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5.1 Introduction

Major advances in small animal imaging have been made during the last two decades
encompassing a full array of platforms that image along the electromagnetic spec-
trum from MRI (10°-10"' m), optical (107 m), X-ray (10~ m), to nuclear (10~!'-
107!2 m). This in part has been facilitated by the National Cancer Institute (NCI),
National Institutes of Health (NIH) through the support of Small Animal Imaging
Research Programs (SAIRP), and other initiatives to increase the availability of
small animal imaging platforms and develop the expertise in the use of these meth-
ods. While the primary application of these new techniques has been research tools
to answer scientific questions especially related to the understanding of in vivo sys-
tems, another area of interest has been the introduction of imaging-based in vivo
assay systems for drug development in oncology. In fact, a major effort has been
undertaken to integrate in vivo imaging biomarker development with in vitro bio-
marker development in contrast to the historical scenario of applying imaging only
late in the development plan, leading to the conundrum of validation of imaging
while trying to employ imaging as a biomarker.

Drug development is a high-risk business in which late-stage failures are espe-
cially costly, with an average cost (capitalized and out of pocket) (2016) of
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approximately $3.95B ($1.528B (preclinical) and $2.43B (clinical)) normalized to
2013 dollars [1]. Trends in capitalized costs since the 1970s (based on 2013 dollars)
have shown dramatic increases in preclinical and clinical costs, 1007% and 2085%,
respectively [1]. Although the monetary costs are obvious, the opportunity cost of
such failures, consuming valuable resources and time, may lead to more significant
health cost. The focus on targeted agents has further complicated the development
process. Unfortunately, late-phase failures with new targeted agents are not uncom-
mon and frequently the result of inadequate biomarker development. It has been
reported that robust biomarkers are essential to successful drug development and
can improve the success rate for phase I to drug approval as much as 25.9% (with
biomarkers) as compared to 8.4% (without biomarkers) [2]. In oncology, drugs and
especially new pathway-specific drugs non-context in vitro assays may not be ade-
quate when applied to clinical scenarios which are highly contextually based. Small
animal imaging with image fusion encompassing different modalities and molecu-
lar probes has the potential to enhance our understanding of drug candidates and
combinations in context by serving as an in vivo assay system allowing evaluation
of various biomarkers in the complex biologic system of cancer. While imaging of
small animals is now routinely performed daily in many labs, converting such imag-
ing to an in vivo assay for drug development is significantly more challenging.

Performing small animal imaging in the context of an in vivo assay for drug
development encompasses numerous aspects: standardization of equipment pro-
cesses (SOPs) including quality control and quality assurance, data acquisition,
analysis, and validation of output with respect to a gold standard (i.e., pathology)
[3—-6] are all important requirements for developing an assay for drug development.
Furthermore, other aspects such as animal handling, anesthesia and understanding
its effect on the animals physiology (pulmonary and cardiac functions and stress
levels) [7-11], personnel safety for handling animals that contain toxic chemicals
[12], validation of animal model platforms [5], multi-animal throughput to obtain
statistical significance, and multi-imaging platforms to discern a drugs effect on the
various physiological [13], anatomical, and molecular pathways are all significant
aspects for developing a robust drug development in vivo assay. Numerous refer-
ences have been cited that describe the above factors for performing small animal
imaging.

The main aspect of this book is to provide an overview of multimodality preclini-
cal imaging, and this chapter is intended to demonstrate how these techniques can
be implemented for oncology drug development. Initial utilization of in vivo imag-
ing incorporated clinical scanners for simple analysis of anatomical tumor volumes
or a metabolic function using the clinically available radiopharmaceutical 2-deoxy-
2-("F)fluoro-p-glucose ["®F]FDG. As equipment manufacturers developed and
modified scanners explicitly for small animals, incorporating higher spatial image
resolution and faster acquisitions to analyze the small animal’s rapid heart, pulmo-
nary, and biological rates, these scanners were providing in vivo techniques to allow
researchers the ability to question and comprehend specific processes pertinent to
developing an oncologic drug. Furthermore, due to the inherent physics of each
system’s attributes to acquire data along the electromagnetic spectrum and
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Table 5.1 Comparison of preclinical in vivo imaging modalities

