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Abstract

Introduction Classically, the first step in the clinical
development of drugs in oncology involves assessments
of dose limiting toxicity (DLT) and maximum tolerated
dose (MTD). New paradigms are needed for antiangiogenic
drugs and vascular disrupting agents (VDASs) as they are
active at doses well below the MTD and as single agents
their use might not translate into anti-tumour efficacy. MRI
is able to assess the antivascular effects of antivascular
drugs via changes in functional kinetic parameters; howev-
er, the usefulness of MRI in decision making has been
questioned by many.

Objectives Our aim is to review the experience of using
dynamic contrast-enhanced MRI (DCE-MRYI) in early clinical
development of vascular directed anticancer therapies over the
last decade. Thirty-nine phase I and II studies including data on
more than 700 patients have been published as abstracts and/or
papers, documenting DCE-MRI changes after the administra-
tion of antiangiogenic drugs and VDAs.

Discussion Perfusion MRI is helpful in assessing whether
mechanistic goals are achieved, in assisting dose selection for
phase II studies, in selecting subpopulations enriched for
response and in predicting patient benefit. Imaging tools are
increasingly available. Future challenges for imaging include
correlation with clinical measures of efficacy and determining
relationships with blood and serum biomarkers.
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Introduction

In 2003, J.M. Collins from the US Food and Drug
Administration (FDA) commented in an editorial that the
main purpose of phase I trial designs is to guide more
rigorous assessments in phase II, where the main design
parameters are dose and schedule [1]. He posed a series of
questions designed to assess whether perfusion imaging
added value to the transition of antiangiogenic agents from
phase I to II. These were:

1. Did imaging help to assess whether mechanistic goals
were achieved?

2. Did imaging assist dose selection for phase 11?7

Can imaging select subpopulations enriched for response?

4. Are imaging tools widely available for a broad range of
probes?

W

In this article, we will provide a summary of the
experience of using functional MRI in the early clinical
development of vascular directed anticancer therapies in the
last decade and will address these questions directly for two
major classes of drugs [antiangiogenic agents and vascular
disrupting agents (VDASs)]. An additional question will be
addressed, which was not posed by Collins, because it was
not relevant to phase I studies but a question posed by
many investigators and patients:

5. Can imaging tools predict patient benefit?

As a general background, the clinical development of
drugs in oncology traditionally involves the assessment of
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dose limiting toxicity (DLT) and determination of maxi-
mum tolerated dose (MTD) in phase I trials by dose
escalation, based on the paradigm that the highest applica-
ble dose will result in the greatest anti-tumour effect. MTD
is then taken forward into single-arm phase II trials with
response rate as primary end-point. This paradigm appears
outdated for drugs with novel anticancer therapies with
cytostatic properties such as antiangiogenic drugs and
VDAs for a number of reasons including: (1) in experi-
mental tumours it has been shown that most VDAs are
active at doses well below the MTD, (2) some DLTs may
not be related to antivascular activity, (3) vascular disrupt-
ing activity as single agents might not readily translate into
anti-tumour efficacy when used in combination therapy
with conventional therapies (e.g. chemotherapy and radia-
tion), (4) efficacy of antiangiogenic and VDA treatments
appears to vary between tumour types, stage and between
patients and (5) clinical experience shows that VDAs in
particular have significant toxicity including tumour pain,
fistula formation and neuropathy with a narrow safety
window. Thus, optimal treatment with antiangiogenic drugs
and VDAs requires information on the biology and
functional status of the tumour vasculature before and
during therapy. There are as yet no validated serum or
circulating cellular surrogate markers of angiogenesis,
which would allow easy monitoring of activity and efficacy
of antiangiogenic drugs and VDAs in patients [2]. Non-
invasive imaging characterization of the angiogenic status
of tumours may allow rational selection of antiangiogenic
agents and VDA treatments in terms of appropriateness, for
dose selection and scheduling.

Goals for imaging in drug development

A number of clinically applicable imaging techniques are
able to assess the antivascular effects of antivascular drugs
via changes induced in functional kinetic parameters. These
techniques include dynamic contrast-enhanced MRI (DCE-
MRI), dynamic susceptibility-enhanced MRI (DSC-MRI),
diffusion MRI, PET with oxygen-labelled water, perfusion/
functional CT and dynamic microbubble-enhanced ultra-
sound. Each of these techniques yields quantitative or semi-
quantitative kinetic parameters, which can be related to one
or more of the following vascular characteristics: blood
flow, blood volume, extraction fraction and microvessel
permeability. Changes in these imaging biomarkers can be
used during the drug development process because they can
serve as pharmacodynamic (PD) indicators of vascular
activity in vivo.

