THE UNIVERSITY OF CHICAGO

MULTI-MODAL IMAGING OF TUMOR HYPOXIA TO IMPROVE RADIATION
THERAPY

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE BIOLOGICAL SCIENCES
AND THE PRITZKER SCHOOL OF MEDICINE
IN CANDIDACY FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

COMMITTEE ON MEDICAL PHYSICS

BY
INNA HAVA GERTSENSHTEYN

CHICAGO, ILLINOIS
AUGUST 2022



Copyright () 2022 by Inna Hava Gertsenshteyn
All Rights Reserved



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . o e v

LIST OF TABLES . . . . . . e vii

ACKNOWLEDGMENTS . . . . . e viii

ABSTRACT . . . e xi

1

INTRODUCTION . . . o e 1
1.1  Overview of Oxygen Imaging and Hypoxia Thresholds . . . . . . . .. .. .. 2
1.2 Dissertation Objectives . . . . . . . . . . .. L 3
1.3 Dissertation Organization . . . . . . .. . . . .. .. ... ... .. ..., 4

OVERVIEW OF IMAGING MODALITIES . . . .. .. ... ... ... ..... 6
2.1 Electron Paramagnetic Resonance Oxygen Imaging . . . . . . .. ... ... 6
2.2 Positron Emission Tomography and 18F-Fluoromisonidazole . . . . . . . . . 9
2.3 Dynamic Contrast Enhanced Magnetic Resonance Imaging . . . . . . . . .. 11
2.4 Histological Imaging . . . . . . . . . . . ... 14

OXYGEN IMAGE-GUIDED RADIATION THERAPY WITH EPROI: IMPROV-

ING LOCO-REGIONAL CONTROL IN MURINE TUMOR MODELS . . . . .. 16
3.1 Introduction . . . . . . . . ... 16
3.2 Methods . . . . . . . . 17
3.21 EPRImagers . . . . . . . . . 17
3.2.2 Tissues and cell cultures . . . . . ... .. ... ... 18
3.2.3 Animal model, anesthesia, and euthanasia . . . . ... ... .. ... 18
3.24 TImaging . . . . . . . . 18
3.25 DosePlan . . . . . . .. 21
3.2.6  Statistical Analysis . . . . . ... 22
3.3 Results. . . . . . 23
3.4 Discussion . . . . . ... 29
3.5 Conclusions . . . . . . . . . e 32
OPTIMAL THRESHOLD TO DEFINE HYPOXIA WITH FMISO PET . . . .. 33
4.1 Introduction . . . . . . . . .. 33
4.2 Methods . . . . . . . 35
4.2.1 Imaging Preparation . . . . . . ... ... ... 0oL 35
4.2.2 PET and EPR Imagers . . . . . . ... ... ... ... ... ..... 36
4.2.3 Radionuclide Production . . . . . . . ... ... ... ... ... ... 36
4.2.4 Imaging Protocol: Group 1. . . . . . .. . ... ... ... 37
4.2.5 Imaging Protocol: Group 2. . . . . . . . .. .. ... ... 39
4.2.6 Image Preprocessing . . . . . . . . ... Lo 39



4.2.7 Image Analysis . . . . . . . .. 40

4.3 Results . . . . . . . 42
4.4 Discussion . . . . . . . ... e 45
4.5 Conclusions . . . . . . . . e 48
4.6 Appendix: Calibrating the pO9 Hypoxia Threshold with EPROI . . . . . . . 50

5 COMBINING IN VIVO AND HISTOLOGICAL IMAGING TO INVESTIGATE RE-
LATIONSHIPS BETWEEN TUMOR VASCULATURE AND HYPOXIA . . . .. 52
5.1 Introduction . . . . . . . . .. 52
52 Methods . . . . . . . 55
5.2.1 In Vivo Imaging Protocols . . . . . . . .. ... .. ... 55}
5.2.2 Histological Imaging Protocols . . . . . . ... .. .. ... .. .... 56
5.2.3 Image Analysis: In Vivo . . . . . . . . . ... 57
5.2.4 Image Analysis: Fz Vivo . . . . . . . . ... 58
5.3 Results . . . . . . e 60
5.3.1 Spearman Correlations . . . . . .. . .. .. ... ... ... ..., 60
5.3.2 Feature Analysis . . . . . . . ... 62
5.3.3 Comparison In Vivo With Histological Images . . . . . . . . .. ... 63
5.4 DISCUSSION . . . . . ... e 66
5.5 Conclusions . . . . . . . . 68
6 MODELING AND CORRECTING FMISO PET WITH POy AND DCE MRI . . 69
6.1 Introduction . . . . . . . . . .. 69
6.2 Methods . . . . . . . . 70
6.2.1 Image Analysis Part A: Modeling FMISO uptake with pOo . . . . . . 70
6.2.2 Image Analysis Part B: Correcting FMISO Uptake with DCE MRI . 72
6.3 Results. . . . . . . e 76
6.3.1 Part A: Modeling FMISO Uptake with pOo . . . . . . ... ... .. 76
6.3.2 Part B: Correcting FMISO Uptake with DCE MRI . . . .. ... .. 76
6.4 Discussion . . . . . . ... 81
6.5 Conclusions . . . . . . . .. L 83
7 CONCLUSIONS AND FUTURE DIRECTIONS . . . . . ... ... ... .. ... 84
7.1 Summary of Presented Work . . . . . . .. .. ... oL 84
7.2 Conclusions . . . . . . . . . e 85
7.3 Proposed Future Directions . . . . . ... .. ... ... ... ... .... 88
BIBLIOGRAPHY . . . . . 91
LIST OF PUBLICATIONS AND PRESENTATIONS . . . . . ... ... .. .. ... 103
Peer-Reviewed Publications . . . . . . . . . .. . o 103
Proceedings Papers . . . . . . . . oL 104
Oral and Poster Presentations . . . . . . . . . . .. .. ... ... ... ...... 104

v



1.1

2.1

2.2

2.3

24

2.5

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1
4.2

4.3

LIST OF FIGURES

T2-weighted MRI axial slice to delineate a tumor for standard radiotherapy, and
the same tumor slice from EPROI for boost radiotherapy. . . . . .. .. .. .. 2

Overview of EPROI: (A) chemical composition of the oxygen-sensitive spin probe,
(B) relationship between the relaxation rate of the probe’s unpaired electron and
surrounding pOg, and (C) example of a tumor’s oxygen map. . . . . . . . . . .. 8
Example of a PET scanner with a gray phantom in the center, and the origin
of a (A) true coincidence event, (B) scatter coincidence event, and (C) random
coincidence event. . . . . . . . ... 10
Central axial slices of tumors for three murine tumor models (columns) with all
i viwvo image modalities. White arrows point to regions where hypoxia location

does not match between FMISO uptake and low pOy from EPROIL. . . . . . .. 13
H&E stains of tumors used in these studies: from left-to-right, FSa fibrosarcomas,
MCa-4 mammary adenocarcinomas, and SCC7 squamous cell carcinomas. . . . . 14

IHC stains of CD31 and HIF-1a for SCC7, MCa-4, and FSa tumor mouse models. 15

Example tumor coronal slice in three modalities: (A) T2-weighted MRI, (B)
EPROI, and (C) CT. A registration fiducial filled with water and oxygen spin

probe appears in all three modalities. . . . . . . . . . . . ... ... ... . ... 19
TCD curves for FSa (black), MCa-4 (red), and SCC7 (blue) tumor types. . . . . 21
Radiation treatment plans of (A) Hypoxic Boost vs (B) Oxygenated Boost, or
Hypoxia Avoidance Boost. The boost areas of both treatment plans are equal. . 22
Scatter plot of all tumors’ volumes vs. hypoxic fraction, showing no correlation
between the two features. . . . . . . .. ..o 24

Mean and standard deviation of hypoxic fraction, tumor volume, and experiment
duration for each tumor experiment group. Bars are color coded by tumor type. 25
Kaplan-Meier log-rank test by Hypoxic (blue) vs Oxygenated (red) boost treat-
ments for (A) FSa, (B) MCa-4, and (C) SCC7 tumors. Additionally, SCC7 tumors
are subgrouped by EPR imagers operating at (D) 250-MHz and (E) 720-MHz. . 26
Kaplan-Meier curves stratified by low/high HF10 (measured in EPROI) for Hy-

poxic (blue) vs Oxygenated (red) boost treatments. . . . . . . .. ... ... .. 27
Kaplan-Meier curves stratified by low /high tumor volume (measured in T2-weighted
MRI) for Hypoxic (blue) vs Oxygenated (red) boost treatments. . . . . . . . . . 28

Kaplan-Meier curves stratified by short /long experiment duration (hours between
EPROI and radiation therapy) for Hypoxic (blue) vs Oxygenated (red) boost
treatments. . . . . .. L L 29

Summary of Group 1 and Group 2 imaging protocols. . . . . . . . . .. ... .. 35
Left: Scatter plot of one tumor’s voxels with corresponding pO9 and FMISO up-
take values, with the vertical dashed line showing the extablished EPROI hypoxia
threshold at pOo < 10 mmHg. Right: ROC curves (grey) of all SCC7 tumors,
and the mean ROC curve (red). . . . . . ... ... L 41
Example of DSC and d metrics. . . . . . . . ... oo oo 42

v



4.4

4.5

4.6

4.7

4.8

5.1

5.2

9.3

5.4

9.5

5.6

5.7
5.8

6.1

6.2
6.3

6.4

6.5

6.6

Tumor hypoxia overlap between FMISO PET/EPROI for select FMISO uptake
units in SCC7 tumors. . . . . . . . . ..
Overall Hypoxic Similarity (OHS) for all tumor types across Group 2, evaluating
the optimal FMISO uptake threshold using with EPROI-defined pOg < 10 mmHg
as ground truth of hypoxia. . . . . . . . . . .. .. ...
Distribution of OHS for MCa-4 tumors for different imaging protocol groups and
pOg thresholds. . . . . . . . . . .
Summary of the FMISO uptake thresholds (left) with associated maximum OHS
(right) for each uptake unit and tumor type. . . . . . . ...
(A) EPR images of three tumors acquired approximately 1 and 5.5 hours after
the mouse was anesthetized. (B) Scatter plots of the same voxels within each
respective tumor between time points (Hour ~1 on horizontal axis, Hour ~5.5
on vertical axis). . . . . . ...

Models of tracer behavior in (A) DCE MRI with gadolinium contrast agent, (B)
FMISO PET, and (C) EPROI with the oxygen-sensitive spin probe. . . . . . . .
Examples of (A) excised tumor cut in two 5mm sections, (B) the sectioning
protocol, (C) MRI and (D) H&E slices registered to each other, and (E) the
associated slice location in the tumor. . . . . . . .. ... ..o 000000
(A) EPROI and (B) FMISO PET images were used to visualize the (C) hypoxia
classification of TP (red), TN (blue), FP (green), and FN (orange). Classification
regions were applied to DCE MRI images (D) K% and (E) v, for feature
analysis. An example of mean DCE MRI values across regions is shown in (F). .
Spearman correlation coefficients against the hypoxic fraction of each tumor for
FMISO uptake vs DCE MRI (top) and EPR pOs vs DCE MRI (bottom).

Select features of DCE MRI parametric images in hypoxia classification regions.
Asterisks indicate regions significantly different from others, where * = p<0.05
and ** =p<0.01. . . . . ..
SCCT7 tumor axial slices (A) in vivo and (B-D) histological imaging. . . . . . . .
MCa-4 tumor axial slices (A) in vivo and (B-D) histological imaging. . . . . . .
FSa tumor axial slices (A) in vivo and (B-D) histological imaging. . . . . . . . .

Scatter plot FMISO uptake and pOg from EPROI for one SCC7 tumor, with the
three FMISO uptake models superimposed over the raw data. . . . . .. .. ..
Comparison of different logistic function parameters from Model 1. . . . . . . .
(A) Violin plots of RMSD grouped by model. (B) Bar plots of median and
standard error RMSD grouped by model and sub-grouped by tumor type.. . . .
Mean and standard deviation of weighting coefficients of kej and ve across tumor
type and group. . . . . ...
DSC and dg g5 before and after correcting FMISO PET with optimally weighted
DCE MRI parametric images from (A) Group 1 and (B) Group 2 on training,
test, and validation sets. . . . . . . . . . . . ..

Axial slice of an SCC7 tumor’s images in EPROI, PET, and PETM images. The
tumor outline is in magenta, and hypoxia outline is in black. . . . . . . . .. ..

vi

80



3.1

4.1

4.2

4.3

4.4

5.1
6.1

6.2

LIST OF TABLES

Summary of EPR imagers, radiation doses, and number of animals used for each
GTOUD. .+ v v e e e e e e e e e e e

Summary of FMISO-defined hypoxia thresholds across different studies on hy-
poxia PET-guided radiation therapy. . . . . . . . . . ... ... ... .. ...,
Comparison of PET imagers between Group 1 and Group 2. fSiPM: silicon
photomultiplier. IMPPC: multi-pixel photon counter. . . . . . . .. .. ... ..
Comparison of pulse EPR imagers between Group 1 and Group 2. TFBP: filtered
back-projection. . . . . . .. L
Mean + standard deviation values of tumor volume and hypoxic fractions across
imaging protocol groups and tumor types. . . . . . . ...

Description of first-order features. . . . . . . . .. ... ...

Mean weighting coefficients for regions classified as True Negative (TN), False
Negative (FN), False Positive (FP), and True Positive (TP) hypoxic regions by
FMISO uptake. Asterisk identifies a significant difference (p<0.05) in w compared
to other tumor types within classification groups. . . . . . . . . . ... ... ..
Dice Similarity Coefficient (DSC) and Hausdorff Distance (d g g5) before and after
correcting FMISO PET images with weighted DCE MRI parametric images for
training, test, and validation datasets from Group 1 and Group 2. Bold text
indicates that after correction, the DSC or dpy g5 were significantly improved
(p<0.01). . . o

vil



ACKNOWLEDGMENTS

There is a long list of people who played important roles in the completion of this dissertation,
both in my professional and personal life. I would first like to thank my co-advisors Howard
Halpern and Chin-Tu Chen for their guidance in the past five years. I feel very fortunate
to have had the experience of working with such inspiring scientists, who always found time
be great mentors. I would also like to thank my committee members Maryellen Giger and
Brian Roman for their valuable feedback and suggestions during our meetings.

I would especially like to thank everyone involved in the planning and execution of these
complex imaging experiments. Starting with EPROI, Boris Epel developed the ArbuzGUI
software at the Halpern Lab that I used extensively, as well as ran the EPR portion of all
our imaging experiments. Subraman Sundramoorthy also played a large role in developing
the EPR imagers we used in this work as well as portable anesthesia machines with Boris to
help our experiments run more smoothly. FEugene Barth, John Lukens, Kayla Hall, Jenipher
Flores Martinez, and Mellissa Grana were always helpful and flexible in running and trou-
bleshooting experiment protocols and growing the tumor cells. Mihai Giurcanu used his
biostatistics expertise to help write R code for the statistical analysis in Chapter 3.

PET imaging would not have been possible without the cyclotron team: Richard Freifelder,
Anna Kucharski, and Mohammed Bhuiyan. I’d like to thank Aaron Tsai for always prepping
the FMISO dose on time, as well as running the early imaging experiments with Lara Leoni
(who also helped coordinate early experiments), Hannah Zhang, Andrew McVea, Nathanial
Holderman, and Sam Mitchell. A special thanks to Heejong Kim for running his custom-built
PET machine. Chien-Min Kao was also integral to my learning about PET imaging and
kinetic modeling; he is the PI (with Boris Epel) on the project that led to the development
of the hybrid PET/EPR imager that was so important to the success of this work.

For MRI, Erica Markiewicz, Marta Zamora, and Xiaobing Fan collected and processed

all the T2-weighted and DCE MRI data, and over the years Brian Roman has worked on

viil



perfecting the CEST MRI protocol that will be used in the near future. Chats with Greg
Karczmar solidified my understanding of DCE MRI.

Marta Zamora and Hannah Zhang taught me about prepping a tumor sample for histol-
ogy. Terri Li and Can Gong helped me develop the right methodology for IHC staining, and
Christine Labno and Shirley Bond digitized the slides. Dr. Nicole Cipriani took time out
of her busy schedule as a pathologist to validate (and just as often invalidate) our findings
from H&E and THC staining.

I'd also like to thank the undergraduate and high school students who I mentored over
the past few years who made some contributions while learning about medical imaging and
coding: Amandeep Ahluwalia, Meghan Xiang, Chloe Burns-Krul, and Ethan Richardson.

Clearly a huge number of people were involved in these imaging studies, though I must
also thank all the mice that sacrificed their lives for us to learn about a horrific disease and
how to better image and treat it.

[ would like to thank Elena Rizzo, Julie Hlavaty, Ruth Magana, Hoang Ngo, Maya Suraj,
and Lili Gonzalez for their administrative assistance and refreshing chats, and Fauzia Arif
for helping me get my F31 through the complex NIH system. I would also like to thank all
the professors in the GPMP who gave me such a strong foundation in medical physics and
imaging, and to Tim Carroll, Sam Armato, and Hania Al-Hallaq for mentoring me during
first year research rotations.

My classmates Brittany Broder, Jordan Furhman, and Isabelle Qu were always wonderful.
I would like to especially thank the three of them as well as all other current and former
members of the GPMP. I will always look back fondly on the lunch/coffee breaks, walks to
the duck pond, journal clubs, and complaining sessions we all shared. 1 would NOT like
to thank the ankle I fractured and dislocated in 2019, or the pandemic, but I know that
those events would have been much worse experiences without the collective friendship and

support of my fellow students.

1X



Of course I must mention the lasting friendships I’'ve made with Scott Trinkle, Talon
Chandler, and Andrew McVea, who by now have already moved on to the next chapter of
their careers. We are all still part of Quarantine Movie Club, which started at the beginning
of the pandemic in 2020. We just watched our hundredth movie.

However, the biggest thanks goes to Zion Rodman, my partner since 2015. Zion is always
a loving comfort after a long day. When I walk up the stairs to our apartment and hear his
music, and open the door to see our cats Obie and Poosh, I know that the rest of the day
will be filled with warmth and positivity. I could not have completed this PhD in one piece
without his presence, and him moving to Chicago with me has meant the world.

