (2)

"Finally, these weighting cocfficients were used to pre-
dict the estimated PET signal in terms of EPR and ad-
justing for the DCE MRI parametric images to pro-
duce a corrected PET  image (PET) as
mi = PETiM + BKtrans,iKitrans + .Bve,ivei (3)

Six tumors were used as a training set to calculate the indi-

follows:

vidual weighting coefficients Brerans and By > the mean group P
value of those weighting coefficients was then applied to all 10
tumors (six from training and four independent test tumors) to
test the efficacy of these mean weighting coefficients.
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Figure 4: Dice similarity coefficient and Hausdorff distance before (white) and after (black) implementing a correction to the modeled fluorine 18 misonidazole ('®F-

MISO) PET image by using weighting coefficients Bl(trans and Evg- A, Results from the fraining set using individually estimated weighting coefficients, as shown in Table 2.
B, Results using the mean weighting coefficients applied to images of the four independent fest subjects. C, Results using the mean weighting coefficients applied to images

of all subjects.

Statistical Analysis for Similarit

o |.cc .nd yeis Ter sty Table 1: Tumor Properties for Each Subject
Quantification
The DSC and dH (33,34) were Subject Volume (mm?) EPR HF10 EPR HF14 PET HF2.2
used to assess the' similarity be- 1 365 0.104 0224 0.173
tween hypoxic rfsglons as defined 5 505 0.575 0717 0.0517
EY p EPR dan? F‘I\IH,SO PET 3 608 0.374 0.639 0.0294

clore and after applying a cor- | 4 206 0.202 0.442 0.812
rection to the PET data by using 5 557 0.200 0.430 0.214
DCE MRI. Appendix E5 (sup- ’ ‘ ’

| . 6 252 0.000 0.00254 0.193
plement) shows the equations
used to define and calculate the 7 348 0.467 0.670 0.333
DSC and the dH in MATLAB. 8 167 0.0737 0.345 0.842
The Student # test was used to 9 293 0.110 0.324 0.348
quantify the significance of im- 10 411 0.115 0.424 0.684
provement. The DSC and d,, of Mean 371 = 150 0.222 +0.19 0.422 +0.22 0.368 = 0.30
eac'h .subJ ect w'ere p lotte.d for the Note.—Tumor properties include the tumor volumes (in millimeters cubed) and the hypoxic
training set (Flg 4, A), indepen- fractions (HFs) in the EPR image with the threshold at 10 mm Hg (HF10) or 14 mm Hg (HF14)
dent test set (Fig 4, B), and full and PET image with the threshold at TMR greater than or equal to 2.2 (HF2.2). EPR = electron
dataset (Fig 4, C). paramagnetic resonance, TMR = tumor-to-muscle ratio.

Results

Images of a representative tumor (subject 10) that were ob-
tained by using all modalities are shown in Figure 2. The
mean time between the acquisition of an EPR image and the
acquisition of a PET image was between 4 and 5 hours, de-
scribed in more detail in Appendix E1 (supplement). Table
1 summarizes the tumor properties, with the volume and
hypoxic fraction less than or equal to 10 or 14 mm Hg for
EPR images and the TMR greater than or equal to 2.2 for
PET images. Table 2 shows the DSC and d,, between hy-
poxic regions on EPR pO, and "F-MISO PET tumor im-
ages before and after modifying the PET image with Equa-
tions (1)—(3). Figures E3—E8 (supplement) show histograms
of tumor voxel distributions in all modalities.

In the training set (7 = 6), the DSC and d,, means * stan-
dard deviations between the hypoxic regions as defined by

the original EPR and PET images were 0.452 * 0.133 and
5.23 mm * 1.0, respectively. By using the presented cor-
rection-learning algorithm, the DSC increased to 0.903 *
0.062, and the d,, decreased to 2.52 mm * 0.71 (P < .001
for both), respectively, between EPR and PET. Corrective
weighting coefficients for Byirans ranged from 1.57 to 24.3,
with a mean and standard deviation of 8.62 * 8.8, and coef-
ficients for ,[?,,e ranged from —5.05 to 0.0022, with a mean
and standard deviation of —2.51 * 1.7. Complete results are
displayed in Table 2 and Figure 4, A, in which a higher DSC
and a lower d,, show improvement. A representative tumor
is used to show the PET image before correction (true PET)
and after correction (PET) in Figure 3.