Image Probe Amount
resolution | 3D capability | sensitivity Intrinsic | of probe | Activatable | Dynamic

Modality (pm) (tomography) | (mol/L) contrast | required | probes studies
X-ray CT 5 Yes N/A Yes No No
MRI 170 Yes 10°to 10~ | Yes pg-mg |No Yes
PET 1000 Yes 107" to 102 |No ng No Yes
SPECT 150-2000 | Yes 107 to 10~"" |No ng No Yes
(determined by
collimator and
head orientation)
Ultrasound 30 Limited High (not Yes pg-mg | Yes Yes

(small well

volume) characterized)
Photo-acoustic | 44-75 (Small 1077 Yes

volume)
Bioluminescence | >1000 Limited 107 to 1077 | Yes pg-mg | Yes (?) Yes (2D)

(semi-

quantitative)
2D fluorescence |>1000  |No 10 to 107" | Yes pg—mg | Yes Yes
Fluorescence <1000 Semi- 10 to 1072 | Yes pg—mg | Yes No
tomography quantitative

utilization of various molecular imaging agents to probe specific pathways
(Table 5.1), it has become necessary to incorporate numerous modalities to investi-
gate the micro- and macro-biologic system for drug development.

5.2 Development and Validation of Model Platforms

To understand a drugs interaction within a biologic system, pertinent animal models
have been established, from the simple subcutaneous (sc) injection of human cells
to orthotopic models to genetically modified mouse models (GEMMs) incorporat-
ing knock-in, knockout, and CRISPR [14—16] technologies. Development of mouse
model platforms for oncology drug development must also be validated utilizing
histotechnological processes with respect to pathological standards such as angio-
genesis (thymidine) and apoptosis (caspases, FITC-labeled Annexin V) [17].
Research groups such as the Biological Testing Branch, Division of Cancer
Treatment and Diagnosis, and the Center for Advanced Preclinical Research
(CAPR), Center for Cancer Research, both within NCI, have developed and fully
characterized various xenograft models incorporating both human cells and tumor
fragments and GEMM models (pancreas, lung, and ovarian) for testing new drugs
against standard clinical therapies [18, 19].

In addition to the primary tumor, model platforms for the study of metastasis
should be included in the repertoire [20]. Metastasis of cancer cells from a primary
tumor is a leading cause of death [21], and early detection for timely therapeutic
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intervention with serial in vivo imaging would greatly improve clinical outcomes.
Bioluminescence imaging (BLI) has been shown to be sensitive with the ability to
image few cells, correlates to tumor volume as validated by gadolinium contrast
MRI, and provides rapid imaging for high throughput [22]. Unfortunately, it only
provides 2D images, and the depth penetration of light is limited to a few cm. On the
other hand, utilizing BLI to first determine the presence of a metastatic signal (pre-
screening technique), due to the BLI higher sensitivity and the higher throughput
with respect to 3D small-bore modalities, BLI can improve utilization of higher-
cost 3D modalities. This demonstrates that multimodality imaging does not man-
date concurrent image acquisitions. Utilizing one modality to screen for presence of
metastasis can greatly enhance utilization of another modality. Furthermore, due to
the metastasis textural characteristics (i.e., echogenicity), a higher spatial resolution
scanner (i.e., 30 pm for ultrasound) might not detect the metastatic lesion, whereas
a lower spatial resolution scanner (i.e., 170 um for MRI) can provide a higher-
contrast signal (Fig. 5.1), such as in a T2* MRI sequence.

Further advancements in oncology animal models capturing the cell-autonomous
(genetic and epi-genetic) and non-cell autonomous (stromal) aspects of tumor het-
erogeneity improve the understanding of patient-specific responses to therapy (pre-
cision medicine); thus cancer researchers have instituted patient-derived xenograft
(PDX) animal model studies [23, 24]. The heterogeneity in the tumor fragment can
be attributed to the tumor matrix that is transplanted with the tumor. This matrix
tends to persist as the tumor grows, eventually becoming permeated and dissolving
into the tumor. While there is mild heterogeneity seen in cellular base xenografts,

Fig.5.1 These two images demonstrate the marked difference in image contrast (red arrow) for a
metastatic lesion (a) isoechoic with capsule in a B-mode ultrasound scanner (30 pm image resolu-
tion) and (b) high-contrast T2 signal in a 3 T MRI (150 pm image resolution) image with coils
specific for small animals. While the resolution of US is greater than MRI, it is more difficult to
compare lesions longitudinally on US. However, small animal US provides greater capability for
dynamic characterization of individual lesions
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the heterogeneity in the fragment group is far more typical of what is seen through-
out the tumor growth in this group and is hypothesized to be more representative of
the native in vivo microenvironment.

