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“It’s wanting to know that makes us matter. Otherwise we’re going out the way we came in.”
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Abstract

Although researchers have made great strides toward understanding the biological processes under-
lying cancer pathology, this has not led to major improvements in the management of the disease.
Development of new treatments to combat cancer remains imperative. Nanosized therapies show
promise to improve tumor treatment response by localizing therapy while reducing treatment-related
toxicity. Understanding how nanotherapies are taken up and cause their effects at the intact tumor
level in vivo will complement ex vivo histological and in vitro biochemical studies and facilitate the
translation of nanotherapy treatments to the clinic. Currently, few in vivo methods exist to study
nanotherapy uptake and response at the intact tumor scale. Magnetic resonance imaging (MRI)
and positron emission tomography (PET) are imaging methods that provide different but comple-
mentary information about the tumor microenvironment and nanotherapy uptake/response. Direct
spatiotemporal correlation of PET and MRI data via their simultaneous acquisition has the poten-
tial to be powerfully synergistic, especially for the study of physiological processes that are time
sensitive or where good spatial coregistration of the multimodal data is important. As the field of
hybrid PET/MRI is still in its infancy, with only a handful of active systems worldwide, it is vital
that continued PET/MRI technology development be pursued to realize its full potential.

The objective of this thesis is to develop noninvasive, multimodal PET/MRI methods to study
the uptake and response of cancer nanotherapies. Three studies were pursued toward this goal. First,
we describe the development of a quantitative, small animal simultaneous PET/MRI system that is
capable of dynamic, intratumoral imaging. The results show that the system provides quantitative
images that are highly correlated with ex vivo autoradiography. The system was able to follow the
uptake of a radiolabelled antibody inside the tumor over time, visualizing antibody movement from
the vascular space to the tumor mass. Second, we adapted a functional MRI technique, diffusion

MRI, to monitor treatment response of the cancer nanotherapy CRLX101. CRLX101-treated ani-



viii
mals showed a significant diffusion MRI response within 2 days of treatment, before significant size
changes were observed. Modeling of the diffusion MRI data was able to predict the potent antipro-
liferative effect of CRLX101, commensurate with histological data. Finally, we developed MRI and
PET/MRI methods to study the tumor response to the tumor-penetrating peptide iRGD, which has
shown good potential to improve cancer nanotherapy uptake. The results show that iRGD can have
a variable tumor response, which may be dependent on the tumor microenvironment.
The primary contributions of this thesis work is the development of small animal hybrid PET/MRI

technology to enable multimodal intratumoral studies and the development of clinically-applicable

imaging methods to monitor the uptake and response of cancer nanotherapies.
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Chapter 1

Introduction

1.1 The Fight against Cancer

Cancer is a set of diseases characterized by the uncontrolled growth and spread of abnormal cells.
Great advances have been made in understanding the underlying biology of cancer [1, 2]. Apart
from the discovery of an ever-increasing number of genetic abnomalities and signalling-pathway
defects stemming from proliferating cancer cells themselves, recent research has also highlighted
the complex interplay between cancer cells and their tumor microenvironment [3]. In situ cancer
tumors are heterogeneous, consisting not only of cancer cells (which themselves are not homoge-
neous inside the tumor, as demonstrated by the recent discovery of cancer stem cell populations [4]),
but also various types of stromal support cells [5], blood vessels [6], and immune cell populations.
How these different components interact and support the growing tumor can greatly affect tumor
progression. The large number of potential therapeutic targets within the tumor generated from
these discoveries have led to the development of many novel drugs targeting specific components
of tumors (figure 1.1) . In particular, nanotherapy, which describes the class of agents with a size
range of ~1-100 nm, is a promising drug design strategy that is being actively investigated. Cancer
nanotherapies show great promise for oncological treatment, since they can be engineered to over-
come barriers of uptake posed by the tumor micronenvironment [7]. Additionally, nanotherapies
can reduce treatment-related toxicity by concentrating delivery of drugs into the tumor mass.
Translating this basic biological understanding and engineering progress to effective clinical
endpoints (i.e.increased patient survival) remains a challenge. Survival rates from several types

of cancer remain low (figure 1.2, [8]). A major issue contributing to this is the fact that our un-
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(adapted from [1]).



3
derstanding and evaluation of tumor progression and response to treatment in individual patients
remain limited. For example, consider a tumor type studied in this work, Burkitt’s lymphoma (BL).
The genetic profiles of well-defined BL are known; however patients often present a phenotype in-
termediate between BL and other aggressive lymphomas, making diagnosis difficult [9]. Although
the disease has been shown to be quite chemosensitve, no concensus treatment exists [10]. Often, a
high-intensity chemotherapy regimen is administered to the patient over 3—6 cycles, which can take
3-6 months to complete. Treatment evaluation is then documented 4—8 weeks posttreatment. The
criteria for treatment response is based mainly on anatomical reduction of tumor burden, comple-
mented by laboratory tests and tissue biopsies to confirm response after completion of therapy [11].
While recent response rates are quite good, even close to 100%, some variants of BL in adolescents
and young adults have poor prognosis. If cancer nanotherapy is to be successfully translated to
the clinic to treat diseases such as BL, tools that enable us to understand the causes of poor tumor
treatment response and identify individual patients that do not respond well early in the treatment

regimen will be highly desirable. noninvasive molecular imaging is one such tool.

1.2 Personalized Non Invasive Molecular Imaging to Improve Cancer

Treatment

Noninvasive imaging has become indispensible for both research and clinical management of cancer
during the past 20-30 years. Visualization of the tumor mass with high-resolution anatomical imag-
ing modalities such as x-ray, computer tomography (CT), and magnetic resonance imaging (MRI)
enables cancer diagnosis and staging. This has been augmented by the availability of '3F-fluoro-
deoxyglucose ('*F-FDG) positron emission tomography (PET) to locate tumors. These imaging
modalties now play a vital role in forming the criteria for tumor response [11].

Advances in the field of molecular imaging are enabling researchers to address questions about
the complex dynamics between various components of the tumor and the therapies used to treat
them. Studies with the imaging modalities mentioned above are moving beyond mere size measure-
ment and tumor staging. Imaging techniques and imaging probes are being developed to monitor

specific molecular aspects of tumor growth [12]. The imaging modalities mentioned are noninva-
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through 2008, +The difference in rates between 1975-1977 and 2001-2007 is statis
points. #Survival rate is for cases dizgnosed in 1978-1980.

Source: Howlader M, Krapcho M, Neyman N, et al. (eds). SEER Cancer Statistics Beview, 1375-2008, National Cancer Institute, Bethesda, MD.
sear.cancer.gowicst 1975_20084 2011,

*Survival rate:

American Cancer Society, Surveillance Research, 2012

(b) Five year cancer survival rates, stratified by race.

Figure 1.2: Five year cancer survival rates in the United States, 2001-2007. Adapted from [8].
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sive, allowing real-time studies of the intact tumor during growth and/or therapy. They are also
quantitative, which enable comparisons intra- and intersubjects across multiple time points. There
is also increasing recognition that studies integrating information from multiple modalities can be
synergistic, providing information not available in unimodal situations. The most spectacular ex-
ample of this synergy is the widespread adoption of PET/CT systems. CT gives high-resolution
anatomical context to the PET data, and the combination has demonstrated clear clinical benefit
[13]. Recent developments in hybrid PET/MRI promises to offer even more synergistic value [14].
MRI not only provides high-resolution anatomical images, but can also provide functional informa-
tion that is complementary to PET. The field of hybrid PET/MRI is still in its infancy; continued
development of PET/MRI technology is necessary to realize its full potential.

Progress in the design and development of cancer nanotherapies are informed by their inter-
actions with the tumor microstructure in situ. Most investigations to understand the interaction of
nanotherapies and the tumor microenvironment are done in vitro [15, 16], ex vivo [17], or invasively
[18], which may not always simulate in situ situations well. Noninvasive imaging modalities, such
as PET/MRI, will be very useful to study cancer nanotherapy uptake and response. Researchers
have begun to use noninvasive imaging to study the uptake of nanotherapies, mostly focusing on
examining the gross uptake of therapies into the tumor mass [19, 20].

The goal of this thesis is to develop clinically applicable, noninvasive imaging technologies,
specifically PET and MRI, to understand the uptake and response of cancer nanotherapies beyond
simple tumor size measurements and the gross uptake of nanotherapies into tumors. We first de-
scribe the development and evaluation of a small animal hybrid PET/MRI system to study the het-
erogeneous uptake of antibodies into the tumor. The second part of the thesis concerns the devel-
opment of a functional imaging technique, diffusion MRI, to model and follow the early response
of a nanotherapy currently in clinical trials. The final part of the thesis describes work to develop
PET/MRI methods to study the effects of the tumor modulating peptide iRGD, which has the po-

tential to significantly improve the uptake of nanotherapies into the tumor.



1.3 Outline and Scope of Thesis

This thesis describes work developing and validating a first-generation small animal, simultaneous
PET/MRI imaging system and the application of both PET and MRI (individually or together)

techniques to study the uptake and response of different targeted cancer nanotherapies.

