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Abstract

Quantitative imaging using CT, MRI, and PET modalities will play an increasingly important role
in the design of oncology trials addressing molecularly targeted, personalized therapies. The
advent of molecularly targeted therapies, exemplified by antiangiogenic drugs, creates new
complexities in the assessment of response. The Quantitative Imaging Network (QIN) addresses
the need for imaging modalities which can accurately and reproducibly measure not just change in
tumor size, but changes in relevant metabolic parameters, modulation of relevant signaling
pathways, drug delivery to tumor, and differentiation of apoptotic cell death from other changes in
tumor volume. This article provides an overview of the applications of quantitative imaging to
phase 0 through phase 3 oncology trials. We describe the use of a range of quantitative imaging
modalities in specific tumor types including malignant gliomas, lung cancer, head and neck
cancer, lymphoma, breast cancer, prostate cancer, and sarcoma. In the concluding section, we
discuss potential constraints on clinical trials using quantitative imaging, including complexity of
trial conduct, impact on subject recruitment, incremental costs, and institutional barriers.
Strategies for overcoming these constraints are presented.
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INTRODUCTION

The conduct of oncology clinical trials in the 215t century must address the paradigm
shifting recognition that effective cancer therapies will require individualized molecularly
targeted drugs, either singly or in combination. Attempts to evaluate an array of molecularly
targeted drugs with novel effects on virtually every aspect of tumor physiology have
highlighted the limitations of response criteria based on anatomic imaging. Trials involving
molecularly targeted drugs provide opportunities to develop equally novel functional
imaging criteria for several important aspects of clinical design. These include non-invasive
imaging approaches to pre-treatment tumor phenotyping; early, often quantitative, imaging
criteria for treatment response; pharmacodynamic measurements of drug delivery and target
pathway modulation; and differentiation of tumor treatment response from other physiologic
effects of the experimental therapy.

The optimal application of quantitative imaging (QI) to oncology clinical trials requires
systemic evaluation of matching of modalities to the most appropriate physiologic
parameters, the ability to standardize modalities and algorithms across different platforms
and among multiple institutions, awareness of incremental cost of the imaging techniques,
and estimates of potential cost savings by enrichment of responders. The members of the
Quantitative Imaging Network (QIN) contend that the investment of clinical trial funding
resources by both industry and granting agencies into the innovation and development of
validated quantitative imaging tools will be necessary for the development of molecularly
targeted therapeutics that are therapeutically effective and delivered at minimal cost. This
article provides an overview of applications of QI to phase 0 through phase 3 oncology
trials. We describe the most common uses of QI for several specific tumor types, and
identify challenges to standardization posed by the characteristics of these tumors. In the
concluding section, we discuss potential constraints on QI, including complexity of trial
design and conduct, impact on subject recruitment, incremental costs, and institutional
barriers. Strategies for overcoming these constraints are presented.

CLINICAL TRIAL DESIGN AND QUANTITATIVE IMAGING

In phase 1 clinical trials of molecularly targeted agents, maximal tolerated dose may not be
relevant, and biomarkers for indentifying the minimal dose required for biologically active
drug delivery at the target site are needed. QI may be used to demonstrate actual drug
delivery to tumor, or physiologic changes associated with target modulation. Phase 0 “proof
of mechanism” trials to demonstrate activity of novel compounds may use QI endpoints to
measure target modulation, or more downstream effects such as reduced proliferation or
energy consumption.

Phase 2 trials present a new array of challenges for imaging response. Many targeted agents
can produce a cytostatic, rather than cytotoxic, result, where successful treatment will halt
tumor growth but may not kill the tumor. Imaging modalities need to be individualized as
“fit-for-purpose”, to measure the response correlates most relevant to the physiologic
mechanism of the treatment strategy being tested [1], or to measure response in a manner
that is clearly tied to clinically relevant outcomes. In a phase 2 trial examining activity of a
new therapy or combination of therapies, it is often infeasible to wait for a “hard” clinical
endpoint such as overall survival, while determination of progression free survival may be
confounded by difficulty in differentiating between true progression and treatment related
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changes in the physiology of the tumor and its microenvironment. Very few biomarkers
have been validated as surrogate endpoints which predict survival [2]. This was the context
of the development of PERCIST 1.0 criteria (PET Response Criteria in Solid Tumors),
which use percentage and absolute change in 18F-fluoro-2-D-glucose (FDG) PET measures
to categorize metabolic response [3]. A typical design using surrogate measures for response
is shown in Figure 1-A. Imaging occurs before treatment starts, and at one or more later
time-points, usually after two or more cycles or at the completion of therapy. Assessment of
treatment response using these serial images may be used to evaluate a single therapy, or to
compare multiple therapies. Progression-free survival and overall survival are also assessed,
to inform planning of future (i.e., Phase 3) trials.