Functional vascular imaging techniques have found roles
in early drug development (pre-clinical and phase I),
whereas morphological imaging methods have maintained

their dominance for later phase clinical studies. Thus,
phase I studies now go beyond defining just pharmacoki-
netics (PK) and MTD, with hypothesis testing on mode of
action of drugs becoming normal. The information gained
using PD biomarkers are used for internal decision making
on compound development, either to drop failing com-
pounds or to accelerate development of promising agents.
In order to achieve these aims it is first necessary to
understand clearly the clinical/pharmaceutical goals in
phase I clinical trials and to define corresponding objectives
to be met by PD biomarkers. Thus, objectives in pre-
clinical and early clinical studies that deploy PD imaging
biomarkers could include:

1. To demonstrate mechanism of action in vivo usually
via modulation of kinetic parameters when the drug is
given.

2. To show drug dose-vascular response relationships
which can in turn enable the definition of a biologically
active dose.

3. To identify the therapeutic dose window, which lies
between the MTD (clinically defined) and biologically
active dose (imaging defined). If in vivo studies are
well conducted then it may also be possible to define a
dosing schedule to be taken into phase II.

4. To demonstrate drug exposure-tumour efficacy relation-
ships by correlating PK (blood concentration of the
drug) with PD measurements.

From an imaging perspective, drugs targeting the tumour
vasculature can be broadly divided into antiangiogenic
drugs and VDAs. At the time this manuscript was written,
39 phase I and II studies had been published as abstracts
and/or papers that evaluated the MR imaging effects of
antiangiogenic (Table 1) and vascular disrupting (Table 2)
drugs on tumour vascularity, including data on more than
700 patients. Studies have been done in different clinical
settings including (1) phase I clinical trials in heavily pre-
treated patients, (2) studies where antiangiogenic agents are
administered as monotherapy and (3) studies where anti-
angiogenic agents are administered with conventional
therapies (usually cytotoxic chemotherapy). In the latter
category, a few studies can be found where the first cycle of
therapy is the antiangiogenic agent alone, with subsequent
cycles having combination treatment. The majority of
clinical studies have used MRI for the assessment of
tumour vascularity with the most commonly used technique
being DCE-MRI. DCE-MRI is thus the focus of this review.

As will be shown, the effects of antiangiogenic drugs
and VDAs on DCE-MRI kinetic vascular parameters have
been found to be similar with the dominant effect of
successful therapy being reductions in blood flow and
permeability. Importantly, it is the timing of the onset and
duration of vascular changes that enable antiangiogenic
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drugs and VDAs to be distinguished on imaging. Both
xenograft and human imaging studies of antiangiogenic
drugs show that antivascular effects are not immediate,
arising at least 1-2 days post-drug administration. In
contrast, VDAs cause rapid shutdown of the vasculature
within minutes to hours of drug administration and
reversibility of effects being visible in the short term
(usually seen within 24-48 h). “Normalisation” of the
vasculature induced by antiangiogenic drugs as described
originally by Jain [3] can be detected on DCE-MRI and is
evidenced by regional increases in non-enhancing pixels
(that is vascular pruning) with reductions in permeability
and leakage space. Improved flow in non-pruned vessels
can also be detected often in other regions. So it is the
combination of vascular pruning, reductions in vascular
permeability and leakage space, and regional increases in
flow that suggest that “normalisation” is occurring on DCE
MRI [4, 5].

DCE-MRI: the technology

There are numerous MRI ways of assessing the functional
properties of tissue vasculature, including techniques that
make use of exogenously administered contrast agents. A
full discussion of these techniques is beyond the scope of
this article and interested readers are directed to the article
of Brix et al. in this Supplement and a recent review of
these methods [6]. In this chapter, we focus on contrast-
enhanced MRI methods that use commercially available
low molecular weight contrast agents because this is the
most commonly used clinical MRI technique.