1.3.1 Review of Targeted Cancer Nanotherapies, Tumor-modulating Peptides and

Multimodal Noninvasive Imaging

Chapter 2 first reviews the current status of targeted nanotherapies for cancer. We describe the dif-
ferent design approaches being investigated to improve targeting of drugs into the tumor site. Tumor
microenvironmental factors which may affect the kinetics and biological activity of targeted thera-
pies are described. Next, we review recent attempts to improve tumor drug uptake by modulating
the tumor microenvironment. Treatments which attenuate barriers to drug access in the tumor may
act synergistically with carefully designed targeted therapies to enhance therapeutic response.

The second half of the chapter reviews the application of noninvasive imaging to study cancer
therapy uptake and tumor response. The basic physics of PET, MRI, and DWBA, as well as their
use in imaging cancer nanotherapy are reviewed. Advances in the nascent field of hybrid PET/MRI

imaging are outlined.

1.3.2 Developing Simultaneous PET/MRI for Robust In Vivo Studies

Hybrid PET/MRI systems are being built. However, thorough characterization and verfication of
such systems are required before being used in meaningful in vivo studies. Chapter 3 describes the
characterization and development of a first-generation small animal PET/MRI system to enable ro-
bust physiological studies. First, we examine potential interference effects of the PET insert on MRI
image quality with direct regards to in vivo studies that we wish to pursue. Next, we present work
on the development of a reliable image coregistration strategies between simultaneously acquired
PET and MRI images.

Making believable physiological inferences from high-resolution PET and MRI datasets re-

quires that the images are faithful to real contrast distributions in the imaged tissue. We describe
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work that validated the imaging ability of the PET/MRI system to reveal intratumoral uptake pat-
terns as compared to a commercial PET system and DWBA.
To enable robust physiologyical studies, complete integration of the PET and MRI hardware
and software is necessary. In the last part of the chapter we describe our efforts to streamline the
hybrid PET/MRI system technology and consider MRI interference effects on the PET insert that

need to be addressed in next generation systems.

1.3.3 Serial Diffusion MRI to Monitor and Model Early Treatment Response to the
Targeted Nanotherapy CRLX101

Successful translation of targeted cancer nanotherapies to the clinic requires robust tools to evaluate
effective patient response. noninvasive imaging techniques show great promise in this regard and
can be directly translated from preclinical studies to clinical trials. Chapter 4 describes work on
the evaluation of a functional MRI method, diffusion MRI, to monitor the response of CRLX101
in a preclinical murine model of Burkitt’s lymphoma. We also applied the diffusion MRI data to a

logistical model of tumor growth to evaluate the model’s ability to predict CRLX101’s activity.

1.3.4 Imaging the Tumor Response to the Tumor-penetrating Peptide iRGD

IRGD is a tumor-penetrating peptide that has been shown to improve tumor delivery of drugs by
modulating the tumor microenvironment. Translation of this peptide to the clinic requires a robust
assay of its efficacy. Chapter 5 describes preliminary results in developing noninvasive (PET and

MRI) assays of iRGD response.

1.3.5 Summary and future work

Future directions raised by the current work are presented in chapter 6.
Additional information and studies related to work described in this thesis are presented in the

appendices.



Chapter 2

Background and Review

2.1 Targeted Cancer Nanotherapies

Therapies such as chemotherapy or small molecule molecularly targeted therapeutics (e.g.kinase
inhibitors) are powerful anticancer treatments and form the standard of care in current clinical man-
agement of cancer. However, these agents distribute non-specifically in the body, and since cancer
targets are often the overexpression of normally expressed markers, these agents can cause toxicity
to both cancer and normal cells. Treatment-associated toxicity (TRT) can limit achievable dosage
within the tumor and result in suboptimal treatment. Furthermore, many tumor types can develop
resistance to these small molecule therapies.

Nanotherapies, which describes the class of agents with a size range of ~1-100 nm, are be-
ing actively explored to overcome the issues of small molecule therapies [21, 4, 22]. Often, small
molecule therapies are directly attached or encapsulated within a “carrier” nanostructure for drug
delivery. Structures being explored range from polymers [23, 24] and carbon nanotubes [25] to
liposomes [26] and viral protein cages [27]. Gold nanorods can be delivered to the tumor to provide
localized photothermal heating. This can cause direct tumor toxcity or improved uptake of a com-
plementary drug carrier [7]. Alternatively, existing peptides and protein constructs can be modified
to improve their targeting efficacy. An example of this is the development of immunocytokines,
whereby cytokine peptides are engineered onto antibodies to target their effects locally to the tumor
site [28, 29].

Nanotherapies overcome toxcity and resistance issues by several mechanisms. First, size and

surface characteristics of nanotherapies can be tuned to extend their circulation time in the body
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by reducing reticuloendothelial and renal clearance. Next, the nanotherapies can target the tumor
by harnessing the properties of the tumor environment. The most characterized property is the
enhanced permeability and retention effect (EPR). The fast growing tumor requires a continuous
nutrient supply and thus releases factors to recruit and grow blood vessels. Imbalance of angiogenic
signals lead to highly disorganized and leaky tumor blood vessels. This, along with compromised
tumor lymphatics, allow macromolecules above ~50 kDa to accumulate in the tumor interstitium.
The nanotherapy considered in this work, CRLX101 [30], has been postulated to accumulate via

EPR (see chapter 4 for further discussion).

Normal tissue

Figure 2.1: Enhanced permeability and rentention. Dysregulation of the angiogenic signals within
tumors lead to immature and leaky blood vessels in the tumor. This enables macromolecules and
nanoparticles to enter the tumor interstitium. This, along with compromised lymphatics, lead to
retention of these large-sized particles in the tumor (adapted from [4]).

Tumor targeting can be further improved. Specific targeting of cell populations via receptor
targeting can be achieved by the attachment of receptor ligands or antibody fragments onto the
nanotherapy surface. Transferrin or folate receptors, which are often over-expressed in tumors, are
common targets [31, 32]. Targets along the tumor endothelium (e.g.c, B3 integrin receptors) have
also been explored for antivascular agents [33]. Other properties, such as the pH of the tumor [34]
and the overexpression of enzymes [35] in the tumor have also been explored as tumor localizing
targets. Recent work suggests that combining several of these targeting mechanisms into a single

nanotherapy system is synergistic [7].
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Tumors can become chemoresistant via multiple mechanisms. The best known is the P-glycoprotein

efflux pump pathway [36]. Nanotherapies can potentially overcome these effects since they uptake

into cancer cells via different pathways compared to conventional therapies [37].

2.2 Modulation of the Tumor Microenvironment to Enhance Drug

Uptake

Improved tumor targeting is the primary rationale behind the development of cancer nanotherapies
[38]. However, nanotherapies currently in clinical trials show modest improvements over conven-
tional treatment [39]. Studies exploring the factors preventing enhanced efficacy have highlighted
the heterogeniety of nanotherapy uptake within the complex tumor microenvironment. Although
leaky blood vessels form the basis of EPR, their vessel-wall structure are often abnormal, lead-
ing to vessel collapse and thus hetereogeneous delivery [40]. Similarly, lymphatic drainage is also
compromised in tumors with a result of fluid retention within the tumor mass and tumor intersitial
hypertension [41]. This may impede penetration of nanotherapies throughut the tumor. Moreover,
the tumor microenvironment consists not only of tumor cells, but support matrix such as collagen
fibers and glycosaminoglycan [15, 42]. Depending on the size and structure of nanotherapies these
structures (which are also heterogeneous within the tumor) can impede nanotherapy penetration and
limit their efficacy [18].

Strategies have been investigated to modulate the tumor in order to improve nanotherapy pene-
tration. Judicious use of antiangiogenic agents have been used to “normalize” tumor blood vessels
[43]. This improves vascular perfusion within the tumor and reduces interstitial fluid pressure.
However, these effects may be transient and actually remove the leakiness desired from EPR. The
leakiness of the blood vessel have also been modulated via other means, such as the application of
VEGEF or metronomic chemotherapy regimens [44, 45]. The tumor matrix can also be modulated
via degradation of the collagen matrix and decreasing the levels of glycosaminoglycans, improving
the uptake of antibodies and viral particles [46, 42].

Another strategy to improve therapy uptake in the tumor is the use of cell-penetrating peptides.

Peptides are generated with specific targets such as tumor blood vessels or the cell nucleus, most
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often via phage display [47]. These peptides are then often fused to a cargo of interest, such as
nanoparticles or siRNA to improve the drug or particle uptake [48]. Interestingly, a recent paper re-
ports that a tumor-penetrating peptide (iRGD) can improve the uptake of a variety of drug therapies
ranging from small molecules to nanoparticles into tumors without direct conjugation to the agent
of interest [49]. This suggests that iRGD has tumor modulating effects beyond pure tumor homing.
Although the exact mechanism of action in vivo remains elusive, iRGD is purported to target the
tumor via the ¢, integrin receptors on tumor blood vessels. A cleavage mechanism then occurs,
exposing a peptide modif (the CendR motif [50]) which interacts with the neuropilin-1 receptor and
mediates downstream effects leading to drug tumor penetration [48, 49, 50]. Neuropilin-1 is asso-
ciated with the VEGF pathway suggesting that modulation of tumor blood vessels may play a role
in this process. The imaging of iRGD effects were investigated in this work. Further discussion of

iRGD is found in chapter 5.