Finally, I want to thank my parents Bella and Michael, and my sister Rachel, for always
supporting me and offering refuge at home. Along with my grandparents, aunts, uncles, and
cousins, my whole family has always encouraged me to pursue a life in science. This work

would not have been possible without their upbringing.

This work was supported by funds from the National Institutes of Health under grants
RO1CA098575, RO1CA 236385, P30CA014599, P41EB002034, S100D025265, RO1EB029948,
R44CA224840, T32EB002103, and F31CA254223.

X



ABSTRACT

Hypoxic tumors are associated with poor patient prognosis because hypoxia leads to angio-
genesis, metastasis, and resistance to chemotherapy and radiation therapy. This dissertation
explores imaging modalities to accurately measure and locate tumor hypoxia to improve
radiation therapy.

We used three tumor murine models of squamous cell carcinomas (SCC7), mammary
adenocarcinomas (MCa-4), and fibrosarcomas (FSa) for electron paramagnetic resonance
oxygen imaging (EPROI), 18F_Fluoromisonidazole positron emission tomography (FMISO
PET), dynamic contrast-enhanced magnetic resonance imaging (DCE MRI), and histological
imaging.

The theme of this dissertation is using EPROI as an in vivo validation of absolute pOa,
which is traditionally an invasive and discretely measured task. For now, EPROI is generally
a preclinical imaging tool that is rarely available in the clinic. However, we can compare
measurements from EPROI to the more clinically available modalities, like FMISO PET and
DCE MRI, to develop tools to improve their accuracy. This was accomplished in four parts.

First, we used EPROI to demonstrate the effectiveness of delivering a radiation boost to
more resistant hypoxic tumor regions, while minimizing radiation dose to oxygenated tumor
regions and surrounding healthy tissue. Local tumor control probability improved by at least
a factor of two when comparing hypoxic versus oxygenated boost treatment groups. These
experiments in oxygen-guided radiation therapy show immense promise in minimizing dose
while improving radiation therapy outcomes.

While EPROI has a clear threshold to define in vivo hypoxia (pOg < 10 mmHg), there
is presently no unifying threshold to define hypoxia with FMISO PET. Here we identified
optimal FMISO uptake thresholds to define hypoxia with a custom-built hybrid PET/EPR
machine for near-simultaneous hypoxia imaging, using EPROI as ground truth to define
tumor hypoxia. The optimal thresholds varied by tumor type, and on average had a 68-73%

x1



similarity between hypoxic volumes defined by FMISO PET and EPROL

DCE MRI identified features of tumor vasculature and extracellular-extravascular space
that may pinpoint where and why FMISO PET was not as accurate as EPROI in locating
tumor hypoxia. EPROI determined where FMISO PET correctly classified or misclassified
voxels as normoxic or hypoxic. Additionally, histological images of axial tumor slices stained
with H&E validated tumor boundaries and necrosis, and THC stains of the hypoxia inducible
factor 1o (HIF-1a) and vasculature with CD31 were compared to registered in wvivo slices.

Tying all in vivo imaging modalities together, different methods of modeling and correct-
ing FMISO PET with pOg and DCE MRI were evaluated. A newly developed logistic model
was implemented in a correction algorithm that combines FMISO PET with optimally-
weighted DCE MRI parametric images to improve the accuracy of hypoxia location. This
work sets up future experiments that may use corrected FMISO PET images to locate tumor
hypoxia for oxygen image-guided radiation therapy originally done with EPROI.

The presented research is a step toward improving radiation therapy methods and out-
comes for patients with hypoxic tumors. Throughout, we demonstrate tumor-type depen-
dence of the accuracy of FMISO PET and highlight the effectiveness of oxygen-guided radi-

ation therapy in improving local tumor control.
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CHAPTER 1
INTRODUCTION

Hypoxia is an inadequate supply of oxygen, which causes resistance to chemo- and radiation
therapy in solid tumors and lead to angiogenesis, metastasis, and aggressiveness of the cancer
[1]. Therefore, hypoxic tumors are generally associated with poor patient prognosis [2]. The
prognostic value of tumor hypoxia has been demonstrated in cervical cancers [3—7], head and
neck cancers [8, 9], lung cancers [10, 11] and soft tissue sarcomas [12, 13]. Because hypoxic
status is independent of a tumor’s histology, size, grade, or stage, functional imaging is
necessary to quantify and locate the extent of hypoxia. The ability to accurately measure
and locate tumor hypoxia with non-invasive imaging — the topic of this dissertation — has
the potential to improve radiation therapy. Yet even though the topic of low oxygenation
and radiation sensitivity has been identified since the early 1900s [14-16], and the 2019 Nobel
Prize in Physiology or Medicine was awarded to three hypoxia researchers, there is still no
widely accepted method that is clinically available for accurate in vivo hypoxia imaging.

Accurately locating tumor hypoxia would provide the opportunity to deliver a radiation
boost to more resistant hypoxic tumor regions, while minimizing radiation dose to oxygenated
tumor regions and surrounding healthy tissues that are more sensitive to radiation [17, 18].
Recent clinical trials observed no difference in toxicities between patients who received a
boost dose to hypoxic tumor subregions identified by high FMISO uptake and patients who
received standard radiation therapy [10, 19]. This indicates that such boosts may be safely
administered if organs at risk are identified and their maximum radiation dose tolerances
are observed. Therefore, dose escalation to hypoxic subregions has the potential to reduce
harmful side effects to the patient by lowering the overall dose deposited (e.g. by delivering
a low dose to the whole tumor and a high dose to a subset of the tumor instead of the high
dose to the whole tumor, shown in Figure 1.1).

Correctly identifying thresholds of hypoxia with different imaging modalities, tracers, and
1



tumor models remains a challenge today. This work is an exploration of imaging and treating
tumor hypoxia in several preclinical models and modalities to work towards improved oxygen

image-guided radiation therapy.

C _
T2-weighted MR| # Standard radiation therapy
plan: high dose to whole
¢ & tumor
Tumor D

— N\

- -
Hypoxia

Boost radiation therapy
plan: to whole
tumor, high (boost) dose
to hypoxic tumor region

Figure 1.1: (A) T2-weighted MRI axial slice of a tumor, and (B) the same slice of pOg
EPROI, with the tumor contoured in magenta. (C) Example of standard radiation, delivering
a high dose to the whole tumor, and (D) boost radiation therapy guided by oxygen images,
with a low dose delivered to oxygenated tumor regions and a high dose to hypoxic tumor
regions.

1.1 Overview of Oxygen Imaging and Hypoxia Thresholds

The enormous complexity of living systems can confound measurements of oxygen since
they depend on the intrinsic accuracy (i.e. oxygen resolution) of the measurements, the
volume to which individual measurements are sensitive (spatial resolution), and the sources
of confounding physiological variation that affect the measurement of the molecular oxygen
concentrations. Imaging molecular oxygen content further complicates the process.

The partial pressure of oxygen (pOs) is an absolute measurement, with some uncertainty,
2



of oxygen in vivo. As oxygen moves from the blood plasma (a source) to the mitochondria
(a sink) by diffusion, a gradient is formed, with pressure lower at the sink than at the
source [20]. The difference in pOg, and therefore the gradient, increases with the rate of
oxygen consumption within a cell. While in vitro cellular measurements describe the 50%
onset of radiation resistance to radiation at ~2.5 Torr (= mmHg), in vivo tissue and tumor
measurements have clustered about 10 mmHg [21, 22]. In vivo, malignant well-oxygenated
cells have pO9 values between 10 and 60 mmHg.

As the field progresses from in vitro cell studies to preclinical in vivo experiments across
animal models and modalities before applying novel imaging and treatment techniques in
humans, it is important not to assign a universal threshold of hypoxia to any tissues, cells,
microvessels, etc. Relevant thresholds and their onsets vary depending on the physiological
process being studied and how those measurements are taken. For example, in vivo ex-
periments of tissue determine that critical pOg is between 8 and 10 mmHg, while in vitro
experiments on cytochromes determine 0.02-0.07 mmHg as the critical threshold. We must
keep these differences in mind as we progress towards applying our newfound knowledge to

the clinic to improve patient care and outcome.

1.2 Dissertation Objectives

This dissertation focuses on two modalities for directly and indirectly imaging oxygen: elec-
tron paramagnetic resonance oxygen imaging (EPROI) and I8F_Fluoromisonidazole positron
emission tomography (FMISO PET). While EPROI is a faster and more accurate method
of imaging absolute pO9, where hypoxia is defined by pOo < 10 mmHg, it is not yet widely
available in the clinic. FMISO PET is clinically available, and the most affordable and
commonly used hypoxia radiotracer to date [23], though with limited accuracy.

Additional imaging in this work includes T2-weighted magnetic resonance imaging (MRI)

to delineate malignant tumor from healthy tissue, and dynamic contrast-enhanced (DCE)
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MRI to model parametric images of K" (vascular perfusion and permeability) and v (the
fractional extracellular-extravascular space) throughout the tumor. Supplementary histolog-
ical imaging with hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining
was done to investigate the tumor microenvironment on a microscopic scale.

Though the presented research uses preclinical tumor models, the end goal is to show the
effectiveness of dose escalation to hypoxic tumor regions. This has been achieved in three

mouse tumor models with four specific objectives:

1. Demonstrate improved local tumor control using oxygen image-guided radiation ther-

apy with EPROI.

2. Identify the optimal threshold to define hypoxia with FMISO PET, using EPROI to

establish ground truth.

3. Compare relationships between tumor vasculature and hypoxia across tumor types

with DCE MRI, FMISO PET/EPROI, and IHC staining.

4. Model and correct FMISO PET with EPROI and DCE MRI to improve the accuracy

of locating tumor hypoxia.

The novelty of this dissertation is in the use of EPROI as an in vivo validation of true
hypoxia. Traditionally, validating hypoxia is done invasively with Eppendorf needles or
ex vivo with pimonidazole, which introduces several confounding factors. Because differ-
ent tumor types also play a potential confounding role, three syngeneic tumor models are
evaluated: SCC7 squamous cell carcinomas, MCa-4 mammary adenocarcinomas, and FSa

fibrosarcomas.

1.3 Dissertation Organization

Chapter 2 gives a technical overview of the modalities used in this dissertation: EPROI,

FMISO PET, DCE MRI, and histological imaging. While this chapter offers a brief intro-
4



duction of each modality, the curious reader is encouraged to read the curated references for
further details.

Chapter 3 gives an overview of oxygen image-guided radiation therapy with EPROI in
three tumor types and two EPR imagers. These experiments were carried out between 2015-
2022, and demonstrate the benefit of directing a radiation boost to hypoxic tumor regions.
Using Kaplan-Meier survival analysis, we show increased local control for tumors in the
Hypoxic Boost treatment group compared to the Oxygenated Boost treatment group. We
also identified tumor properties for which a Hypoxic Boost treatment may not be appropriate.

Chapter 4 addresses inconsistencies in the literature in defining tumor hypoxia with
FMISO PET among research groups, which may affect dose planning and treatment outcome.
A custom-built hybrid PET/EPR machine was used to image and calculate the optimal
FMISO thresholds to define hypoxia for each tumor type, using EPROI to define the ground
truth of hypoxia. These thresholds serve as the basis to define hypoxia using FMISO PET
throughout the dissertation.

Chapter 5 quantifies the relationships between tumor vascular properties modeled with
parametric images from DCE MRI with hypoxia images from EPROI and FMISO PET. In
vivo images were validated by histological imaging, using H&E staining to identify necrotic
regions, and IHC staining for hypoxia inducible factor 1o (HIF-1a) expression, and cluster
of differentiation 31 (CD31), which stains endothelial cells of blood vessels.

Chapter 6 compares two models to model FMISO with pOs, and describes the develop-
ment of a correction algorithm that combines FMISO PET and DCE MRI to make FMISO-
defined hypoxia images more accurate in locating tumor hypoxia, again using EPROI to
define the ground truth of hypoxia. Ideally, this model can potentially be utilized in the
clinic with PET /MR imaging to improve patient prognosis.

To close, Chapter 7 offers a summary of the dissertation and concluding remarks, and

suggestions on future work that can strengthen our understanding of tumor hypoxia imaging.



CHAPTER 2
OVERVIEW OF IMAGING MODALITIES

Here we describe the basic principles of EPROI and PET, a more clinically-relevant imaging
modality with hypoxia radiotracers. The fundamentals of other imaging modalities utilized
in this dissertation, including T2-weighted and DCE MRI and histological staining, will also

be discussed in this chapter.

2.1 Electron Paramagnetic Resonance Oxygen Imaging

Previous hypoxia measurement techniques include the use of an Eppendorf electrode to
measure partial pressure of oxygen, pOsg [24]. Studies using the Eppendorf probe to provide
dozens of samples from several human cancers determined that the hypoxia and low pO9 can
be used as a predictor of the success or failure of radiation treatment [3, 25, 26]. However,
the Eppendorf probe is an invasive method of blindly measuring pOo. EPROI is a relatively
new imaging modality that accurately measures pO9, and has shown promising results for
oxygen image-guided radiation therapy in preclinical studies.

The relationships between energy, the magnetic moment, and the magnetic field are sim-
ilar in EPR and nuclear magnetic resonance (NMR) in their dependence on the particle
mass. Because the mass of an electron is approximately three orders of magnitude smaller
than the mass of a proton, the magnetic field strength of an EPR imager is reduced to 9-40
mTesla, rather than the 1.5-9.4 Tesla field strength used in MRI. Therefore, EPR imagers
are significantly lighter, more affordable to build and maintain, and have no possibility for
harmful or even fatal accidents compared to MRI [27]. Nevertheless, EPROI is accompa-
nied by T2-weighted MRI, which provides high resolution anatomical contrast to define the
boundaries of tumours, or other structures of interest, registered with EPROIL.

In MRI, the main magnetic field aligns the abundant water hydrogen nuclear spins in



one direction as a net magnetization. Without this main magnetic field, the proton spins
are randomly oriented. A second magnetic field disturbs the proton spins by a pulse of
electromagnetic energy, which induces transitions between energy levels. Because the lower
energy level is more populated, there is a net absorption of energy creating a population
excitation [28]. A pulse response imager measures the time it takes for those disturbed spins
to relax to their undisturbed orientations (also called the relaxation rate) over microsecond
time intervals with 10’s of kilohertz repetitions [29]. The excitations take place in a series
of magnetic field gradients, which causes the absorption to occur at different, identifiable
locations and transforms that information into an image [30, 31].

Unlike MRI, EPR imaging measures unpaired electron spins of dissolved and diffusible
molecules [32]. These are scarce in biological systems since free metals like iron and copper
catalyse chemical reactions. These transition metal unpaired electron spins are bound in
carrying proteins or enzymes, and are not measurable at low EPR frequencies at biologically
relevant temperatures [33]. The exception is molecular oxygen (Os), which is free to diffuse
in living tissues. Og bears two unpaired, rapidly relaxing electrons. The relaxation is too
fast to directly measure; therefore, an oxygen spin probe must be introduced into the system
in question [32, 34].

Each spin probe (e.g. OX063-d24 in Figure 2.1A) contains a relatively stable unpaired
electron that interacts with the two unpaired electrons of oxygen molecules [36]. The EPR
imager can detect the relaxation rates of the spin probes, and how their relaxation rates
change in the presence or absence of oxygen [37, 38]. There is a linear relationship between
the relaxation rate of the spin probe and pOg, where surrounding low pOg corresponds to a
low relaxation rate, and high pOsg corresponds to a high relaxation rate (Figure 2.1B). The
spin-lattice relaxation rate is independent of spin probe concentration. Therefore, regardless
of how well or poorly perfused a tumor region is — which may affect spin probe concentration

— the relaxation rate would not confound measurements by interacting with itself [33].
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Figure 2.1: (A) Chemical structure of oxygen spin probe OX063-d24, which is infused into
the mouse via tail vein. (B) The relaxation rate of the spin probe is higher for high pOy and
lower for low pOg. (C) Tomographic reconstruction shows a 3D quantitative distribution of
pO2 in the tumor, where pOgy voxels < 10 torr (=mmHg) show hypoxia (blue). This figure
originally appeared in Gertsenshteyn et al. [35]
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Overall, the signal-to-noise ratio (SNR) of the system varies with the number of spins in
that voxel, and higher SNR leads to a higher spatial resolution of the image. Currently, the
range of spatial resolution in EPR is 1-5mm with the higher resolution at lower pOs.

In a 250-MHz (a low frequency) pulse EPR imager, a trityl spin probe (OX063-d24)
as shown in Figure 2.1A is useful for oxygen imaging in wvivo because of its strong signal
and low toxicity [39, 40]. Once injected into the mouse tail vein, the probes diffuse in the
extracellular fluid compartment of the tumour, where the clearance half-life is 20-30 min,
while the clearance half-life in the blood stream is 2-5 min [41] due to enhanced permeability
and retention [42]. The original in vivo pulse EPR pOs imaging technique is due to the group
of Murali Krisha at the National Cancer Institute [43].

Multiple projections of the spin probes’ relaxation rates are acquired in the EPR imager



to generate a three-dimensional image (Figure 2.1C), where each voxel corresponds to an
average pOg value. The heterogeneity of hypoxia within the tumour shows the importance
of imaging the entire volume, rather than just one- or two-dimensional measurements [44].
Fiducial-based registration of the EPR image to an anatomical CT or MR images is necessary
to define anatomical boundaries.

In general, EPR imaging has the advantage of a high quantitative accuracy, with un-
certainty less than 1 Torr in the range of 1-10 Torr [37, 39]. This makes EPROI ideal
in differentiating hypoxic vs. well-oxygenated regions. EPR imagers also have different
penetration depth abilities depending on their frequency, which ranges from 0.2 to 1 GHz.
Imaging at a lower frequency, such as 250 MHz, has an 8 cm penetration depth [45], which
is advantageous to quantitative imaging of larger animals [41, 46]. High frequency EPR
oximetry at 1.2 GHz has a penetration depth at 5~10mm, which is limited to small animal
imaging or peripheral anatomy. The tradeoff, however, is that the sensitivity of an EPR
instrument increases with increasing frequency (1) as 198 [46, 47], so the SNR is sacrificed

for a higher penetration depth.