Dynamic MRI involves the acquisition of serial images
before, during and after the intravenous injection of a
contrast agent. MR contrast agents leak at variable rates
through the vasculature, with leakage rates being dependent
on the charge and size of the contrast medium molecules
relative to the size of vascular pores. The temporal
resolution requirements of dynamic MRI techniques are
related to how quickly the contrast medium leaves the
vascular compartment. Thus, temporal resolutions for low
molecular weight contrast media are relatively fast (in the
order of 5-20 s), whereas for larger contrast agents,
temporal resolutions in the order of 1-2 min may be
adequate to observe permeability. If tissue perfusion is of
interest, then temporal resolution requirements are greater
(usually in the order of 1-2 s).

Clinical dynamic MRI is usually performed using low
molecular weight gadolinium chelate-based contrast agents
(molecular weight <1 kDa). When these contrast agents are
used, two distinct phenomena can be observed, depending
on the experimental set-up. Dynamic relaxivity-based
contrast techniques use a rapid series of Tl-weighted
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images to observe the passage of contrast media, usually
resulting in tissue “brightening”; by default, this technique
is referred to as DCE-MRI. This technique is sensitive to
the presence of contrast medium both within vessels and in
the extravascular, extracellular space—the latter predom-
inates due to the low blood volumes in tissues and tumours
(approximately 5—10%). Conversely, if very fast (every 1—
2 s) susceptibility weighted or T2*-weighted sequences are
used to monitor contrast medium passage, then transient
“darkening” of tissue is observed during the first and
second pass of contrast media through tissues. Because this
technique is sensitive to the presence of concentrated
contrast medium within the vascular space, it is usually
referred to as dynamic susceptibility-weighted MRI (DSC
MRI).

For full data quantification (see below), it is usually
necessary to obtain, or to estimate, an arterial input function
(AIF) (Fig. 1). This can be achieved by measuring signal
intensity changes in arteries near to the anatomical location
of the organs or tumour being studied and can be performed
before or at the same time as the dynamic data acquisitions.
If accurately measured, the AIF helps to compensate for
changes related to the rate of injection and the cardiac
output of patients. To enable quantification of signal
intensity changes, it is also necessary to incorporate
methods that allow concentration of contrast agent to be
obtained at each time point during the measurement period.
For DCE-MRI, this is often done by obtaining “T1 maps”
prior to contrast medium injection, which effectively allows
conversion of the MR signal intensity into contrast agent
concentration. For DSC MRI, conversion of signal intensity
changes into contrast agent concentration is more problem-
atic and it is for this reason that measurements of blood
flow and blood volume are prefaced with the term
“relative”: relative blood flow (rBF) and relative blood
volume (rBV).

Quantification of DCE-MRI

Dynamic contrast images can be analysed by quantitative
model dependent or semi-quantitative (non-model depen-
dent) means. The parameters extracted provide information
on blood flow, blood volume, microvessel permeability,
extraction fraction, and on plasma and interstitial volumes.
PK analysis of DCE-MRI is the most widely used method
of measuring vessel permeability changes, analyses typi-
cally being derived from variations of the Tofts” two-
compartment kinetic model (Fig. 1) which, in turn, has its
roots in Kety’s dynamic model [7, 8]. In this model, an
injected contrast agent leaks into the extravascular-
extracellular space (EES) and assessments of tissue perfu-
sion and permeability can be derived from the shape of the
observed wash-in and wash-out curves. The transfer
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K" = inflow,
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interstitial
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Fig. 1 Body compartments accessed by low molecular weight,
gadolinium-containing contrast media injected intravenously. AIF
arterial input function. These images are consistent with the
phenomenon of “pseudo-response” where there is an apparent
decrease in enhancement because of vascular normalisation and re-
establishment of the blood-brain barrier and yet the tumour is
unchanged

constant K™ (often called wash-in rate; unit: min™)
describes the forward leakage rate of the contrast medium.
For blood vessels where leakage is rapid (that is when
extraction fraction during the first pass of the contrast agent
is high, as typically found in tumours), perfusion will
determine contrast agent distribution and K" approx-
imates to tissue blood flow per unit volume [9].

There are circumstances where transport out of the
vasculature does not significantly deplete intravascular
contrast medium concentration (that is tissue with a lower
first pass extraction fraction). This is typically found in some
brain tumours which have a largely intact blood-brain barrier,
but also occurs in extracranial tumours after treatment with
chemotherapy and/or late after radiotherapy, and in fibrotic
lesions and in some normal tissues, then K"™" approximates
to the product of permeability and the surface area
(permeability surface area product, PS) [10, 11]. After a
variable time, the contrast agent diffuses back into the
vasculature (described by the wash-out rate constant or ke;
unit: min™) from where it is excreted usually by the kidneys.
Wash-out of contrast medium is faster when capillary
permeability is very high, due to a typically rapid return of
contrast medium into the blood. Other quantitative kinetic
parameters that can be derived from PK modelling of DCE-
MRI data include the fraction plasma volume (v; unit: %)
and the fractional extravascular, extracellular space (v,, or
simply leakage space; unit: %).