Imaging can also improve the efficiency of clinical trials through patient selection. Imaging
biomarkers may be used to screen patients for study enrollment in an enrichment design [4,
5], also called a “targeted” or “marker positive” design. Figure 1-B shows a study schema
that uses FDG PET uptake as a study entry criterion, to identify thyroid cancer patients with
aggressive disease for a phase 2 study of systemic therapy [6]. Imaging may also be used as
a predictive marker. A single pre-treatment measurement could be used to direct therapy
(Figure 1-Ci), or serial measurements over a short period of therapy could be used to inform
whether a therapy is productive or futile (Figure 1-Cii). QI can also be used to help guide
drug dosing; for example, patient specific dosimetry is commonly applied in radio-
immunotherapy of non-Hodgkins lymphoma with 1-131 tositumomab, and in treatments of
aggressive metastatic thyroid cancers with 1-131.

Serial imaging over a short period of time has particular promise in identifying a physiologic
response to investigational therapy (Figure 1-D). Dramatic changes in tumor metabolism
may be detected as changes in FDG PET standardized uptake value (SUV) in as few as 24
hours, as in the response of gastrointestinal stromal tumors to imatinib [7]. These changes in
tumor metabolism frequently occur prior to changes in tumor size. While it is possible that
these physiologic changes may not correlate with clinically relevant endpoints such as PFS
or overall survival, the subsequent success of imatinib in randomized trials with sound
clinical endpoints such as recurrence-free survival [8] encourages the exploration of
functional imaging as a pharmacodynamic endpoint. Although serial biopsy is feasible in
some tumor types, serial imaging may be seen as less invasive, and does not change the
tumor as biopsy would.

QUANTITATIVE IMAGING TECHNOLOGIES

PET

PET imaging produces a quantitative, three-dimensional image of the distribution of PET
radioisotopes in the body. The PET radiotracer chosen is designed to reflect a relevant
biochemical processes in the body. A PET camera detects 511 KeV gamma photons emitted
by positron annihilation events due to positron emission by radioisotopes (e.g. F-18), which
are linked to a molecule of interest (e.g. 2-deoxy-2-[*8F]fluoro-D-glucose, or FDG), which
traces the early aspects of glucose metabolism in the body [9]. Therefore PET imaging
depicts the biological activity of molecular events, and is particularly well suited for the
assessment of early changes in disease pathophysiology at the molecular level. PET/CT can
measure FDG uptake in tumors and normal tissues, FDG is FDA approved, and FDG PET is
CMS funded and widely used to detect and manage cancers by assessing metabolic rate and
measures of therapy response. FLT (18F-F-3’-fluoro-3’-deoxy-D-thymidine) is an
investigational agent that estimates thymidine phosphorylation by thymidine kinase, and is
substantially correlated with measures of cellular proliferation. Additional investigational
PET tracers include markers for cell hypoxia and apoptosis. Recently, there has been
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progress on standardization of methods for image acquisition and interpretation resulting in
more accurate use of PET/CT in multicenter clinical trials [10].

Quantitative methods using dynamic image acquisition and compartmental modeling have
been used to assess tumor perfusion, tracer extraction and tissue metabolism [11]. A current
challenge is to develop standardized, truncated procedures for conducting dynamic PET
studies so that they can be integrated into routine patient clinical assessment. Some
innovations toward this aim are obtaining the arterial input function through image-based
methods (without blood withdrawals), and shortening dynamic scan times for the
approximately 1 hour time slot allowed for patient uptake and scanning.

MRI technology is rapidly moving beyond anatomical or structural imaging to dynamic,
functional and metabolic imaging. Rigorous investigation of multiple aspects of tumor
biology and assessment of tumor response to treatment is now possible. The diversity of
MRI sequences available allows for visualization of changes in very specific components of
the tumor such as the tumor vascular network with perfusion or permeability imaging or the
tumor microenvironment with diffusion weighted imaging (DWI) [12-14]. In less than an
hour, we can non-invasively quantify response to new drugs and gain a better understanding
of drug mechanism of action in humans without having to extrapolate what might be
happening from pre-clinical models [15]. However, dynamic MRI techniques have generally
been optimized for single institution studies and comparing data across MRI vendor
platforms or institutions has been the largest barrier to the multicenter studies needed to
validate these tools. A standardized way of acquiring MRI data (including dose of
gadolinium for contrast-enhanced scans, specific acquisition parameters, post-processing
analysis, etc.) needs to be established and good quality assurance has to be performed to
ensure that data is collected in the most reliable way possible.