2.3 Imaging in Oncology

The research and clinical management of cancer has been revolutionalized by imaging [12]. Cur-
rently, several imaging modalities are being developed and used. For successful translation of imag-
ing assays from the benchtop to bedside, it is imperative that all aspects of the imaging assay be
considered, ranging from the biological process being considered, the chemistry of the probes and
the imaging hardware, to the methods of image analysis [51].

Here, we review imaging considerations with regards to the two modalities considered in this

work: PET and MRI.

2.3.1 PET Basics

PET is an imaging technique that relies on the emission of coincident annihilation photons emitted
indirectly from positron emitting radionuclides [52]. Attachment of radionuclides to specific biolog-
ical molecules or compounds can provide highly sensitive assays of many physiological processes
[51]. The biodistribution of these molecules in the body are dependent on their pharmacokinetics
and pharmacodynamics. PET images showing their biodistribution allow us to infer the mechanism

of specific physiological processes in a dynamic and noninvasive manner. Radiolabelled compounds
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have been developed to monitor many processes including metabolism [53, 54], receptor binding
[55, 56], antibody trafficking [57], gene expression [58], and perfusion [59].

As the unstable radionuclide attached to the molecule of interest decays, positrons are emitted as
byproducts. The positron travels a short distance (the positron range), losing its kinetic energy, and
then annihilates with an electron. The annihilation process converts the masses of the positron and
electron into two 511 keV photons emited in coincidence almost simultaneously (~nanoseconds,
ns). Detection of these photons defines a line volume (line of response) along which the annihi-
lation process occurred. Detection of these photons at multiple angles around the object allows
the definition of multiple line integrals of activity distributions. Image reconstruction algorithms
[60, 61] can be applied to this information to create images of radioactivity distribution (and hence
the molecules attached). The spatial resolution of PET systems is on the order of ~1-5 millimeters
and is a function of the positron range, deviations from colinearity of emitted coinicidence photons,
and the effectiveness of the detector to resolve lines of response.

With proper correction and calibration of the line integral data and reconstructed image data, the
pixel intensities of resultant images should be proportional to the radioactivity present at the pixel
location and thus would provide implicitly the concentration of the radiolabelled probe of interest.
For further discussion of both hardware and software calibration required for well-calibrated PET,
we refer the reader to [52, 51] and chapter 3.

As discussed earlier, successful PET studies require prudent integration of hardware, software,
biology and chemistry. Of interest to the work described herein is the need to choose the correct
radioisotope to explore the physiological processes of interest. Several positron-emitting isotopes
are currently routinely used in PET (table 2.1). Three important factors need to be considered in

choosing the isotope for any study:

1. Chemistry: Different radioisotopes are linked to the molecule of interest with a variety of
methods. Halogens such as '8F and "SBr are covalently linked to the molecule, while radio-
metals such as ®*Cu and ®Ga [62] are conjugated to the molecule via a chelate (such as
DOTA) [63]. Careful consideration needs to be made to determine whether the molecule of
interest can be labeled with the isotope, and whether chemistry of the labelling will affect

the pharmacokinetics or biological interpretation of the PET signal. Moreover, while the
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chemistry of radioisotopes are the same as the non-radioactive isotopes, the radiolabelling
process needs to be well within the half-life of the isotope of interest to allow enough signal

for imaging.

. Half-life: The half-life of the isotope needs to be fitted to the physiological question of in-
terest. For example, the kinetics of nanotherapies are on the order of hours to days. If the
question at hand is to determine the kinetics of the agent, then a relatively long half-life iso-
tope such as ®*Cu or 12T would be desirable. However, a short half-life isotope such as '*F or
'1C may be more applicable for fast acting physiological processes or diagnositic purposes,

where radiation overexposure becomes a critical concern.

. Branching fraction: The branching fraction for a isotope defines the fraction of particles
which will decay via a particular decay mode. Specifically, we are concerned with the per-
centage of positron emission. One may need to design imaging protocols, the injected dose
or make alterations to the calibration to account for the lower sensitivity of certain isotopes
during PET imaging. This is particularly relevant for %*Cu, as only 17% of all decays are

positrons.

Table 2.1: Common positron-emitting isotopes

Isotope Half-life (hours) " decay fraction (%) J*energies (keV)

8Ga 1.13 90 1899
e 0.34 99 960
150 0.034 99 1732
18 1.83 100 634

%4Cu 12.7 17.4 653

6lcy 3.3 62 1220
76Br 16.2 6.3 871

5.2 990
25.8 3382
6 3941

87r 78.4 22.7 897

86y 14.7 11.9 1221
5.6 1545
1241 100.3 11.8 1535

10.9 2138
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2.3.2 MRI Basics

MRI leverages the quantum mechanical phenomenon whereby nuclei with non-zero magnetic spin
quantum numbers achieve splitting of spin energy levels when placed in an external magnetic field.
Classically, one can visualize this spin property as a charge rotating about an axis. This rotation
creates a small magnetic moment (dipole) that can be characterized by a vector. In the absence of an
external magnetic field, the dipoles are randomly orientated and the vector sum of the dipoles within
aregion (e.g.an imaging voxel) is zero. When placed in an external magnetic field, the dipoles align
to the field parallel or antiparallel to the field, corresponding to different energy levels. An excess
of spins align in the lower energy state, resulting in a net magnetization vector aligned with the
external By field. The aligned spins precess about the field axis with a fixed angular frequency @

and is related to By by the Lamor equation:

® = YBo, 2.1

where 7 is the gyromagnetic ratio for the nuclei in question.

When aligned, the magnetization “signal” from any population of spins cannot be differentiated
with the stronger By field. To detect the magnetization signal, spins need to be “tipped” from the
longitudinal to the transverse plane. This can be achieved by excitation of the spins with RF pulses
at the Larmor frequency @. Energy released as excited spins relax back to the longitudinal plane
can be detected using receiver coils to general a MR signal.

Differentiation of different types of nuclei and substances are determined by their frequency
of precession about By, and their characteristic relaxation signature after excitation. Traditionally,
the two major relaxation rates examined are 77, the rate at which the longitudinal magnetization
recovers post RF excitation and 75, the rate at which the magnetization in the transverse plane
disappears [64]. A number of other relaxation mechanisms have also been described [65]. Different
tissues (e.g.fat, water) have their own characteristic 77 and 7, values, which can alter depending on
changes in temperature and structure.

Finally, this information can be combined with spatial encoding techniques to generate a MR
image. Magnetic gradient fields can be introduced across a tissue sample, encoding each location

with specific frequency and phase information. Knowledge of this enables decoding of the RF
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relaxation information across the tissue sample in three dimensions.

Conventional MRI combine RF pulsing and gradient encoding together into a MRI pulse se-
quence to generate images. Combined with knowledge of the relaxation behavior of different tis-
sues and structures, one can design and alter multiple parameters in pulse sequences to achieve
certain image contrasts. The reader is referred to the following texts for a more detailed treatment

[66, 64, 67]. Here, we discuss in particular two functional MRI techniques used in the work herein.

2.3.2.1 Diffusion MRI

Diffusion is the random movement of particles from regions of higher concentration to regions of
lower concentration. Biologically, we are mostly concerned with the movement of water. Diffusion
of water in vivo is not free; fiber tracts in the brain, intact cell membranes and structural tissues can
restrict water diffusion in single or multiple directions.

MRI methods have been developed to produce in vivo images that are sensitive to the diffusion
of (mainly) water. As discussed above, traditional anatomical MRI image contrast is determined
by the relaxation characteristics of the tissue being imaged. Consistency of proton spin precession
relies on the presence of a homogeneous magnetic field. If during the pulse sequence an extra
gradient pulse is applied, the field is distorted and proton spins begin to disperse in phase. This
dispersion can be reversed by the application of another gradient pulse opposite in magnitude to
the first pulse to rephase the spins. However, this rephasing will be imperfect for spins that have
diffused along the direction of the gradient pulse during the time interval and will lead to signal
loss. The diffusion sequence was developed for NMR by Stejskal and Tanner [68] and adapted for

MRI by Le Bihan (figure 2.2) [69]. The equation governing the signal from this sequence is:

S = SpePAPC (2.2)

where Sy is the signal intensity with no diffusion weighting, S is the signal with the diffusion gradient
applied, b is a scaling factor that incorporates the effect of gradients in the sequence and ADC,
the apparent diffusion coefficient, is the aggregate diffusion coefficient value calculated from the
imaging voxel. The ADC can be calculated by acquiring images at multiple b values and performing

a curve fit.
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In recent years, more complicated models of diffusion have also been applied to this to analysis

the diffusion data, probing different compartments and aspects of the in vivo diffusion process [70,
71,72,73, 74].
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Figure 2.2: A basic pulsed gradient SE sequence for diffusion MRI imaging. Two diffuson gradi-
ents (Gg;yr) are incorporated into a standard SE sequence sensitive to different diffusion rates along
the gradient direction. & = duration of the diffusion-encoding gradient, A = diffusion time inter-
val, Gppase = phase-encoding gradient, G,..q = readout gradient, G;.. = section-selective gradient.
These aquisition parameters are encapsulated into the b factor described in the text (adapted from
[73D.