2.2 Positron Emission Tomography and !®F-Fluoromisonidazole

Positron emission tomography (PET) is used for functional imaging. The most common PET
radiotracer is ®F-Fluorodeoxyglucose (FDG), which binds to cells with metabolic activity
and is used for diagnosing, staging, and treating cancer, among other diseases. PET imaging
utilizes a positron-emitting radionuclide as a tracer with an intravenous or intraperitoneal
injection.

As the PET radioisotope decays, it emits a positron, which travels some millimeters
(depending on the radioisotope) through tissue. Once the positron loses enough energy
to local ionizations, it undergoes mutual annihilation with an electron, which leads to a

pair of 511 keV photons emitted 180° from each other [48]. The coincidence photons are
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detected within a specified energy range and timing window. However, in addition to true
coincidence events, there can be scatter and random coincidence events that can result in
incorrect positional information and contribute to a loss of contrast [48]. Figure 2.2 shows

an example of each event.

True coincidence Scatter coincidence Random coincidence

Figure 2.2: Example of a PET scanner with a gray phantom in the center, and the origin
of a (A) true coincidence event, (B) scatter coincidence event, and (C) random coincidence
event.

Image resolution is fundamentally limited by different factors, primarily the detector
crystal size and the positron range of the random path it travels before annihilation [49].
The smaller the individual detectors, which typically comprise of a scintillator coupled to a
photodetector, the better the intrinsic resolution of the PET scanner. However, the monetary
cost increases with the number of detectors arranged into a ring around the subject, and
the number of rings. Due to the small size of preclinical scanners, PET image resolution
can be on the order of 1-2 mm. Typical clinical scanners generally have resolution of about
4-5 mm, which is suboptimal for detecting small tumors. The main advantage to using 18F
as the radiolabel is that it has the lowest positron range (mean range = 0.6 mm) compared
to other radiotracers (mean ranges for He 13N, 150, 8Ga are 1.1, 1.5, 2.5, and 2.9 mm,
respectively) [50].

Several radiotracers are available to image with PET to assess hypoxia, though the most

widely used radiotracers for clinical cancer studies is FMISO, a nitroimidazole compound
10



radiolabeled with 18F. The 18F radionuclide has a 110-minute half-life, and the misonidazole
biological half-life is 50 minutes [51]. Misonidazole can be reduced to a radical anion by
cellular electron donors and enzymes in either oxygenated or hypoxic cells [52]. In the
absence of oxygen, once the nitroimidazole enters a hypoxic cell the radical anion can undergo
further reduction and local molecular binding. This binds the nitroimidazole inside the cell.
In the presence of oxygen, the reduced nitro group can be oxidized back into the original
substance by Og and diffuse away [53]. There is also evidence that increased production and
decreased excretion of the glutathione conjugate of reduced FMISO contributes to FMISO
accumulation in tumor cells under hypoxic conditions [54].

Within 2-4 hours, FMISO accumulates in hypoxic cells and the radionuclide can be
detected by PET imaging systems. However, there is still ongoing work to identify the
dependence on tumor type, which may be a confounding variable [55, 56]. There is also
minimal research on the utility of FMISO PET imaging in pediatric patients, who would
significantly benefit from dose painting and sparing nearby organs at risk. There is also
controversy between whether the pharmacokinetics and distribution of FMISO are affected
by the immature and disorganized tumour microvasculature, which could also prevent the

tracer from reaching hypoxic regions far from capillaries.

2.3 Dynamic Contrast Enhanced Magnetic Resonance Imaging

DCE MRI is generally used for non-invasive characterization of tumor vasculature structure
and function, treatment response, and more recently for drug development [57]. In the
absence of clinically-available high-resolution in wvivo modalities to image hypoxia, several
studies have attempted to use DCE MRI as a surrogate to characterize tumor hypoxia [58,
59]. However, using DCE MRI to assess hypoxia has had variable results, likely contributed
by the cyclical nature of acute hypoxia and the positive feedback loop of hypoxia-induced
angiogenesis.

11



A T1-weighted sequence is used for DCE MRI to model K% and v, which are derived
from the Tofts model [60]. The transfer constant K% characterizes the diffusive transport
of low-molecular weight contrast agent (CA) chelates across the capillary endothelium [60]
and is related to capillary permeability, surface area, and perfusion. The CA is some form
of gadolinium, in this case gadodiamide (Omniscan, GE Healthcare). The fractional volume
ve of the extravascular extracellular space (EES) is also measured [61]. In animal studies,
high v can indicate necrosis [58]. Dividing K™% by v, results in kep, the rate constant for
the reflux of the CA from the EES back into the vascular system.

In the 9.4 Tesla small animal imager, these images have submillimeter resolution. 128
frames of T1-weighted images are acquired every 5 seconds before and after a bolus injection
of the CA. The spin-lattice relaxation time is reduced by the presence of the CA, which
creates a contrast between voxels over time. Over each voxel, these intensity curves are fit
for each voxel to calculate K7 and .

Figure 2.3 shows an example of central axial slices of all three tumor types in all modali-
ties: T2-weighted (T2W) MRI, FMISO PET, EPROI, Ktrans and v,. In the MCa-4 tumor
(left), the white arrow points to a necrotic region where EPROI shows hypoxia with low
pOa2, but no FMISO uptake. The DCE MRI regions that overlap with FMISO PET are
low K975 and high v.. However, the area that EPROI confirms is hypoxic has a very high
kep (kep = K5/ y.). The FSa tumor (center) is well perfused with low FMISO uptake
and high pOy 2. The SCCT7 tumor (right) again shows a white arrow pointing to a region
of mismatched hypoxia identification in FMISO and PET, though without any apparent
necrosis shown in T2W MRI. This shows the inconsistencies across tumor types in features

of FMISO PET/EPR/MRL.
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Figure 2.3: Central axial slices of tumors for three murine tumor models (columns) with all
in vivo image modalities. White arrows point to regions where hypoxia location does not

match between FMISO uptake and low pOo from EPROI.
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2.4 Histological Imaging

Hematoxylin and Eosin (H&E) staining has been used by pathologists for over a century.
Hematoxylin stains cell nuclei blue, and Eosin stains the extracellular matrix, cytoplasm and
other structures varying shades of pink. Under a microscope, H&E stains can give a clear
picture of lesion boundaries and disease types.

For example, Figure 2.4 shows H&E stains of three tumor types studied in this disserta-
tion. The FSa fibrosarcomas murine model has a heterogenous tumor cell density and many
instances of necrosis. MCa-4 mammary adenocarcinomas consisted of large stromal and vas-
cular structures throughout the tumors. SCC7 squamous cell carcinomas had densely packed
tumor cells and microvasculature. These features would be invisible with in vivo imaging
due to resolution limitations, but are important in interpreting potential causes of success

or failure of certain regimens.

Figure 2.4: H&E stains of tumors used in these studies: from left-to-right, FSa fibrosarcomas,
MCa-4 mammary adenocarcinomas, and SCC7 squamous cell carcinomas.

IHC involves the process of selecting antibodies that bind specifically to antigens, or pro-
teins. To reduce nonspecific binding and maximize signal-to-noise ratio, antibodies should
be derived from a different animal model than the one being studied. In this work, two im-
munostains are used to supplement H&E. Cluster of differentiation 31 (CD31) demonstrates
the presence of endothelial cells. The degree of tumor angiogenesis, the chaotic formation
of new blood vessels, can be determined with CD31. Hypoxia inducible factors (specifically

HIF-1a) are activated by hypoxia, which promote tumor regrowth. It would be expected
14



that around hypoxic subregions and the edges of a growing tumor would express HIF-1a.

Figure 2.5 shows examples of these IHC stains across tumor types, where dark brown shows

the staining over blue cells.
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CHAPTER 3
OXYGEN IMAGE-GUIDED RADIATION THERAPY WITH
EPROI: IMPROVING LOCO-REGIONAL CONTROL IN
MURINE TUMOR MODELS

3.1 Introduction

In the infancy of understanding the effects of radiation, Schwarz observed that reduced
blood flow protected living tissue (his own skin) from toxicity [16]. By the time Crabtree
and Cramer [15] observed variations in sensitivity in tumor cells and Thomlinson and Gray
[14] identified hypoxic rims in bronchogenic human carcinomas as the source of radiation re-
sistance in cancer treatments, hypoxic resistance to radiation had been identified in virtually
all living tissue. The factor of three oxygen enhancement ratio for X-ray radiation in cellular
systems led to an enormous effort to exploit the hypoxic compartment with British Hyper-
baric Oxygen Trials [62] and the development of hypoxic sensitizers [63]. Despite indications
of enhanced efficacy [64], difficulties in radiation delivery with hyperbaric oxygen and the
toxicity of sensitizers has diminished enthusiasm for application. A new wave of experiments
in delivering oxygen-loaded microbubbles to improve radiosensitivity are promising, though
presently results show delayed tumor growth rather than cure [65, 66].

A challenge in the field has been accurately imaging tumor hypoxia to improve treatment
planning. EPROI is an imaging modality that accurately measures the partial pressure of
oxygen (pO2) and has shown promising results to optimize preclinical oxygen image-guided
radiation therapy. The assumption that all solid tumors have clinically relevant hypoxia may
not be correct [67-69]. Therefore, it is imperative to study tumor oxygen physiology across
several tumor types, as well as the response of hypoxic tumors to various radiation therapy
regimens.

A previously published study by Epel et al. [39] was the first mammalian demonstration
16



that selective hypoxia targeting significantly improves loco-regional tumor control. Mice
were randomly assigned to a Hypoxic Boost versus a control Oxygenated Boost treatment
in FSa fibrosarcoma murine tumor models. A 20% tumor control dose (TCD20%) was
delivered to the whole tumor, followed by a 13 Gy boost dose at TCD95% to either hypoxic
or oxygenated regions within the tumor. The study showed a significantly higher local tumor
control probability (p=0.04) for tumors treated with a Hypoxic Boost (60% probability) vs
Oxygenated Boost (29% probability) 90 days after treatment.

The present work repeated this study in oxygen image-guided radiation therapy with
MCa-4 mammary adenocarcinomas, and SCC7 squamous cell carcinomas. Further insight
is provided into the oxygen physiology across tumor types through subgroup analysis of the
randomized experiments. The promising results of this work that has spanned almost a

decade is the foundation and motivation for the rest of the dissertation.

3.2 Methods

3.2.1 FEPR Imagers

Two EPR imagers were used for oxygen image-guided radiation therapy. The lower-frequency
EPR system (LF-EPR) operates at 250-MHz (~9mT) and allows for a higher penetration
depth accessible to human imaging. The JIVA-257M (O2M Technologies, Chicago, IL)
operates at 720 MHz (~25mT), and generates images at higher SNR while using a lower
volume of the costly oxygen-sensitive spin probe, at the expense of penetration depth but
suitable for lesions close to the surface of the skin. The oxygen spatial resolution is ~1.4

mmHg with the LF-EPR, and ~1 mmHg with the JIVA-2574
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3.2.2 Tissues and cell cultures

Syngeneic FSa fibrosarcoma, MCa-4 mammary adenocarcinoma, and SCC7 squamous cell
carcinoma tumor cells were obtained from the M.D. Anderson Cancer Center. The harvested
cells were suspended in 0.1-4.0x10% cells in modified Eagle medium with 10% fetal bovine
serum and injected in the gastrocnemius muscle of the left leg of the mice. Tumors were
used for imaging and treatment once grown to a radiobiological relevant volume between

225-450 mm3, as defined by T2-weighted MRI.

3.2.8  Animal model, anesthesia, and euthanasia

Animal experiments followed U.S. Public Health Service policy, NIH Guide for the Care
and Use of Laboratory Animals, and were approved by the Institutional Animal Care and
Use Committee. Mice were observed frequently, and were euthanized and removed from the
study if they exhibited signs of infection or injury to minimize pain and suffering. Table 3.1
summarizes the number of tumors that were imaged and treated for tumor hypoxia.

At the time of imaging and treatment assignment, the mice were ~12 weeks old. Tumor
volumes were within radiobiological range at 350 & 60 mm?®. Anesthesia was induced using
2% isoflurane mixed with air (21.5% oxygen and 78.5% nitrogen) and maintained with 1.5%
isoflurane and air, administered with a mask. Respiration rate was maintained at approx-
imately 1.5Hz, which was used to guide anesthesia depth, and core temperature was kept
at 37°C. Following the completion of experiments, euthanasia was performed with isoflurane

overdose or CO9 asphyxiation, confirmed by cervical dislocation.

3.2.4  Imaging

The mouse was anesthetized to prepare for imaging, and its leg-bearing tumor was immobi-
lized in a soft rubber half-circumferential vinyl polysiloxane dental mold cast (GC America)

designed to fit into a 3D printed plastic support bed. This ensured the leg would be con-
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Table 3.1: Summary of EPR imagers, radiation doses, and number of animals used for each
group.

FSa MCa-4 SCCT7 SCCT7
EPR operating frequency 250-MHz 250-MHz 250-MHz 720-MHz

Whole tumor dose 22.5 Gy  49.9 Gy 48 Gy 48 Gy
Boost dose 35.5 Gy  62.9 Gy 61 Gy 61 Gy
N Hypoxic Boost 21 26 24 18
N Oxygenated Boost 16 22 21 22
N Total 38 48 45 40

sistently immobilized between imaging modalities: MRI, EPROI, and CT. Figure 3.1 shows

an example of one tumor’s images in all three modalities, registered to the same space.
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Figure 3.1: Example tumor coronal slice in three modalities: (A) T2-weighted MRI, (B)
EPROI, and (C) CT. A registration fiducial filled with water and oxygen spin probe appears
in all three modalities.

T2-weighted MRI provided images of tumor contrast used in localized targeting for
curative radiation therapy, which were acquired using a 9.4 Tesla small animal scanner
(Bruker, Billerica, MA, USA) using a multislice RARE sequence. Reconstructed images had
0.1x0.1x0.75 mm? voxel resolution. If the tumor was determined suitable for treatment (with
a localized tumor volume between 225-425 mm3), the mouse was recovered from anesthesia
to await tail-vein cannulation for further imaging and treatment. Mice tolerated the cast
well while awake.

The pO9 image from EPROI was used to locate the hypoxic regions within the tumor, de-
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fined by pO2 < 10 mmHg. EPR pOs images were acquired with pulse spin-lattice relaxation
oxygen imaging using a low-frequency 250-MHz pulse EPR imager and the higher-frequency
720-MHz pulse EPR imager (JIVA-257M). 135 pul of an 80mM OX63-d24 (also named
OX071) oxygen measuring spin probe (0.43 mmols/Kg) was used for EPROI [70].

An image of the fiducials was first acquired for registration purposes. The OX071 probe
was injected as an intravenous bolus followed by 3.5 pl/min continuous infusion. Three EPR
images of tumor pOy were acquired while the oxygen spin probe was infusing throughout
the body into the tumor. The first image confirmed the presence of the spin probe, and
the second and third images confirmed its stability of the central location of hypoxia. Each
pO29 image acquisition took 11 minutes with the 250-MHz EPROI system (total 33 minutes),
and 5 minutes with the JIVA-251M system (total 15 minutes). The second pOg image with
isotropic 0.67mm voxel resolution was used to assess the location of all hypoxic voxels (pOg
< 10 mmHg) and the tumor hypoxic fraction (HF10), defined in Equation 3.1.

Nvoa:els < 10

HF10 = (3.1)

Nyogels

The HF10 between 0.02 and 0.42 defined suitability for treatment, to be able to reasonably
treat hypoxic or oxygenated tumor regions with boosts of similar integral volume without
boosting the entire tumor.

A computed tomography (CT) scan was obtained with an X-RAD 225Cx (Precision X-
Ray, North Branford, CT, USA) which was also used to locate the radiation target volume
and deliver both whole tumor and boost radiation dose registered with the T2 MRI and the
EPR pOg image. Fiducials (filled with water and the oxygen spin probe) embedded in the
imaging bed were used to register all three modalities to CT coordinate space for radiation

treatment, and are visible throughout Figure 3.1.
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3.2.5 Dose Plan

Prior to multi-modal imaging and treatment of hypoxic tumors, preliminary tumor control
dose (TCD) studies were completed on FSa, MCa-4, and SCC7 tumors. Groups of 6-7
tumors were irradiated at different doses to calculate the fraction of tumors that recurred
at each dose. Figure 3.2 shows TCD fitted curves for each tumor type. These curves were
used to estimate the tumor control dose at 20% (TCDyg) for whole tumor doses, and 95%

(TCDggy;) for boost doses. The actual doses delivered are summarized in Table 3.1.
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Figure 3.2: TCD curves for FSa (black), MCa-4 (red), and SCC7 (blue) tumor types.

The High-Risk planning target volume, or the hypoxic boost region (PTV g r) was defined
by the EPR pOs image within the MRI-based tumor contour, with a 1.2mm margin added to
the hypoxic region (Figure 3.3A). The Low-Risk planning target volume, or the oxygenated
boost region (PTVp) was planned similarly, with a 0.6mm margin around the hypoxic
regions defining the inner edge of the boost region, and the outer edge was expanded to
an approximately equal aperture area to that of the hypoxic boost (Figure 3.3B). A more
detailed explanation of the selection of hypoxia-target regions, radiation block fabrication,

and radiation boost region determination is in the supplementary materials of previously
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Figure 3.3: Radiation treatment plans of (A) Hypoxic Boost vs (B) Oxygenated Boost, or
Hypoxia Avoidance Boost. The boost areas of both treatment plans are equal.

published work [39].

3.2.6 Statistical Analysis

Analysis of variance (ANOVA) was employed to compare group means between tumor types.
SCCT7 tumors were combined into one group, and analyzed separately by EPR-imager group
(250-MHz vs 720-MHz). Two-sample t-tests were conducted to test for significant differences
between means of risk factors of local recurrence between the two treatment (Hypoxic vs
Oxygenated Boost) groups before radiotherapy. Local tumor control probability (LTCP) was
assessed by recurrence free survival probability at the end of the study: 180 days for MCa-4
and SCC7 tumors and 90 days for FSa tumors. The progression free survival curves were
compared between the Hypoxic Boost vs Oxygenated Boost treatments using Kaplan-Meier
curves and the log-rank test.