X-Ray computed tomography (CT) imaging is the most mature of all 3D imaging
techniques. The first patent application for CT imaging was filed in 1960 by Oldendorf, and
CT imaging was first demonstrated by Allan Cormack in 1963. The first clinical CT scanner
was developed by Houndsfield for EMI. In a CT image acquisition an X-Ray tube produces
120 — 140 KVp X-rays that then pass through a thin slice of patient and the attenuated X-
rays are measured as they emerge from the patient. The slice of patient is broken into small
rectangular prisms (voxels) and the CT reconstruction algorithms determine the apparent
density (Houndsfield Unit) in each voxel. These slices are assembled to produce 3D images
of patients. CT matured rapidly with the development of smaller and more efficient
detectors and microprocessors. Sub millimeter resolution in all dimensions is now routine,
with thoracic scans (75 — 80 cm in length) acquired in less than 5 seconds and the images
reconstructed in a minute or less. As CT images are essentially a density map of a patient
they are very useful in accurately determining boundaries where the densities change, such
as lung tumors that are not adjacent to the chest wall or mediastinum.

Due to the prevalence of CT imaging for cancer staging and re-staging, and its use for
measuring response in clinical trials [16], archives of CT images collected according to
standardized (if not optimal) protocols exist for large clinical trials. These clinical trial
archives will also include patient characteristics, treatment details, and clinical outcomes
such as overall survival. With sufficient advances in data sharing procedures and
informatics, these archives may be used as a cost-effective resource to develop and validate
CT-based biomarkers, including automated and semi-automated volumetric measures.
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APPLICATIONS OF QUANTITATIVE IMAGING TO ONCOLOGY CLINICAL

TRIALS

Gliomas

Lung cancer

Imaging has always played a critical role in assessing glioma response to treatment [17].
Repeated tumor biopsies are challenging in brain tumor patients and imaging has the
advantage of non-invasively capturing the heterogeneity of gliomas that may be missed
through sampling error in only partially resectable gliomas. Unfortunately, though, as
opposed to tissue-based makers such as MGMT methylation or IDH1 mutation, no validated
imaging biomarkers have been discovered and even seemingly straightforward assessments
of glioma response using post-contrast T1 weighted images are challenging. The increasing
importance of antiangiogenic therapy has led to further challenges for tumor response
measurement. Changes in apparent tumor volume may result from changes in blood brain
barrier dynamics secondary to antiangiogenic therapy (pseudoresponse), or transient
radiation injury may occur after chemoradiation for newly diagnosed glioblastoma
(pseudoprogression). New guidelines for response imaging in malignant glioma trials
(RANO criteria) [18] attempt to address these challenges, largely by emphasizing the need
for confirmation of response.

Particularly in the setting of antiangiogenic agents, inter-observer correlations of response
are poor and contrast enhancement, historically considered the most appropriate surrogate
marker for tumor burden, has been rendered unreliable [19]. Objective and quantitative
measures are needed to differentiate true tumor cell killing from other physiologic changes.
Preliminary findings suggest that histogram-based analysis [20] or parametric response
maps, which co-register scans for voxelwise change [21, 22], may be more promising than
summary apparent diffusion coefficient (ADC) values as DWI predictors of clinical
outcomes.

FDG PET has demonstrated the ability to differentiate between high and low grade gliomas,
and to differentiate radionecrosis from tumor recurrence [23]. However, high FDG uptake in
normal cortex, thalamus and basal ganglia limit the utility of FDG PET to assess disease in
many patients. More specific tracers have been used to assess glioma response,

including 11C-methionine, FLT, and 18F-fluoromisonidazole (FMISO) [24-27]. FLT PET
may distinguish pseudoprogression from glioblastoma progression after radiation therapy
[28] and is being evaluated in an ongoing QIN trial (J Mountz, principal investigator).

Imaging plays a major role in all aspects of lung cancer including screening, diagnosis,
staging, and assessing response to therapy. The National Lung Cancer Screening Team
concluded that screening with low-dose CT reduces mortality from lung cancer [29], and CT
is usually used in determining extent of disease. FDG PET scanning can help to differentiate
malignant from non-malignant solitary pulmonary nodules larger than 1 cm, and for smaller
solitary nodules with a high FDG PET SUV. Evaluation of lymph nodes in the mediastinum
is also aided by FDG PET scanning. A meta-analysis of evaluation of mediastinal lymph
nodes as benign or malignant found sensitivity and specificity of 85% and 90% respectively
for PET, compared to a median sensitivity and specificity for CT of 61% and 79% [30].