2.3.2.2 Dynamic-Contrast Enhanced MRI (DCE-MRI)

Conventional MRI provides high resolution images of anatomy. Paramagnetic contrast agents can
alter local tissue relaxation parameters to aid image contrast enhancement and highlight specific
structures. Many different MRI contrast agents have been developed (table 2.2) which can alter
tissue 71 or 7. DCE-MRI most commonly refers to MRI that dynamically alter the 71-weighting of
tissues [75, 76, 77].

These contrast agents have characteristic pharmacokinetic properties, which researchers and
clinicians have harnessed to study the functional properties of tissues. Most commonly, contrast
agents are injected intravenously and a time series of MRI images are acquired to follow the wash-

in and wash-out of the contrast agent. The vascular function of tissues such as viable tumors and
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livers can be inferred by the behavior of the contrast agent over time (figure 2.3). Other studies have
also used contrast agents to study the dynamics of cellular processes like inflammation [78] and
pharmacological response [79].

Several methods can be applied to analyze DCE-MRI [80, 81, 82]. Most were adopted from
the field of nuclear medicine. Semiquantitative metrics such as the area under the curve (AUC), the
slopes of contrast agent (CA) uptake and washout curves as well as the peak CA uptake have been
applied to DCE-MRI. Alternatively, quantitative metrics based on pharmacokinetic modeling can
be derived. The most widely used model is the two-compartment Kety model from which volume
transfer constants (K s, kep) between compartments and volume of the tissue compartments (v,
vp) can be calculated.

It is important to remember that the image enhancement observed in these studies are not a
direct measure of [CA], but the enhancement due to water exchange with CA. Recently, the effects
of water-compartmentalization on CA-water exchange have been studied. Kinetic models which
consider these trans-cytolemmal effects have been proposed and explored for DCE-MRI analysis

[83, 84, 85, 86].
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Figure 2.3: DCE-MRI can infer tissue vascular function. MRI-visible contrast agents injected intra-
venously can be visualized by MRI in plasma and also vascularized tissues. The pharmacokinetics
of the image enhancement is related to the structure of the CA (e.g.small molecule CA have fast
first-pass circulation vs. large molecule CA). Image enhancement curves can be fitted to pharmaki-
netic models to infer quantitative parameters of vascular function. Shown here is the commonly

used two-compartment model.
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2.3.3 Combining PET and MRI

2.3.3.1 Why Hybrid PET/MRI?

While both PET and MRI are powerful imaging modalities individually, each has their own strength
and weaknesses. These are summarized in table 2.3.

Table 2.3: Comparison between PET and MRI

PET MRI
Very sensitive (~nM) high-resolution
soft-tissue and

Strength . .
anatomical information
(<1 mm)
Can monitor multiple Metabolic (MRS) and
biological processes physiological information
available (e.g.diffusion,
DCE-MRI)
Multiple contrast
mechanisms: flexible
No ionizing radiation
Poor spatial resolution Not sensitive (~mM)
Weakness (~1-2 mm)
Limited anatomic Multiple contrast
information mechanisms:
complicated

Ionizing radiation

From the table, it is clear that PET and MRI are quite complimentary and information from the
two modalities should be synergistic [14]. Yet, this alone would not justify the efforts to develop
integrated systems. The key advantage of integrated systems is the ability to obtain simultaneous
(or near-simultaneous) PET and MRI information. Here, we discuss why the integrated approach is
worthwhile.

There are several reasons why integrated PET/MRI is useful. Although mundane, the ability
to acquire two images at once can save time, which is important both in the lab and the clinic.

Further, one modality can aid the image quality of the other. The most obvious application has
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been the use of MRI information to improve PET quantification. MRI data can offer information
for attenuation correction [87, 88] and motion correction [89]. Hybrid PET/MRI systems can also
be combined with bimodal PET/MRI probes to quantify tissue CA uptake and aid interpretation of
the CA imaging signal [90]. In all of these cases, robust coregistration of the PET and MRI image
space enables MRI data to directly correct the PET data.

Ultimately though, it is the physiological applications possible with PET/MRI that will drive the
widespread adoption of PET/MRI technology. subvoxel coregistration in space, which is difficult to
achieve especially outside the head, enables us to make solid biological inferences between spatial
distributions observed in PET and MRI at a fine scale. This aspect of PET/MRI integration forms
the scope of our investigations in chapter 3. Synchrony of the PET and MRI signals enables us to
make inferences between PET and MRI assays of time-sensitive physiological processes: this is the
motivation for the investigations in chapters 4 and 5. The ability to obtain the two modalities in near
real-time also enables the information obtained from one modality to drive studies performed with

the alternate modality and vice versa (figure 2.4).

Real-time processing and @
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MRI anatomical imaging

PET functional imaging

Functional
information alter MRI
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studies

MR techniques
(e.g.MRS/ MRA/ fMRI)

Infer mechanisms Infer mechanisms

Figure 2.4: Real-time paradigm for PET/MRI studies.
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2.3.3.2 Current State of Hybrid PET/MRI Systems

Current approaches for hybrid PET/MRI systems are summarized in table 2.4. Four main ap-
proaches are followed:

1. Sequential PET/MRI with PET and MRI hardware separate from each other.
2. Sequential PET/MRI with integrated PET/MRI hardware, but powered separately.
3. Simultaneous PET/MRI with radical redesign of MRI and PET hardware.

4. Simultaneous PET/MRI with novel PET hardware to fit in conventional MRI (PET insert).

The PET/MRI system developed in this work is the PSAPD-based PET insert (figure 2.5) [105].

Detailed description about the system implementation is described in [106] and chapter 3.
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Figure 2.5: PSAPD-based MR-compatible PET insert. The insert consists of 16 LSO-PSAPD de-
tectors arranged in a single ring. The insert is placed inside the bore of a 7 T small animal MRL
The RF coil and animal subject is placed in the PET insert.

2.3.4 Digital Whole-body Autoradiography

Digital whole-body autoradiography (DWBA) is used as an ex vivo assay of radioactivity distribu-

tion in tissues [107, 108, 109]. The tissue of interest is sliced and placed onto the DWBA phosphor
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Table 2.4: Current state of hybrid PET/MRI systems

Approaches

Description

Sequential PET/MRI, separate
hardware

Sequential PET/MRI, separate
powering

Simultaneous PET/MRI with
radical redesign of MRI and
PET hardware

Simultaneous PET/MRI with
novel PET hardware to fit in
conventional MRI

Sequential clinical PET/MRI system. Mature PET and MRI
technologies integrated with a moving patient table (Phillips,
Netherlands) [91, 92].

Field-cycling method whereby the MRI field is turned on for
MRI acquisition then turned off for PET acquisition. MRI and
PET are integrated, enables conventional PET PMT detectors to
be used. MRI works at low field (0.3 T) [93].

Design of a split-magnet to house extended PMT PET detectors.
MRI and PET are integrated, mature PET PMT detectors
designed into the system. MRI works at low field (1 T) [94].

Integrated clinical whole-body PET/MRI system consisting of
APD-based detectors housed between RF coils and MRI
gradients (Siemens, Germany). MRI and PET are integrated [95]

PMT-based ring inserts placed inside aopen 0.2 T,0.3 Tand 3 T
MRIs. Long fiber-optic cables are used to couple the scintillation
elements to the PMTs and electronics [96, 97, 98, 99].

APD-based head insert for 3 T clinical MRI (Siemens,
Germany). The FOV is limited to the brain [100].

APD-based PET ring system based on the RatCAP PET, can be
placed in 9.4 T MRI. Insert can be removed [101].

Integrated PET insert based on APD-LSO detectors, developed
for small animal 7 T MRI. Insert can be removed [102].

SiPM-based PET ring insert for small animals, tested in clinical
3 T and 0.15 T MRI. Inserts can be removed [103, 104].

Integrated PET insert based on PSAPD-LSO detectors,
developed for small animal 7T MRI. Insert can be removed
[105].
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imaging plate. The phosphor imaging plate is designed to detect high energy radiation. Excitation
of the BaFBr:Eu?" crystals on the plate causes oxidation from Eu?* to Eu®* and the trapping of the
electron in the “color-center” of the BaFBr~ complex. The plate can be read by shining red light
(~633 nm) onto the plate and imaging the photon released during Eu** reduction back to Eu?* [110].