In the entire data set (z = 10), there was also improvement (P
< .001) between the hypoxic EPR and PET overlap, in which

radiology-ic.rsna.org ® Radiology: Imaging Cancer Volume 3: Number 2—2021
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Table 2: Summary of the DSC and d, before and after Correction
Subject or Data Set. DSC, DSC,,, dyppe mm) dy o (mm)  Bepans Po,
Training data set (n
=6)
1 0.414 0.784 4.47 3.71 2.25 0.0022
5 0.247 0.919 7.1 2.74 2.16 —3.76
7 0.493 0.96 5.6 2.65 1.57 —5.05
8 0.526 0.909 4.66 1.79 24.3 —2.23
9 0.392 0.939 4.92 1.83 12.1 =2
10 0.637 0.906 4.61 2.4 9.37 —2.06
Test data set (7 = 4)
2 0.108 0.978 7.46 1.83 NA NA
3 0.042 0.969 9.38 2.26 NA NA
4 0.602 0.898 4.77 2.59 NA NA
6 0 0.372 4 1.13 NA NA
Average perfor-
mance metrics
Training 0.452 = 0.133 0.903 = 0.062* 5.23 £1.00 2.52 £ 0.71* 8.62 = 8.83 —252*1.72
Test 0.188 = 0.279 0.804 * 0.280"  6.40 = 2.48 1.95 * 0.63" NA NA
All 0.346 = 0.233 0.863 = 0.181* 5.70 £ 1.72 2.29 = 0.70* 8.62 —2.52
Note.—The corresponding weighting coefficients for dynamic contrast-enhanced MRI parametric images K™ and v_that were
estimated for individual subjects and used to modify PET images (S tyans and By,) are also shown for subjects that were part
of the training set. d,, = Hausdorff distance, DSC = Dice similarity coefficient, NA = not applicable.
* P <.001 when compared with values before correction.
¥ P < .03 when compared with values before correction.

the DSC increased from 0.346 = 0.23 to0 0.863 = 0.18 and the
d,, decreased from 5.70 mm * 1.7 to 2.29 mm =+ 0.70, respec-
tively. This improvement is shown in Figure 4, B, for images of
the four test mice, in which DSC improved with correction from
0.188 * 0.28 to 0.804 * 0.29 (P = .02) and the d,, improved
from 6.40 mm * 2.5 t0 1.95 mm * 0.63 (P=.01) (see Table 2).

Discussion

This preclinical study used EPR as the reference standard for
measuring pO, and hypoxia in comparison with their measure-
ments by using '*F-MISO uptake. Although it is possible to im-
age humans using EPR (12), the need for localized injection of
an oxygen spin probe is still in development and has not yet been
approved by the U.S. Food and Drug Administration. Therefore,
EPR serves as a reference standard of true hypoxia in relation to
clinically applicable *F-MISO PET and DCE MRI.

The overlap between hypoxia as defined by pO, EPR and
E-MISO PET in our entire dataset was modest, with a DSC of
0.346 = 0.23 and a d,, of 5.70 mm = 0.18. Before calibrating
the EPR hypoxia threshold by increasing it to 14 mm Hg to ac-
count for the 4 hours between EPR imaging and PET imaging
(Appendix E4 [supplement]), the DSC and d,, were 0.181 =
0.13 and 5.46 mm * 1.0, respectively. This overlap was much
lower than expected, which prompted the supplementary experi-
ment of evaluating the change in pO, over 5-6 hours (the time
a mouse was typically under anesthesia over the course of the
experiment) in one modality: in this case, EPR imaging.
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The first step in the correction-learning algorithm in Equa-
tion (1) served to transform the pO, EPR image data to TMR
units from the F-MISO uptake. This inverse logistic function
was inspired by the results of in vitro tumor cell studies from pre-
vious studies that show *F-MISO uptake correlating with low
pO, (35). These studies had not been previously modeled with
EPR and "*F-MISO PET. In our data, it was generally observed
that peak TMR voxels corresponded to voxels in EPR between
10 and 15 mm Hg. Voxels below 10 mm Hg had relatively low
TMR values, which seemed contradictory. However, Rasey et
al (35) demonstrated that *F-MISO can have lower uptake in
deeply hypoxic cells; the process of using Equations (1)—(3) at-
tempts to make the corresponding correction.

Because there was a moderate correlation between K™ and
BE-MISO PET in other studies (18), it was expected that the
weighting coefficient for K** would be higher than that for ».
In fact, when looking qualitatively at the K™* histograms in
Figure E5 (supplement), higher values (K™ > 0.25 minutes™)
indicate higher perfusion and vascular permeability in similar
regions on the EPR images, on which higher pO, (14 mm Hg >
pO, > 60 mm Hg) is depicted, and lower values of K™ indicate
hypoxic pO, regions on EPR pO, images.