Quantitative FDG PET is well-established as a measure of response to lung cancer
treatment, including neoadjuvant chemoradiation. For example, FDG PET was prospectively
evaluated in predicting response to chemotherapy in 57 patients with lung cancer who
underwent platinum-based chemotherapy. A 20% or greater reduction in FDG PET SUV
was associated with longer survival [31]. Challenges to accurate quantitative measurement
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of FDG response to lung cancer treatment include respiratory motion of the chest during
scanning, and varying background uptake in lung versus common invasive sites such as
mediastinum and liver [32].

Volumetric, quantitative CT has also been found to be useful in lung cancer. Unidimensional
tumor response assessments do not fully characterize tumor growth dynamics. Volumetric
measurement and response assessment allow better classification of patient tumors as
sensitive or resistant to targeted therapy, and may have a role in improving tissue biomarker
discovery for novel therapies [33].

Head and Neck

Lymphoma

In squamous cell head and neck cancer PET/CT imaging has been used for staging, follow-
up and surveillance. In staging, the usual problem is distinguishing reactive lymph nodes
from metastatic disease. Quantitation has not been particularly useful in this setting, since
the uptake in small nodes is markedly underestimated due to the partial volume effect. This
suggests that partial volume correction may be useful in improving the accuracy of
assessment of nodes for metastatic disease. The current approach is to assess the most likely
distribution of nodal metastases and to dismiss as false positives mild uptake signals in
anatomic sites that are not likely to be involved. This process is currently done using
observer experience and intuition. More objective assessment of nodal status could combine
partial volume correction with probabilities of nodal involvement for different sites.

Currently, most head and neck tumors are treated with a combination of surgery,
chemotherapy and radiotherapy. The major clinical management questions thereafter are:
Has the patient been cured? And if not, where is the residual or recurrent tumor located?
PET/CT imaging is usually performed about 12 weeks after the end of radiotherapy to assess
the success of therapy. PET/CT has an excellent negative predictive value, 99% at the
primary site, as well as at nodal sites, but much lower positive predictive values of 32% at
the primary site and 71% at nodal sites [34]. A number of different approaches using QI are
being explored to improve these low positive predictive values. The approaches include: 1.
Measuring tissue uptake at two different times after injection of FDG. This approach seems
to have some success in lung cancer [35]. 2. Using lesion-to-normal tissue ratio instead of
the usual standardized uptake ratio. This approach has been shown to be more accurate than
SUV alone in some settings [36]. Current efforts include developing an automated method
for determining average SUV in liver, aorta, and cerebellum, which should improve the
reproducibility of the method. 3. Combining all available clinical data, along with PET and
CT data to derive a probability-of-malignancy estimate. Ongoing QIN research has
compiled an extensive database with more than 200 subjects, and will employ neural
networks or non-linear clustering methods to improve post-therapy classification of the
presence of residual disease.

Once a diagnosis of malignant lymphoma has been established, imaging is used to evaluate
the anatomic localization of disease and to assess the bulk of the tumor burden. These
assessments may influence estimates of the patient’s prognosis, and choice of optimal
treatment (usually radiation therapy and/or chemotherapy). FDG PET has great value for
evaluating lymphomas, since FDG PET can differentiate between viable tumor and or
fibrosis in the residual masses which are frequently present after treatment. Consensus
criteria have been published with recommendations for standardizing the use of FDG PET to
provide a qualitative assessment of response to therapy [37]. However, both false positive
and negatives occur. FDG PET imaging may misinterpret the metabolic activity of non-
neoplastic lesions as active lymphoma. These include thymic hyperplasia, infection,
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sarcoidosis and brown fat [38]. Some histologic subtypes of lymphoma, such as marginal
zone lymphoma and peripheral t-cell lymphoma show a variable uptake and frequently areas
that are FDG negative contain viable tumor [39].

The revised response criteria for malignant lymphoma [40] recommended that PET be
performed in all patients with routinely FDG-avid lymphomas, including diffuse large B-cell
lymphoma and Hodgkin’s lymphoma. In non-Hodgkins lymphomas, early FDG PET has
been used to direct patients with a poor qualitative response at mid-treatment to more
aggressive therapy, including stem cell transplant. This “risk-adapted” therapy greatly
improved over an expected 20% rate of 2-year progression-free survival, to 75% for patients
who received transplant [41]. The routine use of PET scanning as a surveillance tool to
identify relapse is an active clinical trial question. MRI techniques are currently under
investigation in lymphoma, in particular, whole body MRI and DWI [42].