5.3 InVivo Imaging for Oncology Translational Research

Within the vast array of technologies for small animal imaging, there are many
opportunities to design imaging-based experiments to answer complex biological
questions. However, in drug/therapy development, the requirements become more
demanding and less flexible, shifting from an imaging experiment to an in vivo
assay. To institute an in vivo assay, three key elements must exist: (1) relevant bio-
marker matched to imaging capability, (2) highly reproducible results, and (3) effi-
cient throughput. Another aspect of importance is the ability to translate nonclinical
assays to clinical research as needed for future development.

As previously discussed, this requires rigorous SOPs, a validated animal model,
imaging equipment quality control, close attention to animal handling, quality con-
trol of probes, contrast agents, and radiopharmaceuticals, close adherence to acqui-
sition protocols and a standardized analysis. The routine incorporation of both
positive and negative pathological standards is also critical.

This conversion of the imaging experiment to an in vivo assay requires the devel-
opment of an imaging assay platform that incorporates the appropriate validated
model and a highly controlled imaging protocol designed to optimally measure the
biomarker of interest. For the assay to be practical, both logistical and physiologic
barriers need to be minimized by incorporation of such practices as keeping intrave-
nous administrations to a minimum, reducing anesthesia sessions, and using sys-
tems that allow concurrent imaging of animals but allowing constant monitoring.

The implementation of small animal imaging in oncology drug development will
now be described using three case study examples.

5.3.1 Case Studies

5.3.1.1 Development of an Imaging Platform Consisting
of an Animal Model and MR Technique

Colorectal cancer (CRC) is the third most common cancer in the United States, and
the American Cancer Society estimated that in 2018 there will be 97,220 new cases
and 50,630 deaths [25] and that chronic inflammation, such as ulcerative colitis and
Crohn’s disease, is associated with increased risk of CRC. To study colorectal can-
cer, animal models as an imaging assay platform can assist in the assessment of the
initial stages of cancer and therapy response.

Conventional micro-endoscopes can provide appropriate information on colorec-
tal cancer, i.e., imaging polyps, but risk perforating the colon or obstruction of the
image due to bleeding associated with colitis. 3D in vivo imaging (i.e., virtual colo-
noscopy) can image the early phases of cancer, and utilizing various imaging agents
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can probe molecular pathways for characterization, including when altered by a
drug. Clinically, X-ray CT has been a standard in performing virtual colonoscopy
due to its rapid image acquisition. Preclinical X-ray CT scanners can provide infor-
mation on polyp growth [26, 27] but are unable to provide the high tissue contrast
necessary to discern normal and inflamed lumen tissue from surrounding tissue
without resulting in high-radiation doses, especially in preclinical studies when
serial imaging is required. Another method used in the clinic, magnetic resonance
colonography (MRC), can discern normal and inflammatory tissue utilizing the
dark lumen technique with either water or gas to expand the colon followed by IV
contrast (Gd-chelate)-enhanced T1w MRI sequence, where water, if used as an
enema, remains dark. T2w MRI is required to discern inflammatory tissue and also
provides a rapid acquisition for high-throughput; unfortunately the water enema
results in a bright signal. Preclinical MRI colorectal studies have utilized other tech-
niques such as fecal tagging [28], and water enema [29], which unfortunately cre-
ates a bright lumen in T2w images making it difficult to distinguish normal from
inflamed colonic mucosa, especially for researching drugs for chronic inflammation
(pre-CRC).

Thus, the aim was to develop an imaging platform consisting of a mouse model
and an adjusted MR protocol to study colorectal cancer. The in vivo MRI protocol
should provide several important components: noninvasive serial imaging to moni-
tor tumor progression and tissue inflammation, artifact-free imaging on T1w and
T2w MRI sequences, enhanced image contrast (high signal-to-noise ratio: SNR) to
discern inflamed and normal lumen tissue from surrounding tissue, quantitative
imaging, and high throughput.