DWBA has been used extensively in pharmaceutical research to study drug distributions and
receptor binding. It has been used to verify isotope distributions observed in PET [111]. This is
aided by DWBA’s relatively high spatial resolution (~100 mm) and high sensitivity. The same tissue
of interest can be imaged by DWBA several half-lives after a PET study to verify biodistribution

[112], and forms an ideal “gold-standard” for PET.

2.3.5 Imaging of Targeted Nanotherapy Uptake

Knowledge of the biodistribution of targeted therapies is traditionally performed from ex vivo as-
says. Drug kinetics are determined by measuring drug content in tissues of interest (in animals)
harvested at specific time points [113, 30]. However, a wide intersubject variability of drug up-
take may exist and thus requires a large number of animals to make robust statistical inferences.
Increasingly, these data are being complemented by in vivo imaging data [114, 19] that can be
acquired longitudinally within single subjects. Biodistribution studies of radiolabelled antibodies
and nanoparticles can be peformed using PET or SPECT due to the high sensitvity of radioactivity
[115, 116, 117, 118]. Although MRI is a less sensitive modalitity, researchers have also developed
MRI approaches to monitor the targeting of nanotherapies in the tumor [119]. MR-visible agents
can be linked to tumor-targeting antibodies [120] and nanoparticles [121, 48] and can utilize in-
trinsic properties of tumors (e.g.the presence of certain enzymes like matrix metalloproteinases) to
activate the localized signal [35].

Most of these studies focus on imaging the gross uptake of targeted therapies into tumors, that
is, whether the therapy will reach and stay in the tumor. However, there is recent interest in un-
derstanding how the tumor microenvironment may modulate this uptake intratumorally. Ex vivo
studies suggest that uptake of targeted nanotherapies can be related to structrual factors such as
the distribution of blood vessels [113, 122]. Kobayashi ef al. observed that MRI of breast tumor

mouse models showing different vascular structures can be correlated with gross tumor antibody
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uptake [123]. Thurber and colleagues have begun to investigate these factors by developing models
to explain these distributions and verifying these models with fluorescent imaging [16, 20, 124].
Imaging studies that enable the dynamic visualization of the tumor microenvironment (which can
be probed by MRI and PET) in concert with the distribution of the targeted therapy will contribute

to the development of these models for clinical application.

2.3.6 Imaging of Targeted Nanotherapy Response

At present, clinical imaging of tumor response to targeted nanotherapies focuses on evaluating size
changes of tumors as determined by the RECIST criteria [11]. Tumor size and growth are evaluated
using MRI or PET/CT to monitor changes in size [125, 126]. This mirrors the standard of care for
evaluating small molecule chemotherapy response. For example, the clinically approved liposomal
formulation of doxirubicin (Doxil) has been monitored by PET/CT in phase I/II studies [127, 128],
while albumin-bound palitaxel (Abraxane) have been followed by PET/CT and MRI [129].
Functional imaging techniques, such as diffusion MRI [130], DCE-MRI [131] and I8E_FDG-
PET and '8F-FLT-PET [53] and are being investigated for early treatment monitoring for small
molecule anticancer drugs. These techniques have the ability to determine changes in the tumor
prior to tumor size changes, and to probe changes of biological processes within the tumor. More-
over, such functional imaging data can be applied to models of tumor growth to enable prediction
of tumor response [132, 133]. DCE-MRI have been used to evaluate responses to bevacizumab and
its antivascular effects [134]; but fewer preclinical [126, 135, 136] or clinical studies have been pur-
sued to investigate the utility of such techniques to monitor tumor response in other nanotherapies.

The reader is referred to chapter 4 for further discussion of this topic.



26

Chapter 3

Development of Simultaneous PET/MRI
Technology for Robust In Vivo Studies

3.1 Further Considerations of PET Insert Effects on In Vivo MRI Per-

formance

Initial studies with the MR-compatible PET insert demonstrated good SNR and uniformity of MRI
images with little distortion and narrow FWHM values of single-pulse water proton spectra in the
presence of the PET [106]. Here, we address aspects of MRI image quality that are relevant for

robust in vivo studies.

3.1.1 Materials and Methods
3.1.1.1 B Effects within the MR FOV

A glass spherical phantom (diameter = 3 cm) containing water doped with Gd-DTPA (such that the
solution had 7, 7, = 200 ms at 7 T) was placed in a home built birdcage RF coil (ID = 35 mm)
positioned in the isocenter of the MRI for all imaging studies. By maps were acquired using the
FieldMap routine implemented in Paravision 5.1. The routine consists of a 3D double gradient echo
dataset acquisition (TR =20 ms, TE1/TE2 = 1.43/5.43 ms, FA = 20°, Matrix size = 64 x 64 x 64,
FOV = 80 x 80 x 80 mm? centered in the isocenter of the MRI, SNR threshold = 5), followed by
a phase difference calculation on the reconstructed datasets, and finally a phase unwrapping and
conversion to a By frequency fieldmap. By fieldmaps (and magnitude images) were generated by

the MAPSHIM macro and converted to units of ppm (assuming 300 MHz at 7 T). By maps were
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obtained for three conditions:
1. No PET insert.
2. PET insert in the MRI, unpowered.
3. PET insert in the MRI, powered.

Magnitude images were used to identify voxels which bore real signal in the fieldmaps using a signal
intensity threshold. Voxels which had viable spatial ABy values for all three conditions were com-
pared. ABy linewidths with and without the PET were plotted against each other and the differences
between the conditions calculated.

By fieldmaps were also obtained with and without the presence (powered) of the PET insert for
a glass cylindrical phantom (OD = 28 mm, length = 61 mm, volume = 20 mL) containing distilled
water doped with CuSO,4 ([CuSO4] = 1.3 mM, T} =440 ms, T, = 350 ms at 7 T, FieldMap routine:
TR =20 ms, TE1I/TE2 = 2/5.81 ms, FA = 20°, matrix size = 177 x 177 x 80, FOV = 35.35 x 35.35

x 60 mm?> centered in the isocenter of the MRI, SNR threshold = 5).

3.1.1.2 B; Measurements within the MR FOV

Relative B; maps with (powered) and without the presence of the PET insert were acquired using
the CuSO, solution phantom described in section 3.1.1.1. Maps were obtained with an extended
multi-flip angle method that accounts for inhomogeneous By and B; fields [137]. A series of 21,
slab selective, 3D gradient echo images were acquired (TR = 1500 ms, TE = 5 ms, matrix size = 32 x
32 x 16, FOV = 35.35 x 35.35 x 58 mm?, bandwidth = 50 kHz, second phase direction: axial). The
reference pulse gain was altered across an attenuation range of 42.6 dB to 3.3 dB. This corresponded
with a FA range of 10° to 400° at 20° increments. A relatively short 0.3 ms rectangular RF pulse
with FWHM of 4.3 kHz was used to suppress the influence of remaining By inhomogenieties during
excitation besides those resulting from the slab excitation gradient. The magnitude signals from the

image series were fitted to the following equation:

S(1) = K\/(sin(;[ —9(1))sin(a(1)))> + (cos(g - 9(1))sin(g —0(1)) (1 —cos(a(l))?, (3.1
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where [ is the coil current applied for each flip angle &, S is the image signal intensity, and «k is a
constant term incorporating the proton spin density, coil sensitivity, and geometry. In the presence
of field inhomogenieties, excitation of the sample may be off-resonance. For this scenario, the
effective excitation field B,y about which magnetization is being rotated is deflected out of the

tranverse (xy) plane towards By (z plane) and is described by

1
Besr = ;,(Awez + wyeyy), (3.2)

where ; is the angular frequency of the rotation around the axis of the excitation field in the
transverse plane, Aw is the difference in angular velocity between the Larmor precession about By
and the rotation of the excitation field. For a given A®w and By, (B; per unit current), the angle 0

between B, s and the transverse plane is given by

Aw21
Bluly

0(I) = tan™'( ). (3.3)

The actual FA in the presence of off-resonant excitations is

a(l) = 7/ (A@2)? + (Blp)>. (3.4)

7 is the duration of the RF excitation pulse.
The coil current / at different flip angles were not measured for this study. Instead, relative By,
maps with and without the PET insert were compared. Coil current was derived from the nominal

FA assuming a By, field strength of 1 mT/A and using the on-resonance FA equation:

o = yTBy,l. (3.5

3.1.1.3 T; Measurements within the MR FOV

Robust quantitative MRI studies (such as DCE-MRI) require the derivations of quantitative 77 maps.
We evaluated the variations of 77 measurements due to the presence of the PET insert. A glass
cylinder (diameter = 4 mm) filled with Gd-DTPA doped water placed on the side of the animal

holder during routine animal studies was used for this evaluation. 77 maps were calculated using
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a variable flip angle method. Gradient echo images (FLASH, FA = 12°, 24°, 36°, 48°, 60°, matrix
size = 140 x 80, voxel size = 0.25 x 0.25 mm?, slice thickness = 1 mm, 9 slices) were obtained
at the center of the MRI with (TR/TE = 400/ 2 ms) the PET insert powered on in the bore and
the PET insert removed (TR/TE = 200/2 ms). The TR values were different since the temperature
requirements of the PET precluded the use of sequences with short TR. Voxel-by-voxel 77 maps

were derived from ROIs manually drawn at the center slice of each dataset and fitted to

sin@ (1 — e TR/T)
(1 —cos@e TR/T1)’

S=So (3.6)

where S is the signal intensity measured from the image. 77 maps obtained with and without
the PET on five separate studies each were analyzed. A nonlinear Levenberg-Marquardt algorithm

implemented in MATLAB was used for the data fitting.