Kaplan-Meier recurrence free survival curves were grouped by treatment, and stratified

by critical biomarkers: low/high HF10, tumor volume, and experiment duration, all relative
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to the median value of each tumor type.

Cox regression models were employed to estimate the hazard ratio (HR) of local recur-
rence boost treatments, adjusting for the potential confounding variables of HF10, exper-
iment duration, and tumor volume. The HR shows whether the risk of tumor recurrence
would decrease when treating with hypoxic boost compared to treating with oxygenated
boost. HR > 1 indicates that a hypoxic boost treatment would not be more beneficial than
an oxygenated boost treatment. The proportional hazards assumption was verified using the
global Schoenfeld test.

Data analysis was conducted using the statistical software R and the R package survival
was used for Kaplan-Meier analysis and Cox regression models [71]. ANOVA was done
in MATLAB (Mathworks, Natick, MA, USA). In comparing LTCP between tumor types,
SCC7 tumors imaged in both the 250- and 720-MHz EPR imagers were grouped together.
However, analysis was repeated with subgroups of SCC7 tumors imaged in the 250-MHz,
and the 720-MHz imagers.

3.3 Results

With the 250-MHz EPR imager, a total of 78 mice were entered in the FSa group, 65 mice in
the MCa-4 group, and 70 mice for the SCC7 group; with the 720-MHz EPR imager, 48 mice
were entered for the SCC7 study. Following exclusion criteria, such as tumors out of range
of pre-determined hypoxic fractions and tumor volumes, and experimental failures in the
process of radiation, the following number of mice included in statistical analysis: 38 FSa,
48 MCa-4, 45 SCCT (250-MHz), and 40 SCC7 (720-MHz) EPROI. The total of 171 tumors
were included in the Kaplan-Meier and Cox regression analysis, including all animals that
survived without local tumor recurrence for 90-180 days, local failures, and animals censored
at the time of an event not related to local failure.

There was no linear correlation between tumor volume and HF10 (R2=0.0), as evident in
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Figure 3.4: Scatter plot of all tumors’ volumes vs. hypoxic fraction, showing no correlation
between the two features.

Figure 3.4. Figure 3.5 shows the group mean and standard deviation of HF10, volume, and
experiment duration for every tumor type. The mean HF10 for SCC7 (250-MHz EPROI)
was 0.22, which was significantly higher (p<0.05) compared to 0.13 for FSa, 0.16 for MCa-4,
and 0.18 for SCCT7 (720-MHz) groups. Group mean tumor volume was similar across tumor
types and EPR imagers ranging from 340 to 363 mm®. Group mean experiment duration
for FSa tumors was 1.3 hours, significantly lower (p<0.001) compared to 3.5, 3.2, and 2.8
hours for MCa-4 and both SCC7 groups. HF10 affected LTCP with subgroup analysis, while
tumor volume and experiment duration did not have a significant effect on LTCP.
Although mice were randomly assigned to boost treatment groups, there were potential
confounding variables to consider. Within each group, the two-sample t-test showed no
significant difference between tumor growth rate, HF10, or tumor volume between boost
treatments. The MCa-4 group had a significantly higher (p<0.01) experiment duration

for the Oxygenated Boost treatment subgroup (3.9 hours) compared to the Hypoxic Boost
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Figure 3.5: Mean and standard deviation of hypoxic fraction, tumor volume, and experiment
duration for each tumor experiment group. Bars are color coded by tumor type.

treatment subgroup (3.0 hours), though this did not affect LTCP. There was no significant
difference in experiment duration between treatment subgroups for FSa or SCC7 groups.

Figure 3.6 shows Kaplan-Meier plots comparing LTCP between hypoxic and oxygenated
boost treatments. There was a significantly higher LTCP in all three tumor groups: FSa
(p=0.049), MCa-4 (p=0.01), and SCC7 (p=0.016). However, when looking at SCC7 tumors
subgrouped by the EPR imager, there was not a significant difference between hypoxic and
oxygenated boost treatment groups for the 250-MHz imager group (p=0.35) and a significant
difference between treatment groups for the 720-MHz imager group (p=0.007). SCC7 tumors
from the 250-MHz EPROI group had the highest HF10 compared to all other groups, a
confounding variable which may have consequences in treatment outcome explored further
in the discussion section.

Figure 3.7 shows Kaplan-Meier curves stratified by low and high HF10, set by the median
HF10 in each group. The effects of HF'10 were dependent on tumor type and boost treatment.
The stratified log-rank test failed to show a significant difference between boost treatments
for FSa tumors (p=0.23). However, MCa-4 and SCC7 tumors still showed a significant

improvement in LTCP for hypoxic boost vs oxygenated boost treatment when stratified by
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Figure 3.6: Kaplan-Meier log-rank test by Hypoxic (blue) vs Oxygenated (red) boost treat-
ments for (A) FSa, (B) MCa-4, and (C) SCCT7 tumors. Additionally, SCC7 tumors are
subgrouped by EPR imagers operating at (D) 250-MHz and (E) 720-MHz.

HF10 (p=0.01 for MCa-4 and p=0.02 for SCCT7). FSa and MCa-4 tumors with a high HF10
treated with a hypoxic boost had the highest LTCP, while SCC7 tumors with a low HF10
treated with a hypoxic boost had the highest LTCP.

Figure 3.8 shows Kaplan-Meier curves stratified by low and high tumor volume, set by
the median tumor volume in each group. The stratified log-rank test showed a very strong
trend between boost treatments for FSa (p=0.051), and a significant difference for MCa-4
and SCC7 (both p=0.01). Again, the effects of tumor volume were dependent on tumor
type and boost treatment. With hypoxic boost treatment, FSa and MCa-4 tumors with a
high tumor volume had the highest LTCP, while there was no significant difference between

low/high tumor volume for SCC7 tumors.
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Figure 3.7: Kaplan-Meier curves stratified by low/high HF10 (measured in EPROI) for
Hypoxic (blue) vs Oxygenated (red) boost treatments.

Figure 3.9 shows Kaplan-Meier curves stratified by low and high experiment duration,
set by the median experiment duration in each group. The stratified log-rank test showed a
very strong trend between boost treatments for FSa (p=0.052), and a significant difference
for MCa-4 (p=0.03) and SCC7 (p=0.01). For all three tumor types treated with a hypoxic
or oxygenated boost, there was a similar LTCP for short vs long experiment duration. An
exception was for SCC7 tumors treated with oxygenated boost, which had a higher LTCP
for short experiment duration.

Comparing SCC7 tumors subgrouped by EPR imager and stratified by HF10 (Figure
3.7D-E), tumor volume (Figure 3.8D-E), and experiment duration (Figure 3.9D-E), SCC7
tumors imaged with the 720-MHz EPROI consistently showed a significantly higher LTCP

for hypoxic boost treatments (p<0.03) than the 250-MHz EPROI (p>0.3). Potential reasons
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for these results are explored in the Discussion section.

Using Cox regression analysis, the time to tumor recurrence was controlled for the effects
of HF10, tumor volume, and experiment duration. For all three tumor types, the HR was less
than 0.5 (HR=0.24, p=0.03 for FSa tumors; HR=0.37, p=0.06 for MCa-4 tumors; HR=0.45,
p=0.02 for SCC7 tumors). This shows that the hazard risk is lower with hypoxic boost

compared to oxygenated boost treatment, even when controlling for confounding variables.
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Figure 3.9: Kaplan-Meier curves stratified by short/long experiment duration (hours between
EPROI and radiation therapy) for Hypoxic (blue) vs Oxygenated (red) boost treatments.

3.4 Discussion

This work presents data in three preclinical mammalian tumor types to demonstrate that
targeting hypoxic tumor subregions with a boost of radiation improves LTCP relative to a
boost of the same integral dose to oxygenated regions of the tumor. This is a confirmation
of the first study of this kind on FSa tumor murine models [39] with two additional tumor
types and statistical analysis exploring the effects of HF10, tumor volume, and experiment
duration, and EPR imagers. The LTCP was improved by a factor of 3.2 for FSa, 2.1 for
MCa-4, and 1.6 for all SCC7 tumors. Within each group between the two treatment plans,
the distribution of HF10 and tumor volumes were comparable.

In all studies, tumors were treated with separate whole tumor doses with low probability

of tumor control (TCP;5_5p9) and both randomized rough equivalent integral dose volume
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boosts to either hypoxic or oxygenated tumor regions, in which over 98% of EPR pO9 image
voxels plus a margin in the PTV were targeted. In all experiments, the delivered boost dose
was 13 Gy. A difference between studies was that the boost dose for SCC7 and FSa tumors
was a TCDggo, which controlled 95% of tumors in a separate whole tumor treatment TCD
study, while in the MCa-4 study, an additional 5Gy was added to the boosts to deliver a
TCDgygy, dose.

The SCC7 tumors were also separated into two groups with oxygen imaging acquired
with the same low-frequency EPR machine (250-MHz) as the FSa and MCa-4 tumor groups
with 48 animals, as well as a new higher-frequency imager (720-MHz) with 40 animals. In-
terestingly, only the SCC7 (720-MHz) group showed a significant improvement with hypoxic
boost treatments. This may be due to the fact that the SCC7 (250-MHz) group had a signifi-
cantly higher HF'10 compared to other groups, with median HF10=0.22 compared to median
HF10 ranging from 0.08 to 0.15 in other groups. This suggests a limitation in the presented
method of delivering a boost dose to hypoxic tumor subregions if tumors are overly hypoxic.

Knowing that tumor hypoxia is worse for patient prognosis, an intuitive hypothesis would
be that tumors with low HF10 would have high LTCP. However, we observe the opposite
effect in FSa and MCa-4 tumors, where tumors with high HF10 have high LTCP. This implies
a tumor type-dependent effect of HF10 on treatment outcome, where low HF10 increases
tumor control probability for SCC7 squamous cell carcinomas, which is the expected result.
Given that SCC7 squamous cell carcinomas are tumors in syngeneic mice with intact immune
systems, as are all the tumors studied here, this may indicate that in this particular tumor
type, high levels of hypoxia, well known to interfere with tumor immunogenicity [72], may
require higher boost doses.

This may also be caused by the fact that a larger volume of the tumor would be boosted
if it had a higher HF10. On the other hand, SCC7 tumors imaged with the 720-MHz imager
with low HF10 had LTCP=0.92 at 180 days, while high HF10 had 0.43 at 180 days —
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an improvement of 2.1 within a subgroup. Again, the reason for this may be the lower
distribution of HF10 in these tumors. Another reason may be the higher oxygen resolution
and shorter EPR imaging time in the JIVA5TM led to more accurate hypoxia location
for dose planning. At this time, it is not clear whether SCC7 tumors may need higher
operating frequency EPR imagers with superior resolution than FSa and MCa-4 tumors, or
that SCC7 tumors with an HF10 above some threshold would not benefit from a hypoxic
boost treatment.

There was an effect on LTCP by high/low HF10 and tumor volume that differed across
tumor types. However, experiment duration had virtually no effect on LTCP with hypoxic
boost treatments across tumor types. This is an important observation for two reasons. One,
experiment duration was the only potential confounding variable for MCa-4 tumors, where
MCa-4 tumors treated with hypoxic boost had a significantly lower experiment duration
than those treated with an oxygenated boost. Second, cyclical hypoxia has been cited as
an issue for oxygen-image guided radiation therapy [73] because hypoxia distribution may
change in a tumor between the time of imaging to the time of treatment. We show here that
time does not affect treatment outcome even when the time between imaging and treatment
ranges from 1 to 6 hours.

Experiment duration does have an effect on experimental failure, though, because the
longer a mouse is under anesthesia the more likely it is to undergo respiratory failure before
treatment is over. We also see that for SCC7 tumors, those treated with an oxygenated boost
have a higher LTCP by a factor of 2.1 when experiment durations were short compared to
long. Further work in Chapter 4 also demonstrates how hypoxia deepens and increases
in volume over the course of 5 hours. It is possible that even if this happens in these
experiments, the added 1.2mm boost margin accounts for that increasing hypoxic volume.

The design of the radiation treatments provided the cleanest separation between boosts

to hypoxic and well oxygenated tumor, using opposed fields with margins to minimize in-
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clusion of the voxels unwanted identity. This however left out voxels shadowed by those
of unwanted identity and limited the extent of hypoxia allowable for randomization. The
presented approach is more primitive relative to modern intensity modulated radiation treat-
ments providing more subtle sculpting of dose distributions with capability to define 3D
avoidance structures and more carefully defined ”simultaneous integrated boosts”. Work

involving compensators to provide the doses sculpting is ongoing [74].

3.5 Conclusions

Maps of tumor pOsy generally showed that hypoxia develops in subregions relatively deep
within a tumor. This can be targeted with a boost dose which, in many clinical cases,
can reduce dose to potential organs at risk that are related to quality of life, and still
improve tumor control. This promises the enhancement of the therapeutic ratio. This
present work confirms the relevance of EPROI in defining tumor hypoxia in three tumor
types. Dose painting hypoxic tumor regions with a 13Gy boost in addition to a whole-field
dose of TCD9gyy, enhances tumor control by around a factor of 2. Ongoing work involves
more sophisticated dose planning for small animal IMRT to better emulate treatments more
relevant to clinical treatment design [74].

Despite the promising results from oxygen image-guided radiation therapy using EPROI,
the major limitation of the study is the lack of EPR imagers available in hospitals for human
pOs9 imaging. For this reason, the rest of the dissertation aims to include more clinically
available modalities — PET and MRI — to improve tumor hypoxia location for improved

radiotherapy treatment plans and patient prognosis.
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CHAPTER 4
OPTIMAL THRESHOLD TO DEFINE HYPOXIA WITH
FMISO PET

4.1 Introduction

A simple imaging and analysis approach is required for hypoxia imaging to be widely imple-
mented. While the overarching goal of this work is to use DCE MRI to improve the accuracy
of FMISO PET imaging, it might only be feasible to use static FMISO PET imaging for
evaluating tumor hypoxia at some hospitals and research groups. Because there is still no
established threshold to define tumor hypoxia with PET imaging [75], it is useful to know
the most accurate FMISO PET threshold to define hypoxia. That is the goal of this chapter,
made possibly by using EPROI as the ground truth of hypoxia by in vivo measurements of
pOs < 10 mmHg.

FMISO PET is the most widely accessible hypoxia radiotracer for clinical studies [23, 76].
Clinical studies that used FMISO PET to identify and treat tumor hypoxia for boost dose
escalation, e.g. Vera et al. with non-small cell lung cancer [10] and Welz et al. with head-
and-neck cancer [19], found no evidence of higher toxicity to organs at risk when delivering
a boost to hypoxic tumor subregions, which is a promising result for dose painting. Riaz
et al. used FMISO PET in oropharyngeal cancer to distinguish normoxic tumors for dose
de-escalation from 70 to 30 Gy, with remarkable evidence of tumor control at radiation doses
with very mild side effect profiles [77].

In any case, the lack of unanimous definition of tumor hypoxia across research groups
leads to a variation in tumor hypoxia definition that may affect treatment outcome. These
inconsistencies can potentially have negative effects on patient survival and post treatment
life style by over- or under-estimating — and therefore over- or under-treating — hypoxic

volumes. Cited examples of FMISO-defined tumor hypoxia thresholds from oxygen-guided
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Table 4.1: Summary of FMISO-defined hypoxia thresholds across different studies on hypoxia
PET-guided radiation therapy.

Study ‘ Tumor type Hypoxia threshold

Welz et al. [19) Squamous cell carcinoma of Kinetic analysis from dynamic

the head and neck FMISO PET [7§]
Vera et al. [10] Non-small-cell lung cancer SUV > 14
Riaz et al. [77] Oropharyngeal cancer TMR > 1.2

Lindblom et al. [79] Non-small-cell lung cancer SUV > 1.4 xSUVmean
Head and neck squamous cell

Cheng et al. [80] ) TMR > 1.5
carcinoma
L Fuzzy logic based locally
De Figueiredo [81] Head and neck cancers adaptive Bayesian method
Hendrickson et al. [82] | Head and neck cancers Not specified

radiotherapy studies are summarized in Table 4.1. Several listed studies were highlighted
in a review article on oxygen-guided radiotherapy outcomes by Ferini et al. [17]. A more
complete table on 35 studies using FMISO PET to image hypoxia in several tumor types
can be found in Fleming et al. [75].

The presented research addresses the high variation in defining hypoxia with FMISO
PET among research groups, using in vivo pOg EPROI images as ground truth hypoxia.
The confounding variable of temporal variability of hypoxia [73] was minimized by the use
of a custom-built hybrid PET/EPR imager [83]. This has the advantage of imaging tumor
hypoxia in two modalities while the mouse remains in the same position and physiological
conditions, avoiding registration issues that are often present in multi-modal studies. Using
the hybrid PET/EPR imager was motivated by our observation that tumor hypoxia deepens

over the course of several hours while a mouse is anesthetized (described in 4.6).
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Figure 4.1: Summary of Group 1 and Group 2 imaging protocols.
4.2 Methods

Two imaging protocols were used for multi-modal imaging of tumor hypoxia, summarized
in Figure 4.1 as Group 1 and Group 2. The same animal and tumor models were used as
described in 3.2.3. A total of 13 MCa-4 tumor bearing mice were entered into the study
for Group 1 (separate EPR and PET imagers); 15 SCC7, 10 FSa, and 6 MCa-4 tumors
were used for Group 2 (hybrid EPR/PET imagers). Though DCE MRI was included in the
imaging protocol, the resulting images and analysis will be discussed in Chapters 5 and 6.
The same guidelines for tissue and cell culture and animal model, anesthesia, and eu-

thanasia were followed as described in 3.2.2 and 3.2.3.

4.2.1 Imaging Preparation

Following induction of anesthesia using 2% isoflurane mixed with air, the tumor-bearing
leg was immobilized in a soft vinyl polysiloxane cast (GC America, Alsip, IL) and plastic
bed using a previously published methodology [84]. A tail vein cannula was inserted to

administer a bolus injection of FMISO, produced on-site as detailed in 4.2.3. An infusion of
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Table 4.2: Comparison of PET imagers between Group 1 and Group 2. fSiPM: silicon
photomultiplier. IMPPC: multi-pixel photon counter.