FVB/N mice were dosed (10 mg/kg, IP route) with a chemical carcinogen
azoxymethane (AOM) and exposed 1 week later to the colonic irritant dextran
sodium (DSS) [1-5% DSS dissolved in drinking water] for five cycles (5 days
DSS and 16 days normal water) to develop the inflammation-induced colorectal
cancer mouse model [30]. The virtual MRI colonoscopy technique implemented
an enema procedure [31] using 1 mL of Fluorinert FC-770 (perfluorotri-n-butyl-
amine, molecular formula of C,F,;N), which does not create a MRI signal due to
the lack of hydrogen atoms, and has been used in MRI imaging of human prostate
cancer. Prior to MRI imaging, the enema was administered with a 20-G gavage
syringe containing 0.6 mL of Fluorinert. The enema tubing was connected to a
syringe pump and maintained at a continuous rate of 25 pL/min to maintain the
colon distended during the imaging procedure. MRI (T1w and T2w) images were
acquired pre- and post-contrast (gadopentetate dimeglumine (Gd-DTPA),
0.2 mmol/kg, IV injection, 150 pL/min infusion). Figures 5.2 and 5.3 demonstrate
the utilization of a Fluorinert enema with MRI for virtual colonoscopy in the
development of an animal model assay platform for the study of inflamed
CRC. This standardized technique, incorporating both modality and animal
model, provides for an assay platform for the study of drug efficacy studies for
chronic inflammation (pre-CRC). In addition, the ability to fuse images from
other modalities to virtual MRC can further enhance the information on molecular
pathways in drug efficacy studies.
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Fig.5.2 3.0 T MR images of the mouse colon of healthy (top) and tumor-bearing mice (bottom
row). (a) Coronal T2w image before Fluorinert enema infusion. (b—d) After Fluorinert enema:
T2w image (b); T1w pre-contrast (¢); and TIw post-contrast (Gd-DTPA) image (d). Scale bar,
5 mm. Ileva L et al. Nature Protocols, (2014), 9(11), 178-2682-2692. DOI:https://doi.org/10.1038/
nprot.2014.178

5.3.1.2 Probe Validation: Nuclear Versus Optical Imaging
One major aspect for the development of an oncology drug as an in vivo assay is the
development of a relevant biomarker matched to an imaging capability. One such
drug, panitumumab (Vectibix), an anti-HER1 mAb, is a fully human mAb with
minimal immunogenicity when injected intravenously. It is FDA approved for the
treatment of HER 1-expressing colorectal cancers, and is being evaluated in patients
with other types of HER1-expressing cancers, such as breast, lung, head and neck,
renal, and ovarian tumors [32]. The epidermal growth factor receptor (EGFR, erbl,
HERI) is a glycoprotein belonging to subclass I of the tyrosine kinase receptor
super family [33], disregulated in a variety of cancers [34], and is associated with
disease progression and treatment resistance. Panitumumab binds to the domain III
of HER1 and is rapidly internalized, leading to downregulation of cell surface
HERI. It also arrests the cell cycle and inhibits tumor growth by suppressing the
production of proangiogenic factors (VEGF, IL-8) by tumor cells [35].

To investigate a labeled panitumumab to risk-stratify clinical patients or as an
intraoperative diagnostic probe for image-guided surgery, various subcutaneous
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Fig. 5.3 The MRI sagittal colon plane (top) provides the relative positions in the transverse plane
for the rectum (R), sigmoid colon (SC) and descending colon (DC). The relative planes in the
transverse slices (bottom) are generated from the T1w and T2w coronal 3D images demonstrating
the Fluorinert enema and the enhancement of the lumen for studying inflammation in pre-CRC
drug studies. Ileva L et al. Nature Protocols, (2014), 9(11), 178-2682-2692. DOLI:https://doi.
org/10.1038/nprot.2014.178