Breast Cancer

Most studies using QI to evaluate breast cancer therapeutic response have been conducted in
the context of neoadjuvant chemotherapy to treat locally advanced breast cancer. This
setting is attractive because pathologic complete response at surgery is a clinically relevant
standard for evaluating imaging biomarkers of response. FDG PET was first explored for
monitoring metabolic response to chemotherapy by Wahl and colleagues [43]. Changes in
FDG influx (Ki) discriminated between 8 pathologic responders and 3 non-responders as
early as 8 days after treatment initiation. Subsequent studies explored timing of serial scans,
region of interest definition, and methods of quantification [44], and established metabolic
response as a predictor of disease-free and overall survival [45].

The current breast cancer metabolic response literature largely supports prospective
application of PERCIST 1.0 criteria [3] to categorize metabolic response after one or two
cycles of neoadjuvant chemotherapy, and possibly to guide treatment changes in non-
responders. However, several biophysical constraints complicate FDG PET imaging of early
treatment response. Breast cancer lesions may have lower FDG uptake than other cancers
routinely imaged with FDG PET. Although such lesions may still be detected, since normal
breast tissue has less than average uptake [46], detection of a 0.8 absolute decrease in lean
body mass-adjusted SUV may be difficult to attain. First, 0.8 SUV units would be a very
large percentage of a lesion with low baseline uptake. Second, the proportion of non-
phosphorylated FDG, which does not reflect tumor metabolism, is higher in lesions with a
low initial SUV. Lesions with low SUV at baseline are important to characterize accurately,
as lesions with low initial SUV are unlikely to achieve pathologic complete response [47,
48]. Assessment of metabolic response for lesions with a low initial SUV may require
dynamic imaging with compartmental modeling, in order to distinguish between
phosphorylated and non-phosphorylated FDG [49, 50].

DW!1 and dynamic contrast enhanced (DCE) MRI are also under development for
monitoring response to cancer therapies [51]. An increase in the apparent diffusion
coefficient (ADC) indicates increased water motility, and may be associated with the
breakdown of tumor tissue or changes in interstitial fluid pressure [52]. Decrease in the
transfer of gadolinium contrast from blood vessels to tumor tissue, measured by Ktrans, is
observed with cytotoxic therapy [52] and antiangiogenic therapies [53]. Current challenges
include development of standardized algorithms for Ktrans measurement which can be
validated across different platforms, and determination of cutoff values for response.

In addition to studies of FDG PET or DCE MRI to monitor treatment response (Figure 1-A),
other QI modalities and other study designs are being developed for evaluating and guiding
breast cancer therapies. 18F-Fluoroestradiol (FES) PET scanning to determine estrogen

Magn Reson Imaging. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurland et al.

Page 8

receptor activity has promise for guiding hormonal therapy in patients with advanced breast
cancer [54, 55], using designs such as Figure 1-Ci. Proof-of-mechanism studies (Figure 1-D)
are planned to use imaging as a pharmacodynamic endpoint in early trials of novel agents
[56]. Finally, magnetic resonance spectroscopy (MRS) can measure changes in the level of
choline, a component of cell membranes found in many tumor cells, and may provide an
early measure of response to neoadjuvant chemotherapy [57].

Prostate cancer

Imaging plays a role in prostate cancer diagnosis, tumor localization, tumor staging,
determination of extracapsular disease spread, and determination of loco-regional nodal and
distant metastatic disease. Imaging also plays a role in detection of recurrent disease after a
biochemical relapse is suggested, and is critical in guiding prostate gland biopsy (either with
Trans Rectal Ultrasound (TRUS) guidance, or with MRI guidance for cases where there
have been negative TRUS biopsies or positive but low-grade low-volume tumor with
discordant biochemical kinetics).

The prostate cancer imaging landscape has changed radically in the last few years. Faster
sequences used on high field strength MRI scanners provide the opportunity for
development of functional QI measures. The major functional techniques currently used for
prostate imaging are DWI, DCE MRI, and proton MRS imaging. These techniques have the
potential to provide quantitative biological information that can be used to predict tumor
aggressiveness. Recent studies have assessed DWI biomarkers for prostate cancer
aggressiveness, with ADC values correlating negatively with Gleason score and with
D’Amico risk score [58-61]. ADC has also been shown to be a significant predictor of
adverse repeat biopsy and time to radical therapy in patients on an active surveillance
strategy [62]. In clinical stage T2/3 prostate cancer patients, a combination of DCE MRI and
MRS to individualize neoadjuvant hormone therapy prior to radiation therapy has been
proposed, as it non-invasively verifies metabolic and dynamic angiogenic changes within
prostate tumors during therapy [63].