Feature Group 1: Molecubes f-CUBE  Group 2: PET insert
Number of detector 9 1

modules

Inner diameter 76 mm 60 mm

Axial field of view 13.3 cm 25.6 mm

Intrinsic resolution 0.76 mm 1.6 mm

254 x 254 x 8 mm thick
monolithic LYSO scintillators

Array of 8 x 4 LYSO scin-
tillators (each crystal 3 x 3

Scintillators coupled to an analogue fSiPM  x 10 mm) coupled to SiPMs
(Hamamatsu MPPC) (Hamamatsu MPPC)

Reconstruction  algo- | OSEM (ordered subset expec- MLEM (maximum likelihood

rithm tation maximization) expectation maximization)

Compatibility for | Not compatible; standalone Compatible with 9.4-T small

PET/MRI system animal imager

FMISO PET: acquisi-

tion time 2 hours post- | 10 minutes 20-30 minutes

injection

oxygen-sensitive spin probe (OX071; GE Healthcare) was used for EPROI, and a bolus of
gadodiamide (Omniscan; GE Healthcare) for DCE MRI.

4.2.2  PET and EPR Imagers

Tables 4.2 and 4.3 highlight key features of PET and EPR imaging systems used for Group
1 (Molecubes 5-CUBE (Molecubes NV, Gent, Belgium) [85] and 250-MHz EPR [86]) and
Group 2 (PET insert and 720-MHz EPR [83]).

4.2.83  Radionuclide Production

FMISO was produced on-site at the Cyclotron Facility by using an 18-MeV proton beam of
the IBA Cyclone 18/9 system on an isotopically enriched oxygen 18 (180) water target. The

I8F was transferred to a lead-lined, shielded “hot cell,” and the FMISO synthesis followed the
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Table 4.3: Comparison of pulse EPR imagers between Group 1 and Group 2. TFBP: filtered
back-projection.

Feature Group 1: 250-MHz Group 2: 720-MHz
Magnetic field strength | 9 mT 25 mT

Loop—‘gap resonator in- 19 mm 19 m

ner diameter

Axial field of view 15 mm 15 mm

Intrinsic resolution 1.4 mm 1.0 mm
Reconstructlon algo- 'FRP FBP

rithm

3.D sz HHABE ACqSE 14 inutes 7 minutes

tion time

standard nucleophilic substitution reaction found in the literature [87]. After manufacturing
FMISO, the drug was sterilized by filtration and sent for standard quality control testing.
The product was released only after passing all tests except for the 14-day post injection

sterility testing. There were no positive sterilities reported with any of the doses.

4.2.4  Imaging Protocol: Group 1

EPROI

Following preparation, each animal was inserted in the 250 MHz-pulsed EPR imager with its
9-mT magnetic field to image pO9 in the tumor. Immediately upon insertion, the oxygen-
sensitive spin probe solution was administered at 0.6 mL/h (70 mM OXO071, pH of 7.3,
normal osmolality). Infusion continued at 0.2 mL/h during tuning of the EPR resonator
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 [37]. 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 pOo image was
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used for analysis.

A brief experiment with EPROI was also conducted on three mice with two pOg tumor
images obtained approximately 1 and 5.5 hours under anesthesia to quantify long-term hy-
poxia development and calibrate the 10-mmHg hypoxia threshold, because the average time

the mouse was under anesthesia between EPROI and FMISO PET imaging was 5.5 hours.

MRI

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

2

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.

FMISO PET/CT

The S-CUBE and X-CUBE were used for PET and CT imaging, respectively. Scanning
started immediately after ~150 pCi of FMISO was injected as a bolus into the tail-vein
cannula, and a 130-minute dynamic PET scan was performed. The last 10-minute frame at
2 hours after injection was used for analysis. Finally, a CT image was obtained to enable
anatomic co-registration with PET data and fiducial co-registration with images from EPROI

and MRIL.
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4.2.5 Imaging Protocol: Group 2

EPROI and FMISO PET

Hypoxia images were acquired in the hybrid PET/EPRI machine [83], which operated at
720-730 MHz. To minimize time the mouse was anesthetized, once the tail-vein cannula
was in place, a ~230 pCi bolus of FMISO was injected. For EPROI, spin-probe infusion
began 1.5 hours post-injection of FMISO. At least three pO9 images were acquired at seven
minutes each; the last image was used for analysis to be temporally near the FMISO PET
image. Immediately after EPROI, a static 20-30-minute PET image was acquired 2 hours

post-injection. PET/EPROI was not simultaneous due to RF-frequency interference.

MRI

After the mouse was transferred to the MRI facility, T2-weighted images were acquired on

the 9.4-T small animal imager using the same protocol as for Group 1.

4.2.6 Image Preprocessing

The three-dimensional tumor contour and muscle contour were drawn manually by referenc-
ing the sharp-edge contrast between normal tissue and malignant tumor tissue (high voxel
intensity) on each T2-weighted MR image and by using the ArbuzGUI MATLAB toolbox
software developed at the Halpern Lab. PET data were converted to tumor-to-muscle ratio
(TMR) and standardized uptake value (SUV) units. TMR was calculated in each voxel
by dividing a tumor voxel value by the mean activity within the muscle ROI. SUV was

calculated by first converting voxel values to units of uCi:

DAle

Ci=CF————
s DAQtumor

(4.1)
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where CF is a predetermined conversion factor = 0.0104 from phantom studies, DAQ1,, =
23.7 minutes is the data acquisition time it took to obtain CF with 1 million counts, and
DAQ¢ymor is the minutes it took for data acquisition for an individual tumor. Using uCi,

SUV was calculated using equation 4.2:

NCiregion/Udumeregion
Injected Dosemouse/ W eightmouse

SUVregion = (4'2)

where region is an individual voxel, and volume was converted to grams by estimating voxel
density in the tumor to be identical to water (1 mm?3 = 0.001 gram).

For Group 1, PET/CT images were registered with VivoQuant software (Invicro, Boston,
MA) guided by anatomic references. In both groups, images from all modalities were reg-
istered to the EPR image space by using the embedded fiducials and anatomic references.
Images were resampled to isotropic PET voxel dimensions, which were 0.4 mm for Group 1

and 0.5 mm for Group 2.

4.2.7 Image Analysis

The optimal FMISO threshold to define hypoxia was determined by using EPROI as the
reference truth for hypoxia, which is well-established as pOg < 10 mmHg [35] and calibrated
to pOo < 14 mmHg for Group 1 (further detailed in 4.6).

FMISO-based hypoxia thresholds were defined by a variation of TMR and SUV thresholds
commonly found in the literature [17]. Figure 4.2 shows a scatter plot from an example SCC7
tumor’s pOg and SUV voxel values, and how true positive fractions (TPF) and false positive
fractions (FPF) change based on the FMISO uptake threshold. The TPF is the fraction
of voxels within a tumor that FMISO PET accurately classified as hypoxic; the FPF is
the fraction of tumor voxels that FMISO PET misclassified as hypoxic but were actually
normoxic. PET thresholds were defined by SUV > X, where X ranges from 0 to 5. PET
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thresholds were further evaluated by SUV > X x SUVjyeqn or SUV > X x SUV, cqian, and

SUV > Y x SUV,qz where Y ranges from 0 to 1. Analysis was repeated for thresholds in

TMR units.
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Figure 4.2: Left: Scatter plot of one tumor’s voxels with corresponding pO9 and FMISO up-
take values, with the vertical dashed line showing the extablished EPROI hypoxia threshold
at pOo < 10 mmHg. Right: ROC curves (grey) of all SCC7 tumors, and the mean ROC
curve (red).

Three metrics were used to define similarity between hypoxia in EPROI and FMISO PET:
Accuracy, Dice Similarity Coefficient (DSC), and the Hausdorff Distance (dg). Visualizations
of the DSC and dj are shown in Figure 4.3. Accuracy was defined by the fraction of true
positives (TP) and true negatives (TN) over the entire tumor including false positives (FP)

and negatives (FN):
TP+ TN
TP+TN+FP+FN

(4.3)

Accuracy =

The DSC is the ratio of the number of voxels in the overlapping region of hypoxia to the

sum of the number of hypoxic voxels in each region:

DSC =2|X NY|/(IX] + |Y)), (4.4)
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where X and Y are hypoxic voxels defined by EPROI and PET, respectively.
The dp is defined by:

h(X,Y) =max{(X,Y), (Y, X)}, (4.5)
where
(X,Y) = sup inf d(z,y). (4.6)
reX yeY

The dy g5 measured the 95" percentile of the greatest distance from the nearest points in
the EPROI-defined hypoxic region to the FMISO PET-defined hypoxic region. The dg g5
was normalized and subtracted from 1, denoted by ||dy g5 ||, so that all three metrics would

range from 0 to 1 (lowest to highest similarity between the two hypoxic tumor subregions).

Dice Similarity Coefficient (DSC) Hausdorff Distance (d,))

Ranges from 0 (worst) to 1 (best) Euclidian distance; the lower the better
dH,BS% =5mm

DSC=0

DSC=0.5
dH,QS% = 1.4 mm

DSC=09

Figure 4.3: Example of DSC and d g metrics.

4.3 Results

Table 4.4 summarizes the mean tumor volume and hypoxic fraction distributions for each
group and tumor type, as well as the optimal FMISO threshold and its associated maximum
overall hypoxic similarity (OHSy,q2). A potential confounding variable to consider through-
out interpreting the results is the variability in hypoxic fraction across tumor types, further

discussed in section 4.4.
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Table 4.4: Mean + standard deviation values of tumor volume and hypoxic fractions across
imaging protocol groups and tumor types.

Group 1: MCa-4 Group 2: MCa-4 Group 2: SCC7  Group 2: FSa

(Tlgggg volume | a7 4 150 359 + 140 307 % 90 323 + 140
HF10 0.21 £ 0.1 0.32 £ 0.1 0.10 £ 0.1 0.099 £ 0.1
N Subjects 9 6 15 10
Optimal SUV>

FMISO Thresh- | SUV> 1.2 SUV> 1.8 = TMR> 1.4
old 1.4xSUVean

OHSmax 0.67 £ 0.1 0.68 £ 0.3 0.73 £ 0.2 0.73 £ 0.3

Figure 4.4 shows the distribution of the DSC, dg g5, Accuracy, and overall hypoxic sim-
ilarity (OHS) for all potential FMISO uptake thresholds in SCC7 tumors: the mean OHS
maximized at SUV>1.4xSUVmean and SUV>0.6xSUVmax (and the same for TMR), where
OHS = 0.73 & 0.2. Across all uptake units, the average DSC over 15 SCC7 tumors peaks
within a range of 0.40 to 0.43; the dy g5 is at a minimum between 3.1 and 3.2 mm; the
accuracy plateaus between 0.81 and 0.83.

Figure 4.5 compares the OHS for all three tumor types imaged in Group 2, the hybrid
PET/EPR imager. Figure 4.6 shows the distribution of OHS for MCa-4 tumors in Group 1
with and without using the calibrated pO9 threshold to account for time under anesthesia.
In general, for both pO9 thresholds, the MCa-4 tumors imaged in Group 1 have a lower OHS
than MCa-4 tumors imaged in Group 2.

Bar plots in Figure 4.7 highlight these results showing the FMISO uptake that resulted
in the maximum OHS for each tumor type and unit on the left, and the respective OHS on
the right. Using an unscaled value of TMR or SUV as the FMISO threshold for hypoxia
resulted in the highest variability across tumor types (ranging from TMR or SUV > 1.4 to
2.4). Using a scaled value of the mean TMR or SUV resulted in the lowest variability across

tumor types (ranging from SUV > 1.2XSUVean to 1.4XSUV nean)-
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Figure 4.4: Tumor hypoxia overlap between FMISO PET/EPROI for select FMISO uptake
units in SCC7 tumors. Shaded curves show mean and standard error across all tumors.
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Figure 4.5: Overall Hypoxic Similarity (OHS) for all tumor types across Group 2, evaluating
the optimal FMISO uptake threshold using with EPROI-defined pO9 < 10 mmHg as ground
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Figure 4.7: Summary of the FMISO uptake thresholds (left) with associated maximum OHS
(right) for each uptake unit and tumor type.

4.4 Discussion

The importance of using the optimal FMISO threshold in locating tumor hypoxia for dose
painting is in the risk of a too-high FMISO threshold, which could underestimate hypoxia
with negative treatment outcomes. Small fractions of missed hypoxia in radiation treatment
can still result in clonogenic hypoxic tumor cells resulting in clinical failure as discussed in

Epel et al. [39]. This must be balanced by the risk of overestimating tumor hypoxia with an
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FMISO threshold that is too low, which could result in over-treating a tumor and organs at
risk.

Results from our study confirmed that the OHS between EPROI and FMISO PET images
were maximized at similar scaled FMISO thresholds — SUV > 1.4 x SUVneqn for SCC7
and FSa tumors, and SUV > 1.2 x SUV,,,eqn for MCa-4 tumors. However, the OHS,,,4s for
MCa-4 tumors was slightly higher for absolute thresholds of TMR > 2.0 (OHS,;,q4z = 0.68
+ 0.2) and SUV > 1.8 (OHS;42 = 0.68 £ 0.3), and for FSa tumors TMR > 1.4. Overall,
the OHS for MCa-4 tumors was lower than for SCC7 and FSa tumors. This shows the
importance of repeating this work across tumor types.

SUV units may be more appropriate than TMR because units of SUV do not require a
subjective contour of a muscle ROIL. The lower hypoxic fraction distribution of FSa tumors
in our dataset showed that using a scaled value of SUV,,4, to define hypoxia is suboptimal
for tumors that are predominately normoxic, as shown by the black curve in Figure 4.5.

The DSC and d g g5 were dependent on the tumor’s hypoxic fraction, where larger hypoxic
fractions had higher DSC values (indicating better overlap) but also higher dy g5 values
(indicating worse overlap). This tradeoff supports the need for multiple metrics to define
the quality of overlap between hypoxic tumor subregions shown in pOg EPROI vs FMISO
PET, as done in this work.

A clinical study that was most similar to the oxygen-guided radiation therapy using
EPROI described in the previous chapter is Vera’s Phase IT study [10], where 48% of the
cohort’s tumor histology were lung squamous cell carcinomas. A boost dose was delivered to
hypoxic tumor regions defined by FMISO PET threshold of SUV > 1.4. The study showed
that FMISO uptake was strongly associated with poor patient prognosis, but delivering a
boost dose to the hypoxic tumor regions did not reverse the outcome after two years. A
possibility of why this was observed was a suboptimal choice of threshold to define hypoxia

with FMISO. For example, when using the threshold SUV > 1.4 in this study’s squamous
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cell carcinoma dataset, the mean + standard deviation of the DSC was 0.38 £ 0.2 and d g g5
was 9.2 + 2 mm. The dy g5 increased by almost 6mm compared to the use of the optimal
threshold of SUV > 1.4xXSUV,yean. This large discrepancy between definitions of hypoxic
tumor regions could result in suboptimal boost targets for treatment, which affects patient
outcome.

Another recent clinical study by Welz et al. confirmed the prognostic value of dose
escalation (DE) to hypoxic subvolumes in head and neck cancer [19]. The study found a 100%
5-year local tumor control for non-hypoxic patients compared to 74% for hypoxic patients
(p=0.039). Comparing hypoxic patients, there was a 25% increase in 5-year local tumor
control for hypoxic patients treated with DE compared to hypoxic patients treated with
standard radiotherapy (p=0.15). However, dynamic FMISO PET imaging was required to
derive the hypoxic volume with kinetic analysis [78, 88], and the high complexity of the study
setup led to slow accrual and premature closure of the study. This supports the necessity of a
more simple approach to imaging and analysis for locating and treating hypoxic subregions.

One limitation to the presented study is that MCa-4 tumors were imaged with different
machines and protocols, where mice in Group 1 (N=9) had 3-4 hours between EPROI and
FMISO PET, while mice in Group 2 (N=6) had near-simultaneous PET/EPR imaging in
the hybrid machine. The pOg threshold was calibrated from 10 to 14 mmHg for tumors in
Group 1 to address the deepening of tumor hypoxia over the time the mouse was anesthetized.
However, other differences in the imaging protocol may have influenced the generally low
OHS between EPROI and FMISO PET, such as MR imaging in between hypoxia imaging,
or different intrinsic resolutions between machines.

The resolution differences between preclinical EPR and PET imaging modalities were
<Imm (summarized in Table 4.2 and Table 4.3). All multimodal tumor images in Group
2 were resampled to isotropic 0.5mm output voxel resolution of the PET image, so pOs

images were upsampled from their 0.67mm isotropic resolution. Tumor images in Group
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1 were resampled to isotropic 0.4mm output voxel resolution of the PET image, since the
Molecubes S-CUBE had higher sensitivity and spatial resolution than the prototype PET
insert used in Group 2. The effect of resampling would mostly affect similarity metrics at
the edges of hypoxic tumor subregions, which straddle each threshold to define hypoxia.

Another limitation to our study is the lack of radiation treatment outcome results when
delivering boost doses to these optimally defined hypoxic tumor subregions imaged with
FMISO PET. However, this is the only in vivo study to use EPROI as the ground truth
for tumor hypoxia, and the validity of using EPROI to define and treat hypoxia has been
previously verified and published [39, 86]. Our optimal threshold for defining hypoxia with
FMISO PET falls within the range of clinical studies using FMISO to locate tumor hypoxia
for radiation boosts in multiple tumor types (Table 4.1).

The generally low DSC and high dp g5 values across all tumor types, especially for the
MCa-4 mammary adenocarcinomas, show the need for a potential correction to FMISO PET
images using DCE MRI. This chapter aims to identify the optimal FMISO PET threshold for
clinical settings where only static FMISO PET imaging is feasible. The next chapter includes
analysis with parametric images from DCE MRI, as well as H&E and immunohistochemical
staining of excised tumor tissue, to identify physiological properties of these tumors and their
microenvironment that may be causing discrepancies between locating tumor hypoxia with

EPROI versus FMISO PET.