athymic nude female breast cancer xenograft tumor cell models have been devel-
oped with respect to HER 1 expression (MDA-MB-469; high HER1, MDA-MB-231;
mid HER1, and BT-474; low HER1). Panitumumab can be dual-labeled with a fluo-
rescence dye (i.e., IRDye 800, optical component) and a radionuclide (i.e.,
111-indium, SPECT component and/or 89-zirconium, PET component) for testing
the various scenarios and models to visualize and quantify panitumumab uptake
into the tumor and organs. Dual labeling is more time-consuming and costly com-
pared to single labeling, with the caveat that quantified results of a single-labeled
drug can be compared (molecular probe uptake into the tumor and organs) between
modalities while utilizing standard animal handling techniques. Furthermore, dual
labeling of radionuclides (i.e., SPECT and PET) might not be feasible due to the
higher-energy PET photons (511 keV) penetration of the lower photon energy
SPECT collimators. Figure 5.4 demonstrates dual-modality PET/CT coronal slices
for the biodistribution of [¥Zr] panitumumab in various tumor-bearing animal
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Fig. 5.4 Coronal slices demonstrating tumor uptake of *Zr-panitumumab in various subcutane-
ous athymic nude female xenograft models; 10.18 + 1.24 MBq of *Zr-panitumumab were admin-
istered intravenously via tail vein, and a 5-min CT scan followed by a 30-min static PET scan was
performed at 96 h postinjection. The probe uptake into the tumor correlates with the HER1 protein
expression. Orange arrows point to the representative HER1 tumors. Sibaprasad Bhattacharyya
et al. Zirconium-89 labeled panitumumab: a potential immuno-PET probe for HER 1-expressing
carcinomas. Nuclear Medicine and Biology, 2013, 40, 451-457, https://doi.org/10.1016/].
nucmedbio.2013.01.007

models and correlation to the HERI1 protein expression [36]. The same HERI1
expression animal model(s) were later implemented in an epi-fluorescence imaging
study for the determination of [IRDye 800]-labeled panitumumab for an intraopera-
tive diagnostic probe for image-guided surgery [37]. Figure 5.5 demonstrates epi-
fluorescence imaging for the HER 1 animal models, resulting in similar probe uptake
into the tumor(s) with respect to the HER1 expression, and Fig. 5.6 exhibits the
correlation of the panitumumab imaging probe ([*Zr] and [IRDye 800]) uptake
between the different modalities. This case study demonstrates that providing a
modulated signal (i.e., HER1) will enable the quantitative investigation of the
underlining biomarker and that quantitation of the molecular biomarker with respect
to the modality (i.e., fluorescence or nuclear probe) provides for an accurate tech-
nique for comparison between modalities without the necessity of costly dual
labeling.

5.3.1.3 Multimodality Probe Development

Inhalation of asbestos fibers is the primary cause of malignant pleural mesothelium
(MPM), a highly lethal cancer affecting the lung pleural, and has been shown to
result in increased tissue HER1 expression [38]. X-ray CT and MRI have difficul-
ties distinguishing nonmalignant features of scarring and fibrosis from tumor tissue;
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Fig. 5.5 2D epi-fluorescence images of panitumumab-IRDye800 of various HERI-expressing
tumor (MDA-MB-468, MDA-MB-231, BT474) bearing athymic nude female mouse models at
24 h postinjection (100 mL of 1 mg mL~" conjugate). Red arrows point to the representative HER1
tumors. The probe uptake into the tumor correlates with the HER1 protein expression. Trace
amounts of tracer accumulated in ears probably due to the inflammation caused by ear punch.
Sibaprasad Bhattacharyya et al. Synthesis and biological evaluation of panitumumab—IRDye800
conjugate as a fluorescence imaging probe for EGFR-expressing cancers. Med. Chem. Commum.,
2014, DOI: https://doi.org/10.1039/c4md00116h
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Fig. 5.6 Uptake of panitumumab labeled with IRDye800 or [*Zr] in different tumor xenografts
with high, medium, and low EGFR expression, as measured by radioactive counts or fluorescence,
is highly correlated. Sibaprasad Bhattacharyya et al. Synthesis and biological evaluation of panitu-
mumab-IRDye800 conjugate as a fluorescence imaging probe for EGFR-expressing cancers.
Med. Chem. Commum., 2014, DOI: https://doi.org/10.1039/c4md00116h