3.1.1.4 Signal Drift

Feasibility of simultaneous dynamic PET/MRI was evaluated. A T;-weighted DCE-MRI sequence
(FLASH, TR/TE = 400/2 ms, FA = 30°, matrix size = 140 x 80, voxel size = 0.25 x 0.25 mm?, slice
thickness = 1 mm, 11 slices, time resolution = 30 s, 90 repetitions) was run with and without the PET
insert installed to image tumor-bearing mice. 0.2 mmol/kg Gd-DTPA was injected via the tail vein
into each mouse 5 minutes into each scan. A dynamic R, -weighted sequence (FLASH, TR/TE =
600/8.5 ms, FA = 30°, Matrix size = 128 x 128, Voxel size = 0.2 x 0.2 mm?, slice thickness = 0.754
mm, 9 slices, time resolution = 60 s, 200 repetitions) was run with the PET insert installed to image
the mouse brain. 20 mg/kg Fe ferumoxytol was injected into each mouse via the tail vein 20 minutes
into the scan. Tumor, brain and glass cylinder (filled with olive oil, inner diameter = 1.5 mm) ROIs
drawn in the appropriate datasets were used for image analysis. The following parameters [138]

were measured:

1. The temporal drift of the mean signal intensity across the rod ROIs. A second-order polyno-
mial to the time series was fitted. The difference between the minimum and maximum of the

fitted curve was then determined. The result is expressed as a ratio to the signal mean.

2. Fast temporal fluctuations of the mean signal (root mean squared error, RMSE). The slow
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temporal drift of the mean signal from the rod ROIs was first removed. The RMSE was

determined from the ratio of the detrended signal SD to overall signal mean.

The parameters was calculated from three separate datasets for each separate condition.

3.1.2 Results
3.1.2.1 B Effects within the MR FOV

ABy comparison for the spherical phantom with and without the presence of the PET is shown in
figure 3.1. Fieldmaps are shown in figure 3.2. No significant difference was observed between
the PET powered off and powered on conditions compared to the no PET condition. Linewidth
differences (in ppm) were —0.04+0.29 and —0.01+0.32 respectively. Fieldmaps for the cylindrical
phantom with and without the PET are shown in figure. AAB(y comparison for this phantom is
shown in figure 3.4. The linewidth difference (in ppm) between the PET powered on and no PET
condition for this phantom was —0.16+0.36. For both phantoms, the linewidth remained at <1
ppm wthin most of the imaging volume with or without the PET insert. This is consistent with the
specifications of the manufacturer which state that the main magnetic field has an inhomogeniety

<1 ppm in a spherical volume with a diameter of 11 cm.

3.1.2.2 B; Measurements within the MR FOV

Relative Bj, maps for the cylindrical phantom with and without the PET insert are shown in figure
3.5. A voxel-by-voxel comparison of the By, values is plotted in figure 3.6. Mean, SD, and CoV of

the relative By, values are shown in table 3.1.

Table 3.1: Relative By, values with and without the PET insert

Condition Relative By, (mT/A) CoV

No PET installed 0.22+0.03 0.16
PET installed and powered on 0.24+0.03 0.14
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Figure 3.1: By comparisons with and without the PET insert for the spherical phantom. Fieldmap
voxels from matching spatial locations in the presence or absence of the PET insert (powered on
and off) were compared in a scatter plot. No significant difference in ABy between the PET on
and off conditions were seen. The fieldmap within the MRI imaging volume were within the By
inhomogenieties specified by the manufacturer (<1 ppm, defined by the red box) regardless of the
presence of the PET insert inside the MRI.
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(a) Fieldmaps calculated at the MRI isocenter (left) and 10 mm lateral to the isocenter
(right) for different PET insert conditions for the spherical phantom. No significant
differences in the fieldmaps were seen in the presence of the PET insert.
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(b) Magnitude images of corresponding fieldmaps shown in (a). Slices are in
sagittal orientation.

Figure 3.2: By fieldmaps in the presence of the PET insert for the spherical phantom.
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(a) Fieldmaps calculated for the cylindrical phantom without (left) and with (right) the PET insert. The average linewidth
within the phantom were <1 ppm whether the PET was present or not. Inhomogeneities >1 ppm were observed for both
conditions at outer edges of the phantom, corresponding to the cap and the bottom surface.
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(b) Magnitude images of corresponding fieldmaps shown in (a). Slices are in sagittal orientation.

Figure 3.3: By fieldmaps in the presence of the PET insert for the cylindrical phantom.
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Figure 3.4: By comparisons with and without the PET insert for the cylindrical phantom. Fieldmap
voxels from matching spatial locations in the presence or absence of the PET insert (powered on),
within the central 30 mm of the MR FOV (along the axial direction), were compared in a scatter
plot. No significant difference in ABj between the PET on and off conditions were seen. The
fieldmap within the MRI imaging volume were mostly within the By inhomogenieties specified by
the manufacturer (<1 ppm, defined by the red box) regardless of the presence of the PET insert
inside the MRI. A small group of voxels lying outside the 1 ppm threshold corresponds with the
bottom glass surface of the phantom (figure 3.3).
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Figure 3.5: Relative B; maps with and without the PET insert.
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Figure 3.6: By, comparisons with and without the PET insert for the cylindrical phantom. Fieldmap
voxels from matching spatial locations in the presence or absence of the PET insert (powered on)
were compared in a scatter plot.
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3.1.2.3 T; measurements within the MR FOV

T} rod measurements with and without the PET insert is shown in Table 3.2. The presence of the
PET insert resulted in a slight increase of the mean and SD of 77 values measured from the rod.

However, this increase was not significantly different (two-sided t-test, p = 0.2).

Table 3.2: 7} measurements with and without the PET insert

Condition Ti (ms)

No PET installed 47327

PET installed and powered on 552450

3.1.2.4 Signal Drift

Representative time traces from 77- and R3-weighted sequences are shown in figure 3.7. No major
signal drift was observed in the presence of the PET insert. Signal changes due to the injection
of contrast agents were clearly seen with or without the PET insert. This observation was con-
firmed from the quantitative signal drift and RMSE metrics (figure 3.8). However, there were small
increases in signal drift and RMSE when the PET insert installed; the latter was statistically signifi-

cant.

3.1.3 Discussion

Characterization of MRI performance show that ABy maps did not differ significantly in the presence
of the PET insert. Small differences were observed for relative By, values obtained with and without
the PET insert. B; inhomogeneity is a recognized issue for quantitative high field (>3 T) MRI
[139, 140, 141]. However, this did not result in significant differences of the 77 values measured
during typical PET/MRI study situations. These observations are consistent with studies performed
on other hybrid systems [138]. Variation between individual scans can be attributed to multiple
factors. The phantoms were removed from the MRI during installation of the PET insert and thus
could not be exactly repositioned. The presence of additional shielding material in the bore when
the PET is installed may also introduce unwanted eddy currents and reduce SNR [142].

The slight decrease in SNR is reflected in the quantitative measurements of dynamic MR drift.
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(a) T1-weighted DCE-MRI traces with and without the PET insert. Sudden increase of signal in
the tumor corresponds to CA injection (~5 minutes into the scan).
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(b) Ryx-weighted time trace with the PET insert installed. Signal decrease in brain at ~20 minutes
corresponds to injection of iron oxide contrast agent.

Figure 3.7: Dynamic MRI time traces with and without the PET insert.
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Figure 3.8: Signal drift quantification with and without the PET insert for 7i- and R3-weighted
sequences. A slight increase in both signal drift and RMSE were observed when the PET was
installed (p <0.05 for RMSE).

Both signal drift and RMSE increased in the presence of the PET for DCE-MRI datasets. Unlike the
drift observed by Wehrl et al. [138], these drift increases were not directional and mainly reflect the
SNR attenuation in the presence of the PET. They noted that drift in both the PET and MRI signals
over time on their system are influenced by temperature fluctuations. We too have observed this
phenomenon, and thus utmost care is taken to maintain stable temperature during all our PET/MRI
studies.