4.5 Conclusions

This is the first in vivo comparison of FMISO uptake with EPR pO9 images in three pre-
clinical tumor models using two sets of EPR/PET imaging systems. Using three metrics
of similarity to quantify the maximum overall hypoxia overlap, the optimal thresholds are
found to be SUV > 1.4xSUV eqn for SCC7 and FSa tumors, and SUV > 1.8 for MCa-4

tumors. The hybrid PET/EPR imager was used to ensure identical physiological conditions
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of the mouse during imaging upon confirmation of deepening hypoxia in the tumor while a
mouse is anesthetized. Over all tumors, the relatively low mean DSC and high d g g5 suggest

the need to apply a correction to FMISO PET images.
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4.6 Appendix: Calibrating the pO; Hypoxia Threshold with

EPROI

The slope of a linear fit for pOy voxel values between the 1- and 5.5-hour time points
the mouse was under anesthesia were calculated within tumor and muscle ROIs. Pearson
correlation coefficients quantified the correlation strength between oxygenated muscle tissue
vs malignant tumor tissue.

The slopes of pOg tumor voxel values between two EPR imaging time points were 0.48,
0.61, and 0.65; Pearson correlations were 0.197, 0.701, and 0.675. For the muscle, the slope
was 0.75, 0.82, and 0.72; the correlations were 0, 0.538, and 0.249. These results for the
tumor are summarized in Figure 4.8, showing how pOy decreases over time at a higher rate
in tumor than muscle tissue when a mouse is under anesthesia. As a result, the threshold of
hypoxia for EPR images was calibrated to pOg < 14 mmHg for Group 1 data to account for
deepening hypoxia in tumor tissue when comparing to FMISO PET hypoxia images from

3-4 hours later after the mouse was under anesthesia for 5-6 hours.
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CHAPTER 5
COMBINING IN VIVO AND HISTOLOGICAL IMAGING TO
INVESTIGATE RELATIONSHIPS BETWEEN TUMOR
VASCULATURE AND HYPOXIA

5.1 Introduction

While tumor hypoxia can be categorized as diffusion or perfusion limited, hypoxia can also
induce angiogenesis, which would lead to increased diffusion and perfusion in some areas of
the tumor. This could generate contradictory features imaged by DCE MRI. The hetero-
geneity of the tumor microenvironment, both spatially and temporally, adds another layer
of complexity. The purpose of this chapter is to identify relationships between pO9 and
FMISO uptake with tumor physiology modeled by DCE MRI, and identify features where
FMISO misclassifies the presence or absence of hypoxia. Additionally, histological images
were obtained and registered to in vivo axial slices to qualitatively analyze features on a
microscopic scale. This is the first study to use near-simultaneous EPR/PET imaging to
assess relationships between tumor hypoxia with K%y, and kep (previously described in
Chapter 2.3).

In the past decade with the emergence of PET/MR imaging and a focus on tumor mi-
croenvironment, there have been studies comparing FMISO PET uptake with DCE MRI
parametric images in several tumor types. Simoncic et al. studied head and neck cancer
patients to provide some of the missing knowledge for FMISO PET/DCE MRI protocol
optimization [89]. Carmona-Bozo et al. compared hypoxia and perfusion in breast can-
cer using simultaneous PET/MRI to support the hypothesis of perfusion-driven hypoxia in
breast cancer [90]. Pinker et al. compared multiparametric FDG/FMISO PET and MRI
in cervical cancer to investigate non-invasive detection of tumor heterogeneity for an im-

proved planning of chemo-radiation therapy [91]. Gerstner et al. performed a prospective,
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Figure 5.1: Models of tracer behavior in (A) DCE MRI with gadolinium contrast agent, (B)
FMISO PET, and (C) EPROI with the oxygen-sensitive spin probe.

multicenter study to test the hypothesis that abnormal tumor vasculature and hypoxia, as
measured with DCE MRI and FMISO PET, will negatively impact survival in patients with
newly diagnosed glioblastoma [92]. Jansen et al. assessed neck nodal metastases and found
that hypoxic nodes are poorly perfused compared to non-hypoxic nodes [93]. Hillestad et al.
related oxygen supply and consumption to K% and v, respectively, and combined them
to generate hypoxia images in both xenograft and patient tumors [58].

The diversity of these studies utilizing both FMISO PET and DCE MRI shows the wide
net that can be cast in terms of potential analysis with PET /MR imaging. However, rela-
tionships between vascular permeability /perfusion and hypoxia identified in one tumor type
may not apply to another. Additionally, researchers must be careful to avoid misinterpreting
what images from each modality are showing, and their limitations.

Figure 5.1 shows models of each modality and its tracers for A) DCE MRI, B) FMISO
PET, and C) EPROL In Figure 5.1A, K% is the measure of the contrast agent’s influx
rate out of the blood compartment, ke, is the measure of the contrast agent’s reflux rate
back into the blood compartment, and v, is the fractional extracellular-extravascular space.

There is no distinction between hypoxic or normoxic tumor cells using DCE MRI. It is
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imaging and modeling the concentration of a contrast agent over time, and the models can
be imperfect. Figure 5.1B shows how FMISO is retained intracellularly in hypoxic tumor
cells, and is not retained in normoxic tumor cells but instead diffuses away. Figure 5.1C is
supposed to show how an unpaired electron (in the magnifying glass) has a low relaxation
rate near hypoxic tumor cells in the absence of oxygen, and a high relaxation rate near
oxygenated cells. The behavior of all these tracers can be related to tumor hypoxia and
impact patient outcome, but we must recognize that the clinical utility of indirect methods
to measure oxygen/hypoxia are not necessarily based on rigorous measurements of oxygen
[94], and so relating oxygen supply and consumption to K" and v, like in Hillestad et al.
may not be appropriate.

FEx vivo imaging with [HC staining is also advantageous in resected human tumors if
in vivo imaging is not feasible. Pimonidazole is often used as the gold standard marker for
hypoxia, but unlike HIF-1a, pimonidazole needs to be injected into humans or animal models
before the tumor can be excised. Janssen et al. conducted IHC staining on squamous cell
carcinomas of the head and neck using HIF-1«, pimonidazole, and combined CD31 staining
with the proliferation markers IdUrd and Ki-67 [95]. They observed a low colocalization of
pimonidazole and HIF-1a (0.02%-25%), a more homogenous distribution for HIF-1a than
pimonidazole, and no significant correlation between pimonidazole and HIF-1« fractions in
the ten tumors studied. Here we can determine whether these results are reproducible across
our three tumor types, which include an oral squamous cell carcinoma murine model, but
using in vivo EPROI and FMISO PET to locate tumor hypoxia.

This chapter explores several relationships between tumor hypoxia images with vascu-
lature in three parts. First, Spearman (monotonic) correlations were calculated in each
tumor to assess correlation strength between EPR pO9 and FMISO uptake with DCE MRI
parametric images. Second, lst order features (e.g. mean, skewness, entropy, etc.) were

compared across tumors in regions classified as true positive (TP), true negative (TN), false
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positive (FP), and false negative (FN) by FMISO PET, using EPROI as the ground truth to
define hypoxia. Third, histological images of IHC staining of HIF-1a and CD31 were used to
identify nuclear expression of HIF-1a and endothelial cells, respectively. Hematoxylin and
Eosin (H&E) staining was used to identify necrosis and tumor boundaries. Similar regions
between in wvivo and histological images were compared across tumor types in regions of
hypoxia/normoxia, poor/good perfusion, and necrosis. Repeating analysis in SCC7, MCa-4,
and FSa tumors allows us to investigate tumor-type dependence on the effects of FMISO

uptake and pO9 with physiological properties imaged by DCE MRI and THC.

5.2 Methods

Tumor images from Group 2’s imaging protocol with the near-simultaneous FMISO PET /EPROI
and DCE MRI were used for analysis. The same animal and tumor models were used as
described in 3.2.3. A total of 15 SCC7, 9 FSa, and 5 MCa-4 tumors were included in this

study. A total of n=6 tumors (two for each type) were excised for H&E and THC staining.

5.2.1 In Vivo Imaging Protocols

A 9.4-T small animal scanner (Bruker) was used for T2-weighted and DCE MRI. The details
of the PET and EPR imagers were summarized in section 4.2.2, and of T2-weighted imaging
protocol in section 4.2.4. The imaging protocol is summarized in Figure 4.1.

T1-weighted DCE-MR images were obtained 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?2

; matrix size, 128 x 64; flip angle, 30°; section thickness, 0.75 mm;
and number of sections, 21. The DCE MRI data were continually acquired before (for 1
minute), during, and after a bolus 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
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an in-house software package. DCE MRI signal intensity curves were converted to contrast
agent concentration curves, C(t), as a function of time, t, using a previously published
method [96]. 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 ™ lsec™! for gadodiamide were used
in the calculations [97]. The standard Tofts model and previously published methods were
used to obtain maps of the physiologic parameters K" and v, [98-100]. The reflux rate,

kep, was calculated by dividing Krans by g,

5.2.2  Histological Imaging Protocols

To prepare tumors for histological staining, the tumor-bearing mouse leg was skinned and
cut in half axially at the tumor center. The length of the tumor was typically 10-12 mm, and
needed to be cut to allow the formalin to penetrate through the center. The leg was then
separated from the corpse and dropped into a jar containing formalin for 36-48 hours. The
leg was then transferred into decalcification solution for two hours, after which the tumor
(including surrounding muscle and decalcified bone to aid in registration with MRI images)
was cut into two 5-mm axial sections at the center and set in labeled cassettes (Figure 5.2A).
The solution was rinsed with dewater and transferred into 70% ethanol for 24-36 hours.
Four serial paraffin sections were prepared with 5 pm thickness every 500 um (Figure
5.2B) for multiparametric immunohistochemistry stained for H&E, CD31 (1:200 dilution;
ab28364, Abcam), and HIF-1a (1:1000 dilution; NB100-479SS, Novus Biologicals). The
fourth serial section provided a back-up in case of staining mishaps and/or future work.

This resulted in sixteen potential slices in each tumor for multiparametric IHC analysis.
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Leg
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Figure 5.2: Examples of (A) excised tumor cut in two 5mm sections, (B) the sectioning
protocol, (C) MRI and (D) H&E slices registered to each other, and (E) the associated slice
location in the tumor.

5.2.3 Image Analysis: In Vivo

Preprocessing

The same registered and resampled images as described in 4.2.6 were used for analysis. To
remove outliers, maximum voxel values of pOg to were capped at 50, FMISO SUV and TMR
at 5, and K" and v, and kep at 1. The minimum value of all images was zero. Each

image, X, was normalized from -1 to 1 as shown in Equation 5.1:

2X-X
Xnorm = M- (5.1)

Xma:zc
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Spearman Correlations

Spearman correlation coefficients (p) were calculated for each tumor between EPR pOo,
FMISO PET uptake, K% ., and kep. Absolute p values <0.3 were considered weak,
0.3-0.5 were considered moderate, and 0.5-1.0 were considered strong. These thresholds for

correlation strength had been previously used by Jansen et al. [93].

Feature Analysis

Using pOg < 10 mmHg and tumor-type specific FMISO thresholds found in Chapter 4 (SUV
> 1.4 x SUVypean for SCC7, SUV > 1.8 for MCa-4, and TMR > 1.4 for FSa) to define
hypoxia, masks were generated to define the four classifications of tumor hypoxia: TP, FP,
FN, and TN. TP indicates both FMISO- and EPROI-defined hypoxia, FP indicates when
FMISO misclassified a voxel as hypoxic when it is actually normoxic, FN indicates when
FMISO misclassified a voxel as normoxic when it is actually hypoxic, and TN indicates both
FMISO- and EPR- defined normoxia. Table 5.1 lists and describes the 1st-order texture
features that were used.

Features were grouped by the entire tumor set (N=29), then subgrouped by tumor type.
Figure 5.3 shows an example of an axial slice from an SCC7 tumor’s in vivo images. The bar
plot in (Figure 5.3F) shows mean values of K% v, and kep in those classified regions for
the whole tumors, quantifying how v is lowest and £y, is highest in TN regions, while Ktrans
is similar across all classification regions. One-way analysis of variance (ANOVA) was used
to identify whether the group mean of a feature was significantly different (p<0.05) between

FMISO hypoxia classification.

5.2.4  Image Analysis: Fx Vivo

Sectioned and stained slides were scanned with 40x-resolution digital light field microscope,

and imported into CaseViewer and QuPath software for viewing. The H&E slide was manu-
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Table 5.1: Description of first-order features.

Feature Measure

Minimum The lowest voxel value.

Maximum The highest voxel value.

Mean The average voxel value.

Median The median voxel value.

Variance The measure of the spread of the distribution about the mean.

The measure of asymmetry of the distribution about the mean. A
positive skewness implies the tail on the right side of the distribution

Skewness is longer; a negative skewness implies the tail on the left side of the
distribution is longer.
The measure of how peaked the distribution of values are. A higher

Kurtosis kurtosis implies the mass of the distribution is concentrated towards
the tail(s); a lower kurtosis implies that the mass of the distribution
is concentrated towards a spike near the mean.

Entropy The measure of randomness or uncertainty:.

ally registered to the T2-weighted axial MRI image that most closely resembled its anatomi-
cal features (example slices in Figure 5.2C and 5.2D). Boundaries between tumor and muscle
cells were distinguished by the dark purple stains of tumor cell nuclei and large pink muscle
tissue.

With guidance from a pathologist, regions of necrosis were identified by H&E. HIF-1a
expression in the tumor cell nucleus vs cytoplasm was discerned. CD31 stains of endothelial
cells were dark brown with high contrast against blue cells.

Using anatomic landmarks such as tumor orientation and bone location, image regions
were then compared to in vivo axial slices. Hypotheses included (a) necrotic regions corre-
sponded to areas of low K% and high v, (b) areas without CD31 stains corresponded
to hypoxia, (c) areas with CD31 stains correspond to higher K% values, and (d) nuclear

HIF-1a expression corresponded to hypoxic regions.
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Figure 5.3: (A) EPROI and (B) FMISO PET images were used to visualize the (C) hypoxia
classification of TP (red), TN (blue), FP (green), and FN (orange). Classification regions
were applied to DCE MRI images (D) K" and (E) v, for feature analysis. An example
of mean DCE MRI values across regions is shown in (F).

5.3 Results

5.3.1 Spearman Correlations

Correlation strengths are plotted against the hypoxic fraction in Figure 5.4. All tumors
with HF10>0.05 had negative p values between FMISO SUV vs K% (Figure 5.4A), and
positive correlations between EPR pOg vs K% (Figure 5.4D). This supports that in a hy-
poxic tumor with lower perfusion/vascular permeability (low K"%*$), FMISO uptake would
increase, and pOg would decrease. FSa tumors with HF10<0.05 had positive correlations
between FMISO SUV vs K775,

Comparing p between FMISO uptake with EPR pOsg, 47% (7/15) of SCC7 tumors and
11% (1/9) of FSa tumors had strong correlations. No strong correlations were observed for
MCa-4 tumors.

Comparing p between FMISO PET with K% 60% (9/15) of SCC7 tumors had
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Figure 5.4: Spearman correlation coefficients against the hypoxic fraction of each tumor for
FMISO uptake vs DCE MRI (top) and EPR pOy vs DCE MRI (bottom).

moderate-to-strong positive correlations. For EPR pOg with K975 53% (8/15) of SCCT tu-
mors had moderate-to-strong negative correlations ; 40% (2/5) of MCa-4 tumors had strong
negative correlations and 60% had weak correlations. This suggests that in MCa-4 tumors,
FMISO uptake may be inhibited by areas of low perfusion, but in actuality, those regions
are correlated with low pOg (as validated by EPROI). Similar observations were made with
FMISO PET with ke, and EPR pOg with kep. No strong correlations were observed between
PET/EPR with ve.
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5.8.2  Feature Analysis

Over all tumor types (n=29), mean and median v, were significantly higher for TP re-
gions than TN regions (both p<0.03), shown in Figure 5.5A. This suggests that a high
fraction of extracellular-extravascular space might distinguish hypoxic from normoxic tumor
regions. The kurtosis of v, was significantly higher for TN regions than TP (p=0.001) and
FN (p=0.03) regions, shown in Figure 5.5D. This indicates that in normoxic regions there is
a wide distribution of v, voxel values, contributing to lower mean values, while in hypoxic
regions the distribution of v, voxels is concentrated around the high mean value.

Mean ke was significantly higher for TN than TP (p=0.01) and FP (p=0.04) regions,
meaning the reflux rate is higher in normoxic areas, which is expected. Mean k¢) was also
significantly higher in FN than TP regions (p=0.03), meaning the reflux of FMISO caused
a false negative classification of hypoxic voxels. This is shown in Figure 5.5A.

The skewness of kep was significantly higher in TP regions than FN or TN regions (both
p<0.01), where skewness of kep = 1.3 in TP regions and skewness of kep = 0.23 and 0.07 in
FN and TN regions, respectively (see Figure 5.5B). Entropy of kep was significantly higher
in TN regions compared to TP, FN, and FP regions (all p<0.03), shown in Figure 5.5C.
This suggests a more heterogeneous/chaotic distribution of ke, values in normoxic regions
compared to hypoxic regions.

When comparing features across all tumors, there was no significant difference between
hypoxia classification in K"%$  However, when repeating feature analysis for each tumor
type, the maximum of K% was significantly lower (p=0.02) in TP vs TN regions only for
FSa tumors. This suggests that correlation between hypoxia and low vascular permeabil-
ity /perfusion is tumor-type dependent, and the relationship cannot be generalized. In all
other instances, there were only significant differences between certain features and hypoxia

classifications for SCC7 tumors, not FSa or MCa-4 tumors.
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Figure 5.5: Select features of DCE MRI parametric images in hypoxia classification regions.
Asterisks indicate regions significantly different from others, where * = p<0.05 and ** =
p<0.01.

5.8.3  Comparison In Vivo With Histological Images

Figures 5.6-5.8 show (A) in vivo axial slices to compare to (B) registered histological slices.
H&E, HIF-1a, and CD31 images were magnified by ~20 times to show different regions
marked by red and black arrows. The tumor is contoured in magenta in (A).