Quantitative parameters such as K"™" are complicated to
derive, which can deter their use at the workbench.
Difficulties arise from more complex data acquisition



Eur J Nucl Med Mol Imaging (2010) 37 (Suppl 1):S164-S182

S173

requirements and from the fact that kinetic models may not
exactly fit the DCE-MRI data observed, because all models
make assumptions that may not be valid for every tissue or
tumour type. On the other hand, semi-quantitative param-
eters are simple to acquire, but tend to be more dependent
on the exact injection and acquisition protocol used in the
study. The initial area under the gadolinium concentration
curve (IAUGC) is a relatively robust and simple kinetic
parameter to derive and is able to characterize all enhancing
regions without the problems associated with model fitting
failures. IJAUGC has been recommended as a practical
substitute for K™ in clinical studies by several authors
[12-16]. If TAUGC is to be used then it needs to be
validated for this purpose. The strength of correlations
against K™ depends on the exact cut-off time used for
calculation, with 60 s recommended by international
consensus panels [14]. However, readers should remember
that IAUGC, as a semi-quantitative parameter, does not
have a simple relationship to the physiological parameters
of interest (perfusion, permeability and leakage space) [17],
being dependent on both transfer constant and leakage
space to varying degrees. On the other hand, transfer
constant provides a more direct insight into underlying
tissue pathophysiological processes.

Another semi-quantitative parameter that appears to be
helpful for monitoring the effects of antivascular drugs is
the % of non-enhancing (NE) pixels. This parameter is
analogous to the CT density parameter incorporated into the
Choi criteria [18] for the evaluation of imatinib mesylate on
gastrointestinal stromal tumours (GIST). Recent analyses
by us have shown that increasing numbers of NE pixels is a
specific measure of effectiveness of drugs that target
directly the tumour microvasculature but not of drugs that
cause vascular shutdown via indirect mechanisms such as
chemotherapy-induced tumour cell death [19]. These NE
pixels represent non-vascularised tissues and anatomically
represent cystic degeneration and/or necrosis (Fig. 2). Our
experience shows that combretastatin A4 phosphate
(CA4P) and bevacizumab both cause such profound
vascular shutdown that results in increased numbers of
NE pixels but these effects are not seen with chemotherapy.

There are uncertainties in the accuracy of kinetic
parameter estimates derived from the application of
tracer kinetic models in clinical DCE-MRI experiments.
These derive from model-based assumptions and from
assumptions made for the determination of tissue contrast
agent concentrations. For example, in the original imple-
mentation of Tofts’ model, population-based AIFs were
used (although this is not a strict requirement) [20] and it
was assumed that tissue blood volume contributes negli-
gible signal compared with that arising from contrast
medium in the interstitial space [21]. It was recognised by
Buckley that the application of these model-based assump-

tions leads to systematic overestimation of the transfer
constant in tumours [22]. Modern two-compartment model
implementations leave AIF choice to investigators and
allow derivation of plasma volume fraction provided that
AIF choice and temporal data sampling rates are
appropriate. An important point for readers to remember
is that the presence of gadolinium-containing contrast
medium is detected only indirectly, by its effect on tissue
water (that is the contrast medium itself is not detected).
In tissues, contrast medium is confined to the extracel-
lular space, whereas the bulk of water is intracellular. As
a result, transmembrane water exchange can affect the
accuracy of the tissue contrast agent concentration esti-
mates [23, 24] which additionally needs to be taken into
account.