The lack of consistent weighting coefhcients for K™ and v,
and the variety in histogram distributions (Appendix E6 [supple-
ment]) show that there might not be one optimal coefficient that
would work for every MCa4 tumor, but this might be depen-
dent on other features, such as a low or high hypoxic fraction,
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heterogeneity of hypoxia, or well-perfused regions within the tu-
mor. However, wheg using the mean weighting coefficient val-
ues of Pxtrans and Py, to modify PET in Equation (3) for the
independent test set and the entire dataset, the results produced
improved corrected DSC and dH values, as shown in Figure 4,
Band C, respectively. This meets the primary goal of this study,
which was to define the DCE parameters that may be applied
to the "*F-MISO images without needing the EPR pO, images,
which are unavailable at this time in the clinic. Further studies
are required to understand more correlations among tumor fea-
tures at EPR imaging, PET, and DCE MRI.

Looking more closely at the high outlier value of B ¢rans for
subject 8 and the fact that this value improved after correction
with the averaged weighting coefficients, one might attribute
this effect to the fact that subject 8 had the smallest tumor vol-
ume (167 mm?) when compared with the average tumor volume
(371 mm?®), as shown in Table 1. Another aberrant property was
the discrepancy between the hypoxic fraction as defined by PET,
which was 0.842—the highest of all tumors—and was signifi-
cantly different from the EPR hypoxic fractions of 10 and 14
mm Hg (0.0737 and 0.345, respectively). Images of subject 1,
on the other hand, showed less improvement after correction
with the averaged weighting coefficients. As seen in Figure E3
(supplement), there was a wide distribution of pO, values for
subject 1, and this subject had below-average hypoxic fraction
values (Table 1). The differing properties of these subjects’ tu-
mors may enable a second major aim of this work: definition
of the ¥F-MISO PET and DCE MRI conditions under which
the desired corrections are not reliable. This might indicate con-
ditions under which this correction method will not be useful
or conditions requiring the development of further correction
methods to accommodate such tumors (in this case, a small tu-
mor with overwhelming "*F-MISO uptake like that of subject
8 or tumors with unusually low hypoxic fractions like those of
subjects 1 or 6).

Some of the most interesting properties are from images of
subject 6, with PET images depicting hypoxia that was not de-
tected on EPR images, and from images of subject 3, with EPR
images depicting hypoxia that was not detected on PET images.
Correction changed the DSC of images of subject 6 from 0 to
0.372, which was the lowest overlap for images across all sub-
jects. On the other hand, the DSC for images of subject 3 went
from 0.0419 to 0.969, an even larger improvement.

A possible limitation of this algorithm may be in transfer-
ring it to other animal models; for this reason, ongoing and fu-
ture studies are replicating this imaging sequence with SCC7
squamous cell carcinoma and FSa fibrosarcoma tumor mouse
models. The additional challenge of hypoxia deepening over the
course of the imaging experiment requires the development of a
hybrid EPR/PET imaging system to image hypoxia under the
same physiologic conditions, which was another limitation of
this study. This hybrid EPR/PET system is currently under de-
velopment (36,37).

A limitation in the study design was the lack of immuno-
histochemical validation of hypoxia using pimonidazole or he-
matoxylin—eosin staining to confirm necrosis, which has been
widely used to identify hypoxia ex vivo. However, pimonidazole

staining has been found to be dependent on tumor blood ves-
sels and had low colocalization with HIF1-a expression in some
tumor types (38). Unlike these commonly used ex vivo hypoxia
markers, in vivo EPR imaging has the advantage of not being af-
fected by local pH, enzymatic activity, or cell viability, in part be-
cause the oxygen spin probe remains in extracellular space (39).
However, ongoing and future studies will include immunohis-
tochemistry to further validate the use of EPR as the reference
standard and further validate the use of DCE MRI to model
tumor blood flow and permeability. This type of control could
resolve discrepancies in detecting hypoxia when using *F-MISO
PET and EPR as their use pertains to vasculature properties, ex-
pression of hypoxia markers, and tumor models.

The presented set of experiments serve as a proof of concept
for multimodal oxygen imaging with EPR, ¥F-MISO PET, and
DCE MRI. With an initial correction-learning method, we have
shown the potential for developing an algorithm that can more
accurately show hypoxia on ®F-MISO PET images by using
EPR pO, images as the reference standard in combination with
DCE MR images.
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