The multiparametric MRI (mpMRI) approach using all major functional techniques is the
optimal approach for prostate cancer imaging [64, 65]. However, further refinements are
necessary for the acceptance of mpMRI imaging response criteria in prostate cancer clinical
trials. Optimization and standardization of functional imaging measurement is necessary.
(An example of this is DCE MRI where, for quantitative pharmacokinetic analysis, a
pharmacokinetic model of the MRI enhancement time course needs to be decided upon, and
measurement of the intrinsic tissue T1 value and arterial input function (AIF) to be used in
the model are necessary.) Another challenge is the need for spatial registration of
multidimensional mpMRI data sets obtained over time. This is necessary for precise,
detailed lesion/gland comparison. The goal is a “summary statistical map” or a “probability
biomap”, whereby pertinent patient metadata could also be incorporated and displayed, in
addition to the imaging findings.

FDG PET has limited use in the diagnosis and staging of organ-confined prostate cancer,
although it may play a role in assessment of the extent of progressive metastatic prostate
cancer and metabolically active castration-resistant disease [66, 67] Although 11C-choline
and 11C-acetate do not reliably differentiate between benign and malignant prostate disease,
both are being investigated as techniques for staging disease and for detecting locally
recurrent or metastatic disease in patients with biochemical failure [66, 68, 69]. With
advances in the understanding of castrate-resistant prostate cancer and therapies directed
against the androgen-receptor (AR) signaling axis, molecular imaging strategies that probe
this AR signaling axis (such as 18F-FDHT and 89Zr-591) have been investigated. Their
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development and validation may help accelerate drug development in castrate-resistant
prostate cancer [70].

Sarcomas are uncommon, malignant neoplasms of connective tissue, and are categorized as
either bone or soft tissue. These broad groupings contain numerous subtypes with diverse
biology and behavior. While certain sarcomas, such as pediatric rhabdomyosarcoma and
bone sarcomas, are associated with relatively high cure rates, effective systemic therapies
are lacking for most sarcomas. Clinical trials are vital for improving outcome for these
tumors, and the small number of cases mandate multicenter trials. The systematic evaluation
of QI techniques as biomarkers of response and resistance to treatment is crucial in
optimizing the efficiency of clinical trial design for sarcoma therapies.

Neoadjuvant therapy is used in a number of different clinical settings in sarcoma
management, and provides the opportunity for quantitative assessment of in vivo treatment
response. Response to neoadjuvant chemotherapy is an important prognostic factor in bone
sarcomas, with the degree of tumor necrosis in the operative specimen correlating with
clinical outcome in patients with osteosarcoma and Ewing’s sarcoma [71]. There are no
reliable anatomic imaging modalities to detect response to neoadjuvant chemotherapy in
bone sarcomas as the size of these bony tumors often does not decrease despite the
development of tumor necrosis.

Several studies have evaluated the utility of FDG PET in assessing chemotherapy response
in pediatric and adult bone sarcomas. These analyses have demonstrated a relationship
between changes in SUV and favorable histologic response to chemotherapy in
osteosarcoma and Ewing’s sarcoma [72—74]. However, FDG PET has been imperfect in its
ability to distinguish favorable from non-favorable responses, with physiologic processes
such as inflammatory changes potentially confounding these analyses [73]. FDG PET has
been incorporated as an exploratory biomarker endpoint into clinical trials of new agents,
such as a phase Il study of the VEGF-R inhibitor sorafenib in osteosarcoma [75]. Similarly,
DCE MRI has been investigated in predicting therapy response in both localized
osteosarcoma and Ewing’s sarcoma [76]. DCE MRI parameters have been reported to be
associated with histologic response and survival in patients receiving neoadjuvant
chemotherapy [77].

Soft tissue sarcomas have unique characteristics including variable anatomic locations, large
size, and heterogeneity of composition (fibrosis, necrosis, hemorrhage) that present potential
challenges in QI analysis. The wide range of different histologic subtypes in can introduce
heterogeneity into clinical trial interpretation and pose challenges for trial design. Several
groups have reported FDG PET predicts response to neoadjuvant therapy and its advantage
over anatomical imaging methods for early response assessment and long-term patient
outcome [78-80]. However, one trial of neoadjuvant therapy in soft tissue sarcoma
evaluating FLT PET/CT noted that reductions in tumor uptake did not reliably predict
histopathological response [81]. DCE MRI pharmacokinetic modeling is being evaluated in
response assessment of neoadjuvant chemotherapy and antiangiogenic agents in extremity
soft tissue sarcomas [82].