Validation of DCE-MRI as a vascular biomarker

DCE-MRI has been widely validated in the last decade in a
number of ways including direct correlative studies against
immunohistochemical microvessel density measurements
and tissue expressions of pro-angiogenic growth factors
including vascular endothelial growth factor (VEGF)
(broad correlations in some studies and no correlations in
others) [25, 26]. Tissue validation studies have also come
from correlative studies against widely accepted surrogates
of tissue perfusion including '*C-aminoisobutyric acid
quantitative autoradiography [27]. More recently, in vivo
correlative imaging studies have been performed. Thus,
transfer constant as a marker of tumour blood flow has now
been validated against blood volume/blood flow derived
from DSC MRI studies [13], 'O-water PET [28] and
microbubble ultrasound [29]. These cross imaging valida-
tion studies have shown that the relationship is not upheld
in every tumour type (e.g. in gliomas, because a variably
intact blood-brain barrier reduces the first pass extraction of
the contrast agent [10]). Similarly, the strength of correla-
tions also decreases when therapies that reduced micro-
vessel permeability are used, again because the first pass
extraction fraction of small molecular weight contrast
agents is reduced.

Functional imaging in the development of antiangiogenic
agents (Table 1)

Phase I studies

Both anti-VEGF antibodies and receptor tyrosine kinase
inhibitors (TKIs) demonstrate changes in DCE-MRI
parameters in phase I studies. The most convincing DCE-
MRI data have come from studies where tyrosine kinase
receptor inhibitors that target multiple pathways (multi-
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Fig. 2 K" map (colour overlay on a morphological T1-weighed
MR image) of a 57-year-old patient with colon cancer liver metastasis
(white dotted line) before (a) and 4 h after (b) first treatment with
CAI1P (0OXi4503). Part of the liver metastasis shows reduced transfer
constant (dark blue region) or complete vascular shutdown (black

target tyrosine kinase inhibitors, MTKIs) were used.
Effective MTKIs all appear to inhibit KIT, platelet-derived
growth factor (PDGF), and vascular endothelial growth
factor receptor 2 (VEGFR-2). Most also inhibit VEGFR-1,
some inhibit VEGFR-3, and with other additional receptor
tyrosine kinases, including fibroblastic growth factor. It is
the targets that are inhibited at variable drug concentrations
that introduce distinct but subtle differences between the
agents [30-34].

One of the first MTKI to be evaluated was PTK787/
ZK222584 (PTK/ZK, vatalanib succinate), an oral angio-
genesis inhibitor targeting all known VEGF receptor
tyrosine kinases, PDGF receptor tyrosine kinase and the
KIT tyrosine kinase. Phase I studies showed a 40-58%
reduction of K; (equivalent to K"™") after 2 days of the first
treatment. These studies concluded that both DCE-MRI and
PK data were helpful for defining the biologically active
dose. Interestingly, changes in K; also appear to predict
responses and disease progression in patients with meta-
static colorectal cancer to the liver [30-33]. Patients with a
best response of stable disease had significantly greater
reductions in K; at both day 2 and at the end of cycle 1
compared with progressors. They confirmed significant
negative correlations between changes in tumour K; and
increases in PTK/ZK oral dose and plasma levels, indicat-
ing a relationship between drug exposure and changes in
tumour pharmacodynamics. Regrettably, these early prom-
ising results did not ultimately translate into patient benefit
in two phase III clinical trails when PTK/ZK was used in
combination with chemotherapy.

DCE-MRI assessment in a study with the TKI AZD2171
(cediranib), targeting VEGFR-1, -2, -3, PDGFR-«, and -f3,

@ Springer

region) after 4 h. These images are consistent with the phenomenon of
“pseudo-response” where there is an apparent decrease in enhance-
ment because of vascular normalisation and re-establishment of the
blood-brain barrier and yet the tumour is unchanged

showed reduced tumour flow and evidence of a drug dose-
vascular response relationship [34]. This study formed the
basis for the clinical development of this compound as will
be commented on further below.

AGO013736 (axitinib) is another orally bioavailable
MTKI. Mechanistically, AG013736 inhibits the tyrosine
kinase activities of all known VEGF receptors, PDGF-f3
and KIT at low nanomolar concentrations. Rapid decreases
in K™ and IAUCy, were observed on day 2 (>40%
reductions in K"™" in 11 of 17 evaluable patients) [35].
Interestingly, statistically significant decreases were noted
for both mean K"™" and IAUC,, for increasing values of
log-transformed drug AUC and C,.. It was evident that
higher exposures of AG013736 were associated with a
greater decrease in mean K" with similar correlations
between mean IAUCy, with respect to plasma AG013736
AUC 4 concentrations.