The center of the SCCT7 tumor (Figure 5.6), marked by the red arrow and magnified in
(C), showed necrosis in the H&E stain and hypoxia in the EPR pO9 image. There was also
higher K@ and low v in that region. While this may be paradoxical, there is vascular
growth surrounding the hypoxic region shown by CD31 staining. In the well-oxygenated
region (black arrow) magnified in (D), there were more densely-packed tumor cells with
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HIF-1a expression in the nuclei, with microvasculature spread throughout.

In the MCa-4 tumor (Figure 5.7), the red arrow points to a region of hypoxia, high FMISO
uptake, low K% and high v.. There are large stromal structures shown throughout the
tumor slice (C), with stronger HIF-1a expression immediately surrounding large vasculature
structures. In the well-oxygenated region (black arrow) there is stronger HIF-1a expression
throughout the region surrounding stromal and vascular structures.

In the FSa tumor (Figure 5.8), there is virtually no hypoxia in the whole tumor despite
very low K" and high ve shown on the right side of the tumor (red arrow), magnified
in (C). There are heterogeneously-sized tumor cells infiltrating large pink muscle cells, and
higher HIF-1a expression in cell cytoplasm rather than the nucleus. There is also very little
CD31 staining, which validates the low K% shown in vivo. In the region that straddles
the edge of high/low K'""$ (black arrow) magnified in (D), H&E images show a collagenous

region with sparsely spread tumor cells, no nucleic HIF-1a expression, and some vasculature.
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Figure 5.6: SCCT7 tumor axial slices (A) in vivo and (B-D) histological imaging.
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Figure 5.7: MCa-4 tumor axial slices (A) in vivo and (B-D) histological imaging.
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Figure 5.8: FSa tumor axial slices (A) in vivo and (B-D) histological imaging.
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5.4 Discussion

In literature comparing DCE MRI with FMISO PET, there have been contradictory correla-
tions between FMISO PET uptake with K" in head and neck cancer patients. Simoncic
et al. observed positive correlations between FMISO uptake and K95 [89], while Jansen et
al. observed negative correlations [93]. Another study by Donaldson et al. observed negative
correlations between perfusion measured by DCE MRI with pimonidazole and vascular en-
dothelial growth factor (VEGF) expression [101]. Common results across studies, including
ours, were the generally weak correlations between FMISO uptake with .

In this chapter we showed consistently negative correlations between K% and FMISO
uptake in SCC7 tumors —an oral squamous cell carcinoma model. This is in concordance
with the theory that low perfusion is associated with low pOs9 and hypoxia, a positive
correlation would be expected between EPR pOy with K% Using EPROI we showed a
positive correlation between pOg and K748 observed in 14/15 SCC7 tumors.

Looking at all tumor types, there were strong negative correlations observed between
FMISO uptake with K9S for some SCC7 tumors, but not MCa-4 or FSa tumors. There
were strong positive correlations observed between EPR pOg with K77 for SCC7 and MCa-
4 tumors, but no FSa tumors. However, the low hypoxic fraction of FSa tumors included in
this study make it difficult to draw solid conclusions for fibrosarcomas.

The discrepancies in correlations in MCa-4 tumors suggests that FMISO uptake may be
inhibited by areas of low perfusion, while in actuality those regions are correlated with low
pOs (as validated by EPROI). That, combined with the lack of strong correlations between
FMISO with pOg for MCa-4 tumors, implies that MCa-4 mammary adenocarcinomas may
not be an appropriate tumor type to use FMISO PET alone for imaging hypoxia.

A major limitation is that only five MCa-4 tumors were included in analysis. This
was due to a series of experiment failures, including temporarily broken MRI and PET

machines, scheduling conflicts caused by inconsistent tumor growth rates of MCa-4 tumors,
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and premature anesthetic death of the animal before all images could be acquired. Therefore,
it is possible that the lack of statistically significant observations with MCa-4 tumors was
due to a low N, rather than the tumor type itself.

The purpose of identifying features that showed significantly different values across hy-
poxia classification regions was to find some feature(s) that could differentiate FN regions
from TP, FP, and TN. This is because missing a region that is hypoxic could be more detri-
mental to patient outcome if it resulted in an inaccurate dose plan. With DCE MRI, only
kep features showed significant differences between FN and FP regions compared to TN and
TP regions. However, feature values of FN or FP regions were often in the middle of TP
and TN values, which would make them difficult to identify on their own.

In looking at THC stains across tumor types, tumor regions without CD31 staining — i.e.
regions without blood-delivering vasculature — were more strongly associated with necrosis
than low K" Additionally, HIF-1la expression was not localized only to hypoxic tumor
regions, but throughout the whole tumor, with darker nucleic stains around blood vessels
stained with CD31. This supports that in the presence of hypoxia, and surrounding necrosis,
HIF-1la induces angiogenesis [102, 103]. However, it also means that HIF-la is not an
appropriate marker for locating hypoxic subregions since it is present throughout the entire
tumor. We initially considered there was overstaining, but there was no HIF-1a expression
in healthy muscle cells.

The study by Janssen et al. [95] observed that HIF-1a staining was localized mainly in
the nucleus, similar to our observation in SCC7 and MCa-4 tumors, but not FSa tumors.
However, those FSa tumors had a low hypoxic fraction. Janssen et al. also noticed HIF-
la staining closer to blood vessels than pimonidazole. However, if oxygen concentration
decreases with distance from blood vessels, and if HIF-1a expression is oxygen dependent,
it would be expected that HIF-1a would be upregulated farther from blood vessels. This

expected relationship was not observed in neither our study nor in Janssen et al., and is
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another indication that HIF-1a might not be suitable as a marker for chronic hypoxia when
using THC.

A limitation to this study is that only two tumors were used for histological imaging.
However, those tumors are representative of the whole group. For example, one SCC7
tumor had a hypoxic core with high similarity between FMISO PET /EPROI-defined hypoxia
and high FMISO uptake, while the other had a heterogeneous spread of hypoxia with low
similarity between FMISO PET/EPROI-defined hypoxia and low FMISO uptake.

Further analysis should be conducted to explore second-order feature analysis or machine
learning techniques to distinguish FN from TN regions of hypoxia by combining FMISO PET
with DCE-MRI. Imaging experiments are still ongoing to include more tumors in analysis

to be able to make more concrete conclusions.

5.5 Conclusions

This is the first instance of comparing DCE MRI parametric images — K5y, and
kep — with hypoxia images from both FMISO PET and EPROIL Here we showed that
the strength of monotonic correlations between FMISO PET/EPROI with K"%"% and ke
have a moderate correlation with the tumor’s hypoxic fraction, and that there are generally
moderate correlations with low K% and hypoxia (low pOg and high FMISO uptake). We
also showed that features in kep could be used to distinguish between FMISO PET’s hypoxia
classification of false positive or false negative. However, differences between true positive
and true negative hypoxia classifications were more statistically significant. This sets the
stage for the next chapter, which involves modeling and correcting FMISO PET with EPROI
and DCE MRI.
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CHAPTER 6
MODELING AND CORRECTING FMISO PET WITH PO,
AND DCE MRI

6.1 Introduction

FMISO PET is an indirect method of measuring oxygen in tissue, or rather, the absence of
oxygen in tissue [94]. However, there is utility in modeling pOo with FMISO uptake to use
the clearly-defined in vivo hypoxia threshold: pOo < 10 mmHg. A study by Toma-Dasu et
al. described a sigmoidal function to model the inhibition of chemical reactions [79, 104].
Their fitted data was then used to generate radiosensitivity maps to offer the possibility
of improved treatment results, taking heterogeneity and dynamics of hypoxic regions into
account. Parameters from their sigmoidal equation were applied to our data, and compared
to a newly developed logistic function for a more accurate model of pOg to FMISO uptake.

Some of the first experiments to show the efficacy of FMISO accumulating in hypoxic
tumor cells were done by Rasey as in vitro studies and showed logistic relationship between
pO9 and FMISO uptake [105, 106]. This was the inspiration to develop a logistic function to
model FMISO uptake with EPROI, using image data acquired with the hybrid PET/EPR
imager [83].

This chapter looks at various methods of modeling pO9 with FMISO PET and DCE MRI.
Part A compares a newly developed logistic model to a previously published model, using pO»
to estimate FMISO uptake. Part B shows a proof-of-concept correction algorithm, showing
the potential of combining FMISO PET with DCE MRI parametric images to improve the

accuracy of FMISO PET.
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6.2 Methods

The same animal and tumor models were used as described in 3.2.3, and the same methods
for PET /EPR/MRI acquisitions were used as previously described in sections 4.2.2 and 5.2.1.
For image analysis, all images were registered and resampled to isotropic 0.5 mm voxels in
PET/EPR space and PET images were converted to units of SUV. Further detailes were

previously described in 4.2.6.

6.2.1 Image Analysis Part A: Modeling FMISO uptake with pO,

Tumor images from Group 2 imaging protocol of EPROI, FMISO PET, and DCE MRI were
used for analysis in modeling FMISO uptake with pOs. A total of 15 SCC7, 9 FSa, and 5
MCa-4 tumors were included in analysis.

Three models were evaluated in their ability to predict FMISO uptake, denoted as PETM
where M stands for "modeled”. Model 1 is the novel logistic function (Equation 6.2). Model
2 is a sigmoidal function with previously published parameters by Toma-Dasu et al. (Equa-
tion 6.3) [104]. Model 3 uses the same sigmoidal function as Model 2, but with new pa-
rameter values fitted to our data. Figure 6.1 shows an example of models over true FMISO
PET/EPROI voxel values, where Model 1 is red, Model 2 is yellow, and Model 3 is purple.

The minimum root mean square difference (RMSD) between true PET and modeled PET

(PETM) was used to identify optimal parameters for each tumor with N voxels:

N .

One-way analysis of variance (ANOVA) was used to evaluate significant differences between
group mean RMSD values for each model.
Model 1 is described by a logistic function as a model of FMISO retention in hypoxic

cells with the point of inflection occurring at the in vivo threshold of hypoxia (10 mmHg).
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Figure 6.1: Scatter plot FMISO uptake and pO9 from EPROI for one SCC7 tumor, with the
three FMISO uptake models superimposed over the raw data.

Equation 6.2 describes the model,

B
1 + ¢7(pO2—10)

PETM = o+ (6.2)

where « is the 15" percentile of FMISO uptake (SUVy5%), B = SUVinaz — SUV;59, and
v = 0.15. Mean and standard deviation parameter values are o« = 0.87+£0.23, 5 = 3.0+ 1.5.
The variable pOg is a vectorized EPR image, where each element is a voxel value of pOs.

Model 2 is shown in Equation 6.3,

B x pOo

(6.3)

where A related to the reaction speed in the absence of the inhibitor of the enzymatic

reduction of the FMISO in the presence of oxygen, and the second term (with B and C')
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described the inhibition effect [107]. They found that the best fit resulted from parameter
values A = 10.9, B = 10.7, and C' = 2.5 mmHg.

Model 3 uses Equation 6.3, but new parameter values of A, B, and C were fit to our data.
The best fit (lowest RMSD) resulted from parameter values A = 4.5, B = 4.0, and C = 2.5

mmHg.

6.2.2 Image Analysis Part B: Correcting FMISO Uptake with DCE MRI

Tumor images from both Group 1 and Group 2 imaging protocols were used for analysis,
though only tumors with a HF10 > 0.05 were used. This eliminated one SCC7 tumor and
three FSa tumors. In total, 14 SCC7, 6 FSa, and 13 MCa-4 tumors were included in analysis.
Images were normalized between -1 and 1 as described in 5.2.3.

A correction algorithm using least squares fitting was evaluated in its ability to make
FMISO PET more accurate in locating hypoxia for each tumor voxel by looping across 27-
element cubes throughout the tumor volume. This method was implemented to take the
heterogeneity of the tumor into account.

To start off simply, if we have two real-valued variables z € R and y € R with some

unknown mapping function, we can write this as

y=f(x). (6.4)

In this case, we are mapping some function of FMISO PET and DCE MRI images, f(z), to
a known map of pOaq, y.

If we make N observations of the mapping, we’d have a list of y,, and xy, forn =1,2,..., N
observations in vectors i and #. In this case, N observations would be up to 27 elements in
a cube in the tumor (fewer at the tumor’s edge).

If we expand the mapping f into a linear combination of M functions ¢y, (z) with weight-
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ing coefficients wy, for m = 1,2,...M, we can write this as

M
fla;wi, wa, o wpg) = > windm (@), (6.5)
m=1

or more succinctly as vectors,

fla;d) = @ - ¢(a). (6.6)

We want to choose weights @ to minimize the sum of squared differences between ¢ and
@ - ¢(z), which we write as

W = argmin||§ — @ - ¢(x)3 (6.7)

w
To simplify notation, we can define a matrix X where Xy, = ¢, and rewrite Equation
6.7 as

W = argmin||§ — X||3. (6.8)
w

The closed-form solution to this is given by
W =Xty = (xXIx)"Ixy (6.9)

where X is the Moore-Penrose pseudoinverse of X. Now we can perform a linear least
squares fit to map some combination of FMISO PET uptake with DCE MRI parametric
images and find the optimal weighting coefficients to do so.

To do this, normalized PET/EPR/MRI images were vectorized and Model 1 described in
Equation 6.2 was used to predict FMISO retention in hypoxic cells. However, another set of
parameters was used to give the logistic model a steeper slope and binarize FMISO uptake
to minimum and maximum values. Parameters used in Equation 6.2 were o = SUV},;p,
B = SUVimaz — SUVyin, and v = 0.85. Figure 6.2 shows the logistic function with both sets
of parameters, where the black curve shows Model 1B used in analysis.

The residual vectorized difference R is defined in Equation 6.10, where positive values of
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Figure 6.2: Comparison of different logistic function parameters from Model 1.

R would indicate where FMISO uptake was overestimated and negative values of R would

indicate where FMISO uptake was underestimated.

R =PETM _ PET (6.10)

In the next step, optimal weighting coefficients « for DCE MRI parametric images were
estimated using a least squares minimization of R in each cube around a central voxel
throughout the tumor. Using Equation 6.9 to calculate @3, X was a matrix of vectorized ke

and ve, and i = R:

R=wi kep+ws -0 =w-X (6.11)

In MATLAB, W was calculated for the central voxel in each 27-element cube. This created an

image of optimal weighting coefficients throughout the entire tumor. Only kep and ve were
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used because features of K78 were not significantly different between FMISO classifications
of true positives or false negatives, as described in 5.3.2. Also, K% and ke, are strongly
correlated, so the use of both would be redundant.

Finally, the estimated optimal weighting coefficients were used to correct FMISO PET

— o —

uptake, PETM by solving for PETM from Equation 6.11:

—

PETM = PET + w1kep + o (6.12)

The Dice Similarity Coefficient (DSC) and 95" percentile of the Hausdorff Distance
(dp 95) were used to evaluate the similarity between PET and EPROI (before correction)
and PETM and EPROI (after correction) using the optimal FMISO PET thresholds found
in Chapter 4, and pO9 < 10 mmHg for EPROL.

The mean weighting coefficients w1 and wy were calculated for regions of FMISO uptake
classifying TP, FP, TN, or FN regions of hypoxia, previously described in 5.2.3. Mean
weights were calculated for each tumor type in each imaging group, where Group 1 had 8
MCa-4 tumors; Group 2 had 5 MCa-4 tumors, 14 SCC7 tumors, and 6 FSa tumors. ANOVA
was used to assess whether weighting coefficients were similar or significantly different across
tumor types and groups.

The estimated optimal weighting coefficients w; and w9 were trained separately for tu-
mors in Group 1 and Group 2. The mean w; and wy for each group was calculated and
applied to each group data set as a test. Weighting coefficients from each group were vali-
dated by applying the mean wj; and wy from Group 1 to Group 2, and also from Group 2
to Group 1.

Results of the DSC and dp g5 before and after correcting FMISO uptake by weighted
DCE MRI parametric images from training, test, and validation sets are shown in Figure
6.5. The two-sample t-test was used to identify significant improvement in similarity between

hypoxic region overlap in FMISO PET vs EPROI before and after correction.
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6.3 Results

6.3.1 Part A: Modeling FMISO Uptake with pOs

Figure 6.3A shows violin plot distributions of the RMSD between all three models. The
RMSD from Model 2 was significantly higher than for Models 1 and 3 (p=0.03). When
grouping these results by tumor type, all models performed the worst (had the highest
RMSD) for MCa-4 tumors, as shown in Figure 6.3B. The newly proposed logistic model
(Model 1) consistently had the lowest RMSD.

A B _
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Figure 6.3: (A) Violin plots of RMSD grouped by model. (B) Bar plots of median and
standard error RMSD grouped by model and sub-grouped by tumor type.

6.3.2 Part B: Correcting FMISO Uptake with DCE MRI

Table 6.1 summarizes the mean weighting coefficients for each tumor type in each group,
which is visualized in Figure 6.4. In Group 2, there was no statistically significant difference
(p>0.05) of weighting coefficients for kep or ve across tumor type. Therefore, the same mean
weights were used for all tumor types in Group 2 to test the effectiveness of using a single

weighting coefficient per classification region.

76



In Group 2 for TN, FP, FN, and TN classification regions, the mean w was 0.123, 0.378,
-0.279, and -0.129; the mean w9 was 0.350, 0.576, -0.303, and -0.061. Between Group 1 and
Group 2, the only significant difference between mean weighting coefficients was in the false
positive (FP) classification region for i, which was significantly lower (p<0.01) in Group 1
(0.049) than Group 2 (0.378).

Before the correction algorithm was applied to all tumors, the mean =+ standard deviation
of the DSC and dp g5 were used as a baseline for similarity between hypoxic tumor regions
defined by EPROI vs FMISO PET without correction. In Group 1 the DSC was 0.42 + 0.21
and dg g5 was 5.5 £ 1.6 mm. For Group 2 the DSC was 0.44 & 0.15 and the dg g5 was 3.4
+ 1.0 mm. Table 6.2 summarizes the DSC and dp g5 after correction for training, test, and
validation data sets from Group 1 and Group 2.