It is important to note that our drift assessments were performed on an oil-filled rod. The
lower SNR of oil, compared to Gd-DTPA and CuSO4 used in other studies, would contribute to the
relatively lower drift and RMSE values. Gd-DTPA doped water and a rod with a larger diameter
is now used for quality control of the signal drift. Importantly, qualitative assessments of signal
changes due to contrast agent (both 77 and 7>* agents) injection showed a clear signal trace in
in vivo tissue with and without the PET. This shows that the dynamic PET/MRI studies we wish
to pursue are quite feasible since they all involve contrast agent injection. Further assessment is
needed to explore the signal drift without contrast agents (e.g.BOLD studies).

In summary, we have characterized various aspects of the MRI system performance important
for robust in vivo imaging in the presence of the PET insert. The results suggest that while the
presence of the PET insert does affect the quality of MR images produced, the effects are small and

should not hinder the acquisition of meaningful in vivo simultaneous PET/MRI data.
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3.2 A Robust Coregistration Method for In Vivo Studies Using a First

Generation Simultaneous PET/MRI Scanner

3.2.1 Abstract
3.2.1.1 Purpose

Hybrid positron emission tomography (PET)/magnetic resonance (MR) imaging systems have re-
cently been built that allow functional and anatomical information obtained from PET and MR to be
acquired simultaneously. The authors have developed a robust coregistration scheme for a first gen-
eration small animal PET/MR imaging system and illustrated the potential of this system to study

intratumoral heterogeneity in a mouse model.

3.2.1.2 Methods

An alignment strategy to fuse simultaneously acquired PET and MR data, using the MR imaging
gradient coordinate system as the reference basis, was developed. The fidelity of the alignment
was evaluated over multiple study sessions. In order to explore its robustness in vivo, the alignment
strategy was applied to explore the heterogeneity of glucose metabolism in a xenograft tumor model,
using '®F-FDG-PET to guide the acquisition of localized "H MR spectra within a single imaging

session.

3.2.1.3 Results

The alignment method consistently fused the PET/MR datasets with subvoxel accuracy (registra-
tion error mean = (.55 voxels, <0.28 mm); this was independent of location within the field of
view. When the system was used to study intratumoral heterogeneity within xenograft tumors, a

correlation of high '®F-FDG-PET signal with high choline/creatine ratio was observed.

This section is published in Medical Physics: Thomas S. C. Ng, Daniel Procissi, Yibao Wu, and Russell E. Jacobs
(2010) A robust coregistration method for in vivo studies using a first generation simultaneous PET/MR scanner. Medical
Physics , 37 (5). pp. 1995-2003.
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3.2.1.4 Conclusions

The authors present an implementation of an efficient and robust coregistration scheme for mul-
timodal noninvasive imaging using PET and MR. This setup allows time-sensitive, multimodal

studies of physiology to be conducted in an efficient manner.

3.2.2 Introduction

Noninvasive, multimodal imaging is increasingly being adopted for both clinical and preclinical
studies, as researchers realize that information available from different image contrasts can com-
plement each other to provide more insights into physiological processes of intact, living animals
[143, 144, 58, 145, 146]. The most prominent example of this has been the widespread adoption of
combined positron emission tomography (PET) and computed tomography (CT) systems. Anatom-
ical information from the CT has been very useful in giving context to the PET image, especially
in oncology research [147, 148, 149, 150]. In both clinical and small animal PET/CT systems,
a combination of careful hardware alignment along with image registration via fiducial markers,
phantoms, and/or matching of expected uptake patterns in the two images allows accurate spatial
fusion of PET and CT images [151, 152, 153, 154].

Magnetic resonance (MR) imaging is another imaging modality widely used for noninvasive, in
vivo imaging. It can provide high-resolution, soft tissue details, along with functional and metabolic
information via techniques such as blood oxygenation level dependent (BOLD) imaging [155], dif-
fusion [156], and spectroscopy [157]. Recognizing the complementary nature of PET and MR
information, especially the utility of the information from multimodal images acquired simultane-
ously [158], researchers have developed hardware for hybrid PET/MR systems. Approaches range
from MR-compatible PET systems using avalanche photodiode (APD) technology for simultaneous
PET/MR imaging [105, 102], a split magnet that can house current state-of-the-art PET detector
systems [94], to field-cycling approaches that allow PET and MR images to be obtained sequentially
[159].

As the combined PET /MR technology matures, it is necessary to develop techniques and imag-
ing strategies that maximize the capabilities of such systems to study interesting and novel biolog-

ical and clinical questions. An important consideration for multimodal systems is a robust method
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to merge individual datasets. For small animal PET/CT systems, significant efforts are devoted
to ensure good intermodality spatial registration. Two main methods are used: A set of PET and
CT visible fiducial markers are imaged with the animal to allow retrospective image registration
[151, 154]. Alternatively, a registration transform is defined between the fields of view (FOVs) of
the PET and CT scanners through judicious design of PET/CT phantoms that span the FOV of both
systems, coupled with a reproducible method to position physically the animal holder in both FOVs
[153].

Conceivably, one can adopt similar alignment approaches for PET /MR systems. Two main is-
sues need to be considered specifically in PET/MR systems for spatial alignment purposes. First,
the geometry is more constrained in PET /MR than for PET/CT setups. The typical ring diameter
for a commercial small animal PET/CT is ~15 cm or greater, compared to 6 cm for the current
APD-based PET/MR inserts [102, 160]. The animal subject, radiofrequency (RF) coil, and phys-
iological maintenance and monitoring devices need to fit inside this ring. Moreover, to maximize
signal-to-noise ratio (SNR) for MR images, it is often desirable to position the excite/receive RF
coils close to the animal. All these factor limit the imaging of fiducial markers concurrently with
an animal without specialized invasive approaches [161]. Second, the FOV of the MR is not fixed
between scans. An advantage of MR imaging is the flexibility to alter the FOV geometry and reso-
lution of the acquired data depending on the biological region of interest (ROI) within the animal.
For example, fMRI BOLD imaging in monkeys and humans often use oblique brain slices to isolate
specific functional brain areas; cardiovascular imaging applications may need oblique slices to im-
age structures such as the aortic arch; while dynamic MRI scans may require a tight FOV to obtain
sufficient spatial and time resolution. In such cases, we cannot determine the MR imaging FOV a
priori to facilitate direct PET to MR image alignment. For the purposes of flexible simultaneous
PET/MR imaging, we require a reliable strategy to efficiently determine the intersection of the PET
and MR FOVs for all scans during the imaging session. Subsequent to the imaging, we also require
a method to register the reconstructed PET /MR images to form a multimodal dataset.

In a previous study, Judenhofer et al. [102] showed that fusion of individual simultaneous PET
and MR phantom images using a rigid body transform is possible using an APD-based PET/MR

system, with the registration error on the PET/MR image sets after transformation within the spatial
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resolution of the PET system. This suggests that APD-based PET systems produce images that can
be aligned consistently to the MR datasets. In this paper, we extend this observation to develop and
evaluate an efficient acquisition and processing setup of simultaneously acquired PET /MR data
using a position sensitive APD-based, small animal MR-compatible PET insert. The setup ensures
robust spatial alignment of the PET and MR images by first aligning the PET FOV and a fixed MR
FOV using a PET/MR visible phantom. The registration accuracy of using a single PET to fixed
MR FOV registration for the alignment of images from multiple study sessions was then evaluated.
Further, we describe an algorithm to relate multiple MR FOVs to the fixed MR FOV (and hence
the PET FOV), harnessing the fact that MR gradients responsible for spatial encoding of images
remain fixed throughout all studies. Using the described setup, PET/MR information was acquired
in real-time to follow the functional and metabolic status of the in vivo tumor microenvironment.
Moreover, we show that the setup allows one modality to guide studies with the other within a single

imaging session.

3.2.3 Materials and Methods
3.2.3.1 MR-compatible PET Insert for Simultaneous PET/MR Studies

Studies were done using a MR-compatible PET insert. The insert consists of a concentric ring
of 16 lutetium oxyorthosilicate (LSO) scintillators and positionsensitive avalanche photodiodes
(PSAPDs) detector modules. The intact system is designed to fit within the bore of a Bruker Biospin
7 T magnet fitted with a Bruker B-GA12 gradient coil set (12 cm ID, 40 G/cm maximum, 0.2
Gcm A). The FOV offered by this PET setup is 35.35 x 35.35 x 12 mm?. Previous reports demon-
strated little to no interference between the PET and MRI electronics enabling PET and MRI images
to be obtained at the same time [105]. PET data were acquired using in-house developed software
[162], while the MR console was run by PARAVISION (Bruker Biospin Inc., Billerica, MA) soft-
ware. Since the gain of the PSAPD detectors is temperature dependent, the detectors were kept at

—12.5°C for all studies using a continuous flow of chilled dried air.
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3.2.3.2 PET/MR Image Alignment