However, not all phase I studies have shown reductions
in DCE-MRI kinetic parameters or clear relationships
between plasma drug exposure and tumour DCE-MRI
changes. For example, studies with SU5416 (semaxanib)
showed mixed results, with progressive disease despite
reduced TAUC [36] and with two other studies not
documenting consistent changes in DCE-MRI parameters
[37, 38]. Negative results were seen in a small study with
SU6668, a PDGFR, VEGFR-2 and FGFR-1 TKI inhibitor
[39]. Another orally bioavailable MTKI is AMG-706
(motesanib), which targets VEGFR-1, -2, -3 and PDGFR.
In a phase I study incorporating DCE-MRI, Rosen et al.
showed decreases in K™ or JAUC ranged from —52% to
+62%, but there was no significant correlation of either
K" or IAUC with AMG-706 AUC at either day 3 or 21
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[40]. The anti-VEGF antibody HuMV833 reduced rate
constant (k,) in tumours; however, no dose relationship
was observed. This was ascribed by the authors to the
heterogeneous antibody distribution and clearance between
and within patients and between and within individual
tumours [41].

Antiangiogenic agents as monotherapy

BAY 43-9006 (sorafenib), a tumour proliferation and
angiogenesis inhibitor which works through blockade of
the Raf/MEK/ERK pathway at the level of Raf kinase and
the receptor tyrosine kinases VEGFR-2 and PDGFR-f3, has
been evaluated with DCE-MRI in renal cell carcinoma
patients.

In a large prospective study (n=56), Hahn et al.
investigated DCE-MRI changes in renal cancer patients
who were randomly assigned to placebo or 200 or 400 mg
twice per day of sorafenib. DCE-MRI was performed at
baseline and after 4 weeks [42]. DCE-MRI parameters
included K"™" and IAUGC,,. Dose-response relationships
in both K™" and IAUGC,, were observed with greater
effects at higher doses. However, changes in DCE-MRI
parameters after 4 weeks of sorafenib were not predictive of
progression-free survival (PFS).

In a trial by Flaherty et al. with 17 renal cell carcinoma
patients, 4 (24%) partial responses according to WHO
criteria were observed [43]. DCE-MRI data from 15
evaluable patients demonstrated significant declines in
K" with changes in K"™" correlating significantly with
TTP and response judged by CT scanning. Interestingly, in
both studies, a high baseline K™ value indicated a trend
toward larger decreases in K™ although only significantly
in the Hahn et al. study.

As noted above, vascular normalisation due to vessel
pruning and remodelling has been demonstrated in a phase
II study of AZD2171 (cediranib) in patients with recurrent
glioblastoma. Interestingly, increases in vessel size and
blood volume have been observed, while the decrease of
K" persisted. This “uncoupling” correlated with the
elevation of basic fibroblast growth factor (bFGF) and
stromal cell-derived factor (SDF)1« levels [5]. Importantly,
decreases in K", microvessel volume and circulating
collagen IV either alone or summarised together as a
“vascular normalisation index” were predictive of overall
survival (OS) when measurements were made as early as
after 1 day of therapy [44]. An example of multiparametric
MRI for the evaluation of antiangiogenic drug action on
brain tumours is shown in Fig. 3.

SU11248 (sunitinib), which targets the VEGF and
PDGFR receptor TKI, also demonstrates rapid reductions
of tumour vessel leakiness in patients with hepatocellular
carcinoma (decreases in K™ and K¢, of 50% on average

in all 25 patients). K™ decreases at 14 days correlated
with partial remission/stable disease in 17 patients, whereas
no decrease was found in the 8 patients with progressive
disease [45].

Antiangiogenic agents with conventional therapies

A few studies have evaluated the antiangiogenic effects of a
single cycle of bevacizumab, an anti-VEGF monoclonal
antibody in patients with newly diagnosed locally advanced
and inflammatory breast cancer [16, 46, 47]. All studies
show that after a single dose of bevacizumab K™ and ke,
and IAUGC,g) were significantly reduced from baseline
values. In subsequent cycles, patients received combination
bevacizumab therapy and chemotherapy, and DCE-MRI
parameters all decreased substantially. Thukral et al. noted
that parameter values measured between cycles 1 and 4
showed greater differences than did those measured
between cycles 4 and 7, suggesting that the greatest effect
on tumour microvascularity occurred early in the course of
therapy. Importantly, DCE-MRI parameter changes after the
first cycle 1 were not reflective of the eventual success of
combination therapy [16, 46].