Interestingly, applying the mean weighting coefficients from Group 1 to Group 2 as vali-
dation resulted in a significant improvement in similarity (p<0.001), but applying the mean
weighting coefficients from Group 2 to Group 1 did not, even though only one weighting
coefficient was significantly different between the two groups. Figure 6.5 shows a scatter
plot distribution of the DSC and dp g5 before (blue circles) and after (red diamonds) cor-
rection for training, testing, and validation. Figure 6.6 shows an example slice of a tumor’s
EPROI with ground truth hypoxia, the uncorrected PET, and corrected Pm images from

a validation set.
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Table 6.1: Mean weighting coefficients for regions classified as True Negative (TN), False
Negative (FN), False Positive (FP), and True Positive (TP) hypoxic regions by FMISO
uptake. Asterisk identifies a significant difference (p<0.05) in w compared to other tumor
types within classification groups.

TN  FP FN TN

MCa-4 (G1) 0.036 0.049% -0.338 -0.282

1 (o) MCa-4 (G2) 0.081 0.446 -0.542 -0.219
7 SCCT7 (G2)  0.163 0.405 -0.138 -0.046
FSa (G2) 0.065 0.259 -0.390 -0.247

MCa-4 (G1) 0.219 0.792 -0.479 -0.142

i () MCa-4 (G2) 0.325 0.575 -0.485 -0.087
¢/ SCCT (G2) 0.393 0.614 -0.245 -0.015
FSa (G2) 0.272 0.488 -0.287 -0.145

Table 6.2: Dice Similarity Coefficient (DSC) and Hausdorff Distance (d g, g5) before and after
correcting FMISO PET images with weighted DCE MRI parametric images for training, test,
and validation datasets from Group 1 and Group 2. Bold text indicates that after correction,
the DSC or dy g5 were significantly improved (p<0.01).

Before After Before After
Train 0.57 £+ 0.27 4.0 £ 2.2
Group 1 Test 042 +0.21 0.53 + 0.15 05+ 1.6 4.5 + 1.7
Validate 0.44 + 0.15 0.71 £0.15 34 +1.0 2.5+ 0.74
Train 0.78 + 0.12 2.1 + 0.54
Group 2 Test D s QL1 0.67 + 0.16 Sec 22 1L 2.7 + 0.81

Validate 0.42 &+ 0.21 048 £0.21 55+£16 49+17
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Figure 6.4: Mean and standard deviation of weighting coefficients of kej and ve across tumor
type and group.
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Figure 6.6: Axial slice of an SCC7 tumor’s images in EPROI, PET, and PETM images.
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6.4 Discussion

This preclinical study used EPROI as the reference standard for measuring pO9 and hypoxia
in comparison with their measurements of FMISO uptake. EPROI serves as a reference
standard of true hypoxia in relation to clinically applicable FMISO PET and DCE MRI.
Published studies that developed a model of FMISO uptake with pOs did not have the
use of a hybrid PET/EPROI machine, which avoids issues of moving the mouse between
modalities and cyclical hypoxia. Therefore, we can validate FMISO uptake to absolute pO»
voxel-by-voxel by using two modalities with similar intrinsic resolutions.

Using our data in three tumor types from Group 2, the FMISO uptake model by Lindblom
et al. shown in Equation 6.3 [79] overestimated FMISO uptake for low pOo, especially in
tumors with low hypoxic fractions. A study by Rasey et al. demonstrated that FMISO
can have lower uptake in deeply hypoxic cells [105], and using logistic function in Model 1
attempts to make the corresponding correction without over-correcting like in Models 2 and
3. Therefore, it may be more appropriate to use Model 1 than Model 3 even though they
both have similar RMSD distributions.

While Model 1 had a lower RMSD for predicting FMISO uptake with pOg from EPROI,
the original parameters with a gentler slope were not appropriate for the least squares correc-
tion algorithm, which required a more binary representation of truly hypoxic versus normoxic
voxels. Using the parameters with v = 0.15 resulted in a lower similarity than using param-
eters with v = 0.85 (see Figure 6.2).

Linear least squares is a method to map FMISO PET and DCE MRI images (kep and ve)
to corrected FMISO PET images, validated by pO9 EPROI. This was achieved by calculating
optimal weighting coefficients applied to kep and ve in 27-element cubes around every voxel
in the whole tumor, which provided three-dimensional information of surrounding voxels.
This method was used because one weighting coefficient for the entire tumor, rather than

tumor subregions, did not result in improved similarity in testing sets. This is expected due
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to the heterogeneity of the tumor microenvironment.

The average weighting coefficients in regions classified as TN, FP, FN, and TP hypoxia
by FMISO uptake were similar across all three tumor types — FSa, MCa-4, and SCC7 —
in Group 2. The average of weighting coefficients in MCa-4 tumors from Group 1 was also
similar to those in Group 1, except the mean w; in was significantly lower in FP regions. For
this reason, the mean weights obtained from training in Group 1 were applied to Group 2 as
validation, and vice versa, to understand how these different weighting coefficients affected
similarity between hypoxic tumor subregions defined by EPROI vs corrected FMISO PET
(PETM).

Applying the mean w; and we weighting coefficients from Group 1 (N=8) to Group 2
(N=25) resulted in significantly improved DSC and dp g5 in Group 2 (p<0.001). Only one
tumor did not have both an increased DSC and decreased dp g5 after correction. How-
ever, weighting coefficients from Group 2 applied to Group 1 did not result in significant
improvement (p>0.5) even though all tumors had improved DSC and/or d g g5.

Based on these results, it seems like over-correcting for FP regions by increasing the
weight of ke in those regions has a worse outcome on similarity than under-correcting for
FP regions by kep. In the context of this study, it is more important to correct for FN
regions, and the mean weighting coefficients for FN regions were similar between the two
groups.

For treatment planning, missing a hypoxic tumor region (FN) for a boost dose delivery
would likely result in worse treatment outcome than delivering a boost dose delivery to a
FP region. Therefore it is important to prioritize correcting FN regions than FP regions.

While the significant improvement of hypoxic region overlap between EPROI and PET\M
is promising, there is still the need to develop a classification algorithm that accurately iden-

tifies TN, FP, FN, and TP hypoxia regions based on only FMISO PET and DCE MRI.

However, in the presented work, we show that by identifying those regions, the same weight-
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ing coefficients can be applied across tumor types to make these corrections.

6.5 Conclusions

In this chapter, we have shown the utility of a hybrid PET /EPR machine to test and improve
models of pO9y from hypoxia radiotracers, such as FMISO, in several tumor types. We have
also developed a correction algorithm that can more accurately locate hypoxia in FMISO
PET images by using pOs from EPROI as the reference standard in combination with
weighted DCE MRI parametric images. The end goal, however, would be to treat tumors
with hypoxic boost treatments as described in Chapter 3 with EPROI, to see if there is an
improvement in local tumor control with the corrected FMISO images. This would bring

the field one step closer in improving tumor hypoxia location with PET/MRI.
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CHAPTER 7
CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Summary of Presented Work

The presented work had four specific objectives reproduced in three tumor murine mod-
els: SCC7 squamous cell carcinomas, FSa fibrosarcomas, and MCa-4 mammary adenocarci-
noams. The first objective was to demonstrate improved local tumor control using oxygen
image-guided radiation therapy with EPROI. The second was to identify the optimal thresh-
old to define hypoxia with FMISO PET. The third was to compare relationships between
tumor vasculature and hypoxia across tumor types with DCE MRI, FMISO PET/EPROI,
and histological imaging. The fourth was to develop a model and correction algorithm to
improve the accuracy of tumor hypoxia location by combining FMISO PET with DCE MRI.

At a high level, the focus of this dissertation was comparing modalities of directly and
indirectly imaging tumor hypoxia, both in vivo and ex vivo. EPROI directly measures ab-
solute pOg, and there is a clearly-established threshold in defining hypoxia as pOg < 10
mmHg. Across three tumor types, EPROI was shown to be a useful tool for dose escalation
with oxygen image-guided radiation therapy. FMISO PET measures the intracellular accu-
mulation of the hypoxia radiotracer, for which we identified the optimal threshold (which
is dependent on tumor type). DCE MRI parametric images include K*"%"$ the influx rate
of a contrast agent and a measure of vascular perfusion and permeability; v, the fractional
extracellular-extravascular space; and kep, the reflux rate of the contrast agent. Relation-
ships between DCE MRI parametric images with oxygen were dependent on tumor type and
hypoxic fraction.

In comparing features of DCE MRI parametric images to FMISO uptake correctly classi-
fying hypoxia as true positive (TP) or misclassifying hypoxia as a false negative (FN) when

it was hypoxic, we observed that the mean kep was significantly higher in FN regions than
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TP regions (p=0.03), though not as high as in true negative (TN) regions. This implies
that the reflux of the tracer from tumor back into the blood stream leads to missed hypoxia
identification, not necessarily that the tracer cannot reach poorly-perfused regions. This
also implies that it is difficult with only first-order features to distinguish between TP and
FN hypoxic regions, and further work is required to apply more sophisticated methods to
identify features in FN regions only with FMISO PET and DCE MRI, and to correct those
regions.

The hope for this dissertation is to set the stage for experiments that deliver a boost dose
to hypoxic tumor subregions as defined by a combination of FMISO PET and DCE MRI
— both clinically available modalities. This will emulate the oxygen image-guided radiation
therapy experiments outlined in Chapter 3 with EPROI, which is not a widely-available or

FDA-approved modality.

7.2 Conclusions

The end goal of this work is to test any and all approaches in radiotherapy boost dose
studies as those described in Chapter 3 on oxygen image-guided radiation therapy with
EPROI. EPROI is capable of accurately measuring and imaging absolute pOg in vivo and
defining hypoxic tumor volumes with a clear 10 mmHg threshold. In three tumor models,
EPROI was used for oxygen image-guided radiation therapy, showing a significantly improved
local tumor control when delivering a boost dose to hypoxic tumor subregions compared to
normoxic tumor subregions.

A notable difference in the study design of this preclinical work compared to clinical dose
escalation studies is the low dose delivered to oxygenated tumor regions. In our preclinical
study, a low dose at 15-20% the tumor control dose was delivered to the whole tumor (22.5,
48, and 49.9 Gy for FSa, SCC7, and MCa-4 tumors) followed by a 95-99% tumor control

dose boost. In clinical studies, a high dose was delivered to a whole tumor followed by a
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boost dose. For example, in Vera et al. 66 Gy was delivered to the whole tumor for non-
small cell lung carcinomas, followed by a 4-13 Gy boost dose (depending on the tumor site
and organs at risk) [10]. In Welz et al. 70 Gy was delivered to the whole tumor for head
and neck cancers, followed by a 7 Gy boost [19]. Other notable differences in the preclinical
study design was the single-fraction delivery regimen compared to multi-fraction regimens
in the clinic, and the fact that most clinical treatments involve a combination of radiation
and chemotherapy while our preclinical studies only involved radiation.

The promising results we showed in Chapter 3 even when delivering such a low dose to
the oxygenated tumor in one fraction implies two things in three tumor types. The first
implication is that patients likely do not need such a high radiation dose if their tumors
are not hypoxic. This has been confirmed in a study by Riaz et al., using FMISO PET to
identify patients without hypoxic tumors, de-escalating the dose from 70 Gy to 30 Gy, and
observing ~94% loco-regional control and overall survival over two years [77]. The second
implication is that if tumors are hypoxic, but we have the ability to accurately image tumor
hypoxia, it is reasonable to still deliver a low dose to the whole tumor with a high boost
dose to just the hypoxic regions, thereby sparing the surrounding organs at risk.

One caveat is that groups of tumors with a median hypoxic fraction above 0.22 may not
be suitable for hypoxic boost doses, as observed in SCC7 tumors. This may be caused by
biological processes outside of radiation-resistant hypoxic tumor cells induced by HIF-1a,
which leads to higher probabilities of angiogenesis and metastasis. However, it is promising
to observe enhanced local tumor control by at least a factor of two in three tumor types when
delivering a low 20% tumor control dose to the whole tumor and an added 13 Gy boost dose
to hypoxic tumor subregions.

Despite these promising results, the major limitation of the study is the lack of EPR
imagers available in hospitals for human pO9 imaging. Therefore, the accuracy of FMISO

PET imaging in locating tumor hypoxia in vivo is imperative. A major challenge with
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implementing FMISO PET in the clinic is the lack of an established threshold to define
hypoxia. In this work, using EPROI to define ground truth hypoxia, the optimal thresholds
were found to be SUV > 1.4xSUV,eqn for SCC7 tumors, TMR > 1.4 for FSa tumors, and
SUV > 1.8 for MCa-4 tumors.

An incredible advantage we had in comparing FMISO PET uptake to pOo from EPROI
was the development of a hybrid PET /EPR imager used in Group 2 imaging protocol (4.2.5).
It ensured identical physiological conditions of the mouse during imaging in both modali-
ties, and allowed us to overcome logistical challenges like transporting the mouse between
machines on opposite sides of the building. It also gave the confirmation that poor simi-
larity between hypoxic volumes defined by FMISO and EPROI in MCa-4 tumors was not
only caused by a time difference between PET/EPR imaging as we saw in Group 1 imaging
protocol (4.2.4).

For MCa-4 tumors, on average there was a 68% similarity between PET- and EPR-defined
hypoxic volumes. For SCC7 and FSa tumors, there was a 73% similarity —an improvement,
but with room for even more improvement. The benefits of accurately locating hypoxia for
dose escalation protocols would be immeasurable for a patient. If a hypoxic volume were
defined larger than necessary in a tumor surrounded by sensitive organs (such as a head and
neck cancer), the patient would be burdened with a higher dose exposure than necessary.
On the other hand, if part of a hypoxic volume were missed, there would be a higher chance
of tumor recurrence.

For this reason, the utility of DCE MRI parametric images were explored to see if the
accuracy of FMISO PET could be improved. One observation was that MCa-4 tumors had
the weakest correlation strengths between FMISO PET with EPR pOs, compared to SCC7
and FSa tumors. We also observed that features in kep could be used to distinguish between
FMISO PET’s hypoxia classification of false positive or false negative. However, differences

between true positive and true negative hypoxia classifications were more statistically signif-
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icant. Ongoing work includes chemical exchange saturation transfer (CEST) MRI to image
pH and see whether acidity in the tumor affects FMISO uptake in hypoxic tumor cells.

We developed a correction algorithm to use least-squares to find optimal weighting coef-
ficients to correct FMISO PET with ke and ve. With the initial correction-learning method,
we have shown the potential for developing an algorithm that can more accurately locate
hypoxia in FMISO PET images by using pOg from EPROI as the reference standard in com-
bination with DCE MRI. However, at this time we are still in the process of collecting data
for MCa-4 tumors, for which FMISO PET is the least accurate. Work for this is ongoing

and discussed in the next section.

7.3 Proposed Future Directions

There are several directions one could take with this research, especially to better emulate
clinical study design with these preclinical models. Using EPROI for oxygen image-guided
radiation therapy, this work can be repeated with a fractionated dose regimen rather than
in a single dose, more similar to clinical treatments. This could determine whether local
tumor control with fractionated treatments would increase compared to a single fraction
with hypoxic boosts. However, it would be challenging to put mice under anesthesia several
times a week to do MRI/EPROI/CT to plan each treatment, both for their well-being and
logistically.

Another way to better emulate modern treatment regimens is to do intensity-modulated
radiation therapy (IMRT) in three or five angles with 3D-printed compensators, rather than
two opposing beams [74]. Future study designs could also combine radiation therapy with
chemotherapy to determine whether their combination with hypoxic boost treatments would
significantly improve local tumor control.

With FMISO PET, future work could include pixel-wise pharmacokinetic modeling of

the MCa-4 dynamic PET data from the Group 1 imaging protocol. It would be interesting
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to see if any transfer constants from the two-tissue compartment model would correlate
with EPROI and/or DCE MRI parametric images K% y,, or kep. Dynamic data was not
acquired with the current prototype of the hybrid PET /EPR machine because the axial field
of view of the PET machine was too short. However, a newer iteration of the PET insert is
nearly complete and should have a long enough axial field of view to be able to image the
heart and tumor-bearing leg simultaneously. This would allow us to use the left ventricle of
the ROI as the model for the blood/plasma compartment.

Another exciting project is developing an in vivo reconstruction method of the time decay
of positronium, which correlates with pOg and can theoretically be done with any radiotracer
[108]. The hybrid PET/EPR machine can be used for PET imaging while simultaneously
validating its estimation of pOg. This novel and exciting work has yet to be accomplished
. VIYO.

Of course, the entire project can be repeated with a different radiolabeled hypoxia marker,
such as 18F-EF5, 18F-FAZA, 64Cu-ATSM, or any of the twelve PET radiopharmaceuticals
with the potential to target hypoxia discussed in Lopci et al. [23]. It is possible that another
tracer is better correlated with EPROI pOg than FMISO.

The original study design included chemical exchange saturation transfer (CEST) MRI,
which can be used to image pH. Few studies have imaged both CEST MRI with FMISO
PET, though it has been done [109]. In the context of this work, it would be useful to see if
features of pH imaged by CEST MRI had any relationship with FMISO’s false positive or
false negative classifications of hypoxia. This would allow us to better understand the effects
of pH on intracellular FMISO uptake.

Finally, unstained histological slices have been left intentionally for future work in all
three tumor types. Additional IHC staining could be done with the vascular endothelial
growth factor (VEGF), a signalling protein that promotes the growth of new blood vessels.

Carbonic anhydrase IX (CAIX) is a transmembrane protein that is upregulated in hypoxic
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environments, and could be compared to HIF-1a expression and in vivo hypoxia shown in
EPROI and/or FMISO [110]. This would be useful to compare whether HIF-1a or CAIX
are better markers of regional hypoxia in comparison to in vivo EPROL.

Of course, further work is required to develop a more robust machine learning algorithm
with a testing, training, and validation set of data across all tumor types. At this time,
image data is continuously being acquired to increase the number of tumors to improve the
training set across all tumor types, and in future studies, a new PET insert with higher
sensitivity and a longer axial field of view will be used for PET/EPROI imaging.

Ideally, this work will be an important stepping stone towards improving radiation ther-

apy outcome by more accurately targeting hypoxic tumor regions for dose escalation.
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