We explored whether alignment using an external phantom can give accurate registration over the
course of a study day, as well as over multiple days. An “alignment” phantom consisting of rods
filled with ~50 pCi 8E_fluoro-deoxyglucose (FDG) solution was imaged simultaneously with both
PET and MR. The rods used were glass capillary tubes (OD/ID = 1.2/0.68 mm) sealed at the ends
with tube sealer (Becton Dickenson, Franklin Lakes, NJ). A model of the alignment phantom is
shown in figure 3.9. For all PET studies, counts were acquired over 300 s and reconstructed with
a maximum a posteriori algorithm [61] to a matrix size of 128 x 128 x 15 and a pixel size of
0.276 x 0.276 x 0.754 mm?>. MRI images were obtained with a 2D spoiled gradient echo (FLASH)
sequence (TR/TE = 350/4 ms) with a matrix size of 128x128, and 40 contiguous slices resulting
in a pixel size equivalent to that of the PET images. The FOV of the MR (35.35 x 35.35 x 25.6
mm?) is larger than the PET (35.35 x 35.35 x 12.8 mm?) to ensure that the whole PET FOV is
captured by the MR FOV and hence allow proper alignment between the two image bases. This
MR FOV is denoted hereafter as the home FOV, FOV},,.. Setting the F OV as the reference
basis, a semiautomatic alignment procedure was adopted to match the two spaces. First, the rod
phantoms along the z direction (axial) were matched manually between the PET and MR images.
As the spatial resolution of the PET along the axial direction as well as the outer diameter of the
rods themselves dictate that one rod in the alignment phantom will traverse multiple PET slices, the
central slice of the rod in both PET and MR was used to match the two bases along the z direction.
The centroid of the rod cross sections perpendicular to the z direction served as inputs for alignment
in the xy plane. Voxels within five voxels of the local maximum and with intensity above 20%
of the local maximal intensity were considered in a center of mass calculation of each centroid.
Points were fed into a least-squares 2D affine transformation algorithm implemented in MATLAB
[163]. These two steps combine to derive a 3D affine transformation matrix. This matrix obtained
at the beginning of the imaging session was stored and used for all subsequent image alignment.
We measured the centroid registration error between the MR images and transformed PET images
of the alignment phantom using the same transformation matrix over the course of a single day
of imaging as well as over several days of imaging, with the centroid of the rod cross sections on

multiple image slices as the metric. The alignment phantom was unloaded and loaded between these
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scans to simulate a normal in vivo imaging session day.

Figure 3.9: PET/MR FOV alignment phantom. (a) Rendering of PET /MR phantom. The phantom
consisted of five rods, three in the z-direction for xy plane alignment and two parallel to the xy
plane for z slice alignment. The latter are spaced 5 mm apart. The rods were filled with '*FFDG
solution. (b) PET/MR phantom image overlay. MR image rendering is given as narrow rendered
objects (black); PET image rendering is wrapped around the MR rods (light grey).

To estimate the positioning accuracy of this alignment scheme as a function of location within
the FOV, a phantom consisting of glass capillaries (OD/ID = 0.85/0.4 mm), filled with ~50 uCi
FDG diluted in 0.05 M Prohance, and located 0, 4, 8, and 12 mm radially from the center of the
FOV was imaged simultaneously with PET/MR and aligned using an independently determined
transformation matrix derived as above, using the alignment phantom shown in figure 3.9. PET/
MR images of this phantom are shown in figure 3.10. The centroid registration error as a function
of distance from the center of the FOV was then evaluated as above. One-way ANOVA analysis was
used to evaluate whether there were significant differences in registration between rods at different
locations within the PET FOV. In section 3.2.7.1, we compare the alignment accuracy between im-
ages acquired with different MRI pulse sequences, with and without the PET insert, demonstrating
good geometric matching between images taken with different sequences, also with and without the
PET insert. In section 3.2.7.2, we compare the alignment accuracy between images registered with
different transformations, showing that registration with the affine transformation is slightly better
than using the rigid body transform.

The fidelity of this registration scheme was further tested with a third phantom and '8F-FDG
studies on mice containing small subcutaneous tumors (MC38.CEA colorectal adenocarcinoma).
Experiments involving the use of animals were done in accordance with protocols approved by the

Animal Care and Use Committee of the California Institute of Technology.



45

Water

d:,

Figure 3.10: PET/MR FOV alignment strategy registers other phantom sets robustly. (a)—(c) Struc-
tured phantom used to evaluate alignment accuracy as a function of location within the FOV. Rods
were located at 0, 4, 8, and 12 mm from the center of the PET/MR FOV. Alignment accuracy was
evaluated after registration using a transformation derived from the alignment phantom. (a) MR
image of the phantom. (b) PET image of the phantom. (c) Fused dataset. A large circular water
phantom, shown as the large circle in (a) and (c), was inserted into the phantom to facilitate shim,
frequency, and gain adjustments of the MR. One capillary rod was filled with water only and thus
was visualized in the MR but not in PET (arrow). (d)—(f) The transform derived to form the overlay
in figure 3.9 was used to fuse an image containing an alternative phantom arrangement. (f) Fused
PET /MR image of a seven rod phantom shows the fidelity of the transform. (Scale bars=10 mm).
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Alignment of Multiple MR FOVs

Often it is advantageous to optimize the orientation and size of the MRI FOV to accommodate a
specific imaging goal. For simultaneous PET/MR imaging, care needs to be taken to ensure that
the alternate MR FOV (FOV,;,) overlaps adequately with the PET FOV for the desired region of
interest. For quick visualization of the PET and MR FOVs during an imaging session, we use
the geometry defined by the MRI metadata to generate Cartesian coordinates of the centroids and
vertices for each voxel of both the PET FOV and the alternate MR FOV. These values are used to
visualize the “bounding box” of both FOVs in the same coordinate system, which allows a quick
determination of the suitability of the FOV,;, for PET/MR imaging.

To generate aligned PET/MR datasets, the PET image registered to F OV}, as described in
section 3.2.3.2, is first resliced to an isotropic voxel size of 0.276x0.276x0.276 mm?. It then under-
goes a rigid body transformation using the transformation matrix from MRI metadata, and subse-
quently resliced to the voxel size of the alternate MR FOV. The whole data stream is implemented
in MATLAB:; a trilinear interpolation is used for all rotations and reslicing.

To demonstrate the feasibility of this method, we simulated the mapping on phantom images
using different geometries that we typically encounter in our studies. An oblique slicing simulating
an acquisition along an aortic vessel and a geometry that is offset and sampled at a different matrix
size than the home FOV were aligned with simultaneously acquired PET data. This method was

also used to remap a PET dataset to a mouse anatomical reference image.

3.2.3.3 Biological Studies with PET/MR: a Real-time Feedback Scheme

TgCEA*C57BL/6 mice (N = 2) were implanted with MC38.CEA colorectal adenocarcinoma cells
in the groin and shoulder seven days prior to imaging. Mice were fasted 8-12 h prior to the imaging
session to minimize extraneous '8F-FDG signals. One hour prior to the imaging session, each
mouse was injected intraperitoneally with 200 pCi 8E_FDG. The mouse was then placed in the
PET/MRI system and kept at ~37°C with warm air blowing through the RF coil and anesthetized
using 1.5% isofluorane mixed in air. The holder was designed in such a way that the mouse was
kept comfortable while the PET insert remained stable at its operating temperature. Using the known

alignment matrix, we shifted the expected region of functional interest, in this case the tumor, within
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the PET FOV using the motorized stage. Once aligned, high-resolution anatomical MRI (2D RARE
TR/TE = 3500/4.5 ms, matrix size = 128 x 128 x 34, resolution = 0.276 x 0.276 x 0.754 mm?)
and PET (300 s duration) scans were obtained simultaneously. Both PET and MR images were
respiratory gated to acquire data during the expiration phase.

Alignment time per PET dataset was 5-15 min (AMD, 4x Dual-Core Opteron 885 2.6 GHz,
32 GB memory). This relatively rapid calculation time allows processing and analysis of the PET/
MR data while the animal is still in the scanner. Analysis of the processed PET/MR images of
"8F-FDG uptake within the MC38.CEA tumors was used to guide the next stage of the experiment.
Heterogeneous PET signal within the tumor was verified using '"H (MRS). We used the PET signal
distribution to delineate ROIs for metabolic studies using '"H MRS (PRESS with VAPOR water
suppression, spectral width 8 kHz, 900 averages with 8192 sample points, TR/TE = 1685/10 ms,
3x3x3 mm?, duration = 26 min). Three voxels were used for MRS imaging; one in the tumor at
the region of high FDG uptake, one in the tumor at a region of low FDG uptake, and one in the
contralateral muscle. The resultant spectra were processed and analyzed using Bruker TOPSPIN
software (Bruker Biospin, Fremont, CA). A two-sided student’s t-test was performed to compare

the ratios between the high and low FDG regions.

3.2.4 Results
3.24.1 PET/MR Image Alignment

Figure 3.9 shows the overlay of PET and MR surface rendering of the alignment phantom images.
Slices along the z-axis in figures 3.11 show the alignment along both the z direction and in the xy
plane and demonstrate the difference in the resolution of the PET and MR images. Rods orthogonal
to the z direction span multiple slices in the PET images. This is due to a combination of two factors.
First, because the outer diameter of the rods is 1.2 mm and the mean positron range of the glass is
~190 ym, annihilat