while the high specificity of [*F]JFDG PET for tumor imaging is successful, unfor-
tunately high FDG uptake is also observed in benign inflammatory processes.
Unfortunately, the X-ray CT used in most preclinical scanners is designed for PET
photon attenuation correction and/or anatomical-functional image fusion that does
not provide for the ability to segment the various tissues (organs). Therefore, local-
ization of the molecular probe in the tumor is poorly differentiated from the sur-
rounding tissues, which can result in significant quantitative issues depending on
the preclinical animal model. Nyak et al. [39] studied MPM in an orthotopic (NCI-
H226 and MSTO-211H mesothelium cells) MPM mouse model, fusing
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Fig. 5.7 Representative coronal sections in female athymic (NCr) nu/nu mouse bearing ortho-
topic NCI-H226 cells injected intravenously via tail vein with 2.0 MBq of '""In-CHX-A”-DTPA-
panitumumab. Images were acquired 5 days after the injection of radiolabeled panitumumab.
Radiology 267, 2013: 173—-182. DOI: https://doi.org/10.1148/radiol.12121021

panitumumab labeled with [!!'In] for SPECT/CT with anatomic images from a
3.0 T MRI, exhibited in Fig. 5.7, demonstrating the enhancement of a multimodality
study for both diagnostic and prognostic tools for the enhancement in the classifica-
tion and assessment of the patients’ disease state.

5.3.1.4 Case Studies Summary

The first examples (colorectal cancer and panitumumab) demonstrate the validation
strategy that coupling an imaging probe or technique with an imaging platform(s)
has the characteristics of an assay. Specifically, in the panitumumab case, providing
a modulated signal over the relevant biological scale will enable the quantitative
investigation of the underlining biomarker, which in this case is HER1. The last case
(multimodality probe development) demonstrates the enhancement of multimodali-
ties to improve tissue characterization by reducing the false-positive features of a
single modality. This case study further exemplifies in a multimodality study that
establishing SOPs for equipment QC, animal handling, anesthesia, and image quan-
titation that utilizes animal models that are validated with respect to pathological
standards is essential for the development of in vivo imaging assays.

5.3.1.5 Future

Multimodality preclinical imaging will be a requirement in oncology drug develop-
ment to understand the effect of treatment(s) on the various molecular pathways
transforming the tumor microenvironment. The incorporation of patient-derived
xenografts (PDX) into preclinical and co-clinical studies will correspondingly
require multimodalities due to the multi-scale in tumor heterogeneity.
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To understand and analyze these spatially distinct regions within a tumor as
probed by multimodalities, investigators are incorporating texture analysis (fractals
and lacunarity) [40—42]. For example, Dominietto et al. evaluated pattern analysis
in a murine efficacy study investigating tumor angiogenesis [43]. MRI studies eval-
uated tumor blood volume and permeability at baseline and post-therapy. The
authors evaluated the MRI images utilizing both standard histogram analyses (aver-
age values within a region of interest (ROI)) and pattern analysis (shape and texture)
and concluded that the standard histogram was insensitive to determine therapeutic
response, while pattern analysis appeared to be sensitive to tumor textural changes
due to treatment. In addition to evaluating texture analysis in different modalities
for clinical and preclinical studies, other authors are evaluating the effect of recon-
struction algorithms on textural analysis, such as in PET imaging due to the limited
number of projections and higher noise component [44, 45].

To improve the integration of multimodalities, especially for co-clinical endeav-
ors, the National Cancer Informatics Program, which includes several NIH/National
Cancer Institute Divisions (Center for Biomedical Informatics and Information
Technology (CBIIT)), Cancer Imaging Program/Division of Cancer Treatment and
Diagnosis), and several academic and industry partners, implemented a working
group and developed a standard radiological image header (DICOM) for small ani-
mal imaging (Work Group 30: http://dicom.nema.org/dicom/geninfo/Strategy.pdf).
These standards provide a framework for quantitative comparison of multimodality
preclinical and clinical image sets utilizing identical image analysis algorithms.
These headers will also allow for the incorporation and fusion of ex vivo pathologi-
cal slides and molecular analysis, to include the full spectrum and multi-scale
aspects for understanding the tumor microenvironment.

The future of multimodality imaging in small animals will provide an important
basis for in vivo assay development in oncology drug discovery, improving quanti-
tative measurement of therapeutic response, understanding the tumor microenviron-
ment, and the integration of emerging fields such as radiomics and radiogenomics
for improved patient outcomes.
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