Gastrointestinal stromal tumors are one sarcoma subtype in which QI has played a
prominent role in treatment response assessment. The responsiveness of GIST to the
molecularly targeted agent imatinib has presented a number of challenges for QI markers of
response. Standard anatomic response criteria in this disease have been criticized as
insensitive and potentially misleading in determining patient benefit to targeted therapy [83,
84]. Early clinical trials of the KIT tyrosine kinase inhibitor imatinib incorporated PET
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assessment and demonstrated that metabolic changes on PET were predictive of subsequent
radiologic response [7]. SUV changes on PET precede anatomic size change on CT and can
occur early in the course of treatment, sometimes as soon as 24 hours after the first dose [7].
Subsequent studies have confirmed the role of PET in assessment of GIST response and its
advantage over anatomical CT measurements in this disease [85]. While PET has
established a role in response assessment for GIST, there remains a lack of a standardized
response criteria for this modality which can complicate trial design and comparison of
results [86].

The need for improved therapies and the rarity of sarcomas encourage novel trial design and
provide fertile ground for incorporating alternative imaging endpoints into clinical trials.
Perfecting the discriminatory ability of our current QI modalities in determining response
will be necessary prior to their use as primary endpoints in efficacy trials.

LESSONS LEARNED AND FUTURE DIRECTIONS

While QI has promise for contributions to the conduct of clinical trials and oncology
practice, QIN investigators have encountered several challenges when integrating QI into
clinical trials. This section discusses describes these challenges, and the strategies developed
to overcome them.

Uncertainty about measurement characteristics of QI biomarkers is a barrier to the planning
of large-scale multicenter trials involving QI. Randomized Phase 3 clinical trials may fail if
they are underpowered or if earlier studies are poorly characterized [87]. QIN studies are
underway that build on earlier work characterizing measurement error in imaging
biomarkers, and translate those findings to the design of clinical trials. For example,
standard sample size formulas can be used to show that for a randomized study designed to
have 80% power and a two-sided Type | error rate (a) of 0.05 to detect a 20 percentage
point difference in SUV change between a novel therapy and standard of care, the required
sample size increases from 8 to 126 as PET precision worsens from 10% to 40% [88]. QIN
investigators recognize that the development of imaging measures as quantitative
biomarkers [89] includes characterization of measurement uncertainty introduced by
scanners, patient preparation, image analysis, region of interest definition, and the synthesis
of these findings into clinical trial design protocols. Measurement error can be minimized
through strict adherence to existing quality control and standardization protocols [90, 91].
The Uniform Protocols for Imaging in Clinical Trials (UPICT) template have been helpful
and continue to evolve. Similarly, the RSNA Quantitative Imaging Biomarkers Alliance
(QIBA) has complemented the NCI Centers of Quantitative Excellence Program (CQIE) and
American College of Radiology Imaging Network (ACRIN) efforts to achieve quality
control standards for QI studies. For now, it remains critical that test and follow up studies
be done on the same scanner platform, ideally the same scanner, using the same software in
a given patient on a clinical trial. Similarly, analysis must be done in a consistent fashion,
ideally using automated and validated software aids.

One setback encountered in recruitment to clinical trials involving QI is patient reluctance.
Participation in a trial involving QI may be very time-consuming. Procedures such as FDG
PET require preparation (fasting), and usually several hours on site. When a trial
incorporates information from several imaging modalities (i.e., PET and MRI), it is
sometimes not feasible to schedule scans on the same day. (Faster scanners or combined
devices such as PET/MRI may allow quantitative multiparametric data to be acquired
simultaneously, addressing this logistical hurdle.) Some PET scans require an arterial line,
which is far more invasive and uncomfortable than an intravenous line. Patients also incur
costs for transportation and housing when they travel a long distance to participate in a
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study. We believe it is both ethical and rational to provide monetary compensation, to defray
additional costs and aggravation incurred by research study participation [92]. However,
compensation should not be withheld until completion of the study, or given at different
rates for different stages of the study that require the same time commitment. We have
observed that QI trials integrated closely into novel therapy trials appear to accrue more
rapidly than pure imaging trials (other than screening). Patients are highly motivated to have
access to novel treatments, and QI may be accepted as an important element of the trial.

Patients often have exaggerated fears about the incremental risks of QI components of
clinical trials. Sometimes these concerns can be addressed through patient education
(providing a clear explanation of what to expect during a procedure) and through attention to
patient comfort. Investigators must be especially forthcoming regarding risk of radiation
exposure. Use of serial CT for screening, re-staging, and response classification (i.e.,
RECIST) does result in considerable exposure: a body survey results in as much as 15 mSv
exposure [93], compared to an average ambient radiation dose of 3 mSv/year for United
States residents [94]. PET imaging, involving the direct injection of radiopharmaceuticals, is
a more overt source of concern for patients. Although the effective radiation dose from
injection of FDG is about 4-6 mSv for most oncology applications [95], the use of PET/CT
devices can result in exposure as great as 25 mSv [96]. To address these legitimate concerns,
investigators can actively advocate for CT scanning protocols that minimize radiation dose
[96, 97], including ultra-low dose CT for PET/CT attenuation correction [98]. Again, patient
education is another important factor. Graphics such as radiation dose charts [99] can put
risk factors into context, including exposure due to prior radiotherapy (often 1000 mSv or
greater).

We have found that referring physicians frequently share patients’ concerns about
inconvenience, potential treatment delays, and radiation exposure. While oncologist
investigators may be well-informed and enthusiastic about therapeutic clinical trials
involving QlI, other referring physicians will not have much contact with the radiologist
investigators and will inevitably not be as dedicated to a trial that involves a significant role
for specialists in other departments. Study coordinators with expertise in trials involving QI
are an essential investment in centers committing to QI research activity. Discussion of the
imaging components of clinical trials during disease-specific tumor boards allows
investigators and coordinators to identify potential participants and be familiar with and
integrated into the treatment teams. A Ql-specific coordinator should be available to explain
study procedures to both patients and referring physicians, and to coordinate scheduling to
avoid treatment delays.

The multiplicity of demands on radiologists needs to be recognized as an institutional barrier
to QI study execution. Radiologists (including department chairs) may not automatically
agree to scheduling flexibility for research scans, longer time in PET scanners for dynamic
imaging, and intensive quality control processes required for Ql. Research requirements for
increased scanner time, interpretation time, technician oversight, and processing time may
not be acknowledged in clinical trial protocols that designate as much imaging as possible as
“standard of care” to minimize cost to the trial. QI trial components must include the faculty
who will do the work in discussions about study design and remuneration. When possible,
study design should include strategies to minimize the incremental effort required for
interpretation. For example, informatics advances that facilitate comparisons to earlier scans
[100] would benefit all radiologists, not only those involved in QI research. QI trials always
require proactive discussion with the radiology faculty and staff who will be impacted by the
trial demands. The optimal solution to this problem requires academic protected time for
radiology faculty with the appropriate expertise to participate as named (and partially
funded) collaborators. If oncologists open a clinical trial without formal “buy-in” from
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radiologists [101], it can hardly be expected that radiologists will be enthusiastic
collaborators.

Institutional limitations can have adverse effects on clinical trials involving QI.
Coordination of institutional review, scientific review, and budgeting is complicated for
many clinical trials, and may lead to delays that jeopardize meeting accrual goals [102].
Additional hurdles for trials involving QI include radiation safety review, and
investigational new drug (IND) applications for novel tracers. Within academic medical
centers, clinical trials involving imaging are perceived to be expensive, and relevant only to
research rather than guiding clinical practice. Whereas drugs are often provided by
manufacturers even when the manufacturer is not fully sponsoring a trial, novel imaging
modalities and the use of QI for guiding therapy are not subsidized in this manner. The
imaging community can address this perception by generating measures of reduced
morbidity and cost savings that can be attained when imaging is used to guide patients
toward effective therapies and away from ineffective therapies.

Opportunities and aspirations

The pathways involved in driving and sustaining malignant transformation and tumor
growth are being methodically elucidated. Systemic integration of functional imaging tumor
phenotyping with the wealth of data from the assessment of the tumor genome (methylome,
etc) will facilitate the identification of appropriate patient subsets for specific treatments.
However, not all pathway directed treatments will be successful, and resistance can develop.
Baseline FDG PET/CT studies paired with early treatment monitoring PET/CT at two to
four weeks into treatment (for FDG avid tumors) may be a highly informative systematic
path to assess tumor biology and personalize the identification of futile regimens [56].

Resources linking the QI phenotype to the genotype and pathway directed therapeutics could
be highly informative. A systematic catalogue of QI methods associated with a variety of
tumor types and therapies could form a large library of response/tumor/treatment linkages
with standard methods for quantitation, standard quantitative analysis methods, a standard
lexicon, and standardized reporting exports. This resource would help inform both oncologic
drug development and treatment choices for individuals. QI may become part of a
comprehensive paradigm for individualized cancer treatment (Figure 2). It is also highly
likely that combinations of QI methods, e.g. a hybrid multiparametric signal of PET/DCE
MRI/DWI combined with a suitable biomarker from the blood or DNA, may be more
predictive than any single imaging tool alone. Again, systematic prospective collection of
such data in differing tumor types with varying therapies may be highly informative for
future treatment choices in both clinical trials and in clinical practice.

As more individualized, biomarker-driven therapies are developed, and with cost incentives
for comparative effectiveness research to assess these individualized therapies, the
multidisciplinary nature of oncology research must be accommodated. The QIN aims to aid
the research community at large through these growing pains, through support of
innovations in instrumentation, informatics, and clinical trial management, with ultimate
linkage of our quantitative imaging results to patient care and improved patient outcomes.
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