An interesting new study has attempted to separate the
antiangiogenic effects of chemotherapy from those due to
angiogenesis inhibitors. Baar et al. performed a randomised
phase II trial designed to evaluate the additional biomarker
effect on angiogenesis when bevacizumab is added to
docetaxel in women with breast cancer [48]. Forty-nine
patients were randomised and no differences in overall
clinical response, PFS or OS were observed. IAUGCy
showed greater decreases in the bevacizumab+docetaxel arm
with overall greater decreases in tumour volume, suggesting
a greater antiangiogenic effect for the combination therapy.

Functional imaging in the development of vascular
disrupting agents

At the time the manuscript was written, data from 10
studies including a total of 100 patients had been published
as papers or abstracts (Table 2). Galbraith et al. were the
first to use DCE-MRI with a clinical study of a VDA. They
showed significant reductions in median TAUCy, in the
majority of 16 patients at various time points after treatment
with 5,6-dimethylxanthenone-4-acetic acid (DMXAA),
[49]. There was no evidence of a dose-response reduction
in tumour IAUCy, after the administration of DMXAA to
patients. However, in a further safety phase I study
performed in New Zealand, no reductions in DCE MRI
parameters were seen at 26 h post-DMXAA but increases in
leakage space (v.) were seen [50]. It has been speculated
that the acute antivascular effects disappear within 26 h, but

@ Springer
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Fig. 3 Multiparametric imaging of anti-VEGF antibody therapy
response in glioblastoma multiforme. Rows: serial images obtained
before, after 2 and 8 weeks of bevacizumab. a Columns show T2-
weighted (T2W), post-contrast-enhanced T1-weighted (T1W+c)
images and apparent diffusion coefficient (ADC) maps of the tumour
area and contralateral normal brain. Reduction in enhancement
without decrease in tumour size is seen after 2 weeks with almost
no enhancement visible after 8 weeks. At the 8-week time point the
mass is a little larger and the necrotic cavity within the mass is smaller
(arrow). b Columns show changes in relative cerebral blood volume

these results contradict the observations of Galbraith et al.
[49]. Increases in v, may be explained by DMXAA
mechanisms of action, which include induction of cytokines
[particularly tumour necrosis factor alpha (TNF-«), seroto-
nin and nitric oxide (NO)] as well as its antivascular and
antiangiogenic effects. Several studies have shown that
cytokines, TNF-x in particular, can increase vascular
permeability but also decreases tumour blood flow by
inducing vascular collapse and haemorrhage. Since changes
in K"™" and IAUGC are related to both tumour blood flow
and vessel permeability, the two physiological parameters
cannot be decoupled so the net effect may be inconsistent.

The classic description of VDA activity on DCE-MRI
(rapid shutdown of the vasculature and reversibility of
effects) was noted in a limited phase I trial of the tubulin
binding colchicin analogue VDA ZD6126, where signifi-
cant decreases in IAUCg, were seen in six of eight patients
6 h post-infusion. This was then maintained at 24 h, with
partial recovery at 18-21 days [51, 52]. There was also a
significant trend of greater antivascular effect with increas-
ing drug exposure (p <0.01).

DCE-MRI changes following infusion of the small-
molecule tubulin binding VDA CA4P have been assessed

@ Springer

(rCBYV; arbitrary units) derived from dynamic susceptibility contrast-
enhanced MRI and leakage space (ve; scale 0-50%) and transfer
constant (Ktrans; scale 0—0.3 min-1) from DCE-MRI studies. Note
reductions in the transfer constant and leakage space consistent with
vascular normalisation (arrows) after 2 weeks. Note also some areas
of decreased rCBV (*) with some areas of increasing rCBV (arrow-
heads). These images are consistent with the phenomenon of “pseudo-
response” where there is an apparent decrease in enhancement because
of vascular normalisation and re-establishment of the blood-brain
barrier and yet the tumour is unchanged

in six phase I and II oncology clinical studies where
considerable variations in dosing ranged from 27 to
114 mg/m2 [53—60]. In all of these studies, decreases in
tumour perfusion following CA4P administration have been
demonstrated by DCE-MRI and in most studies these
achieved statistical significance. In the first phase I trial
[54] using DCE-MRI in 18 patients, measuring transfer
constant (K"™") and IAUGC over the first 24 h after initial
treatment with CA4P [57, 59], significant reductions in
tumour K™ were seen in 6 of 16 patients treated at
>52 mg/m?, with significant group mean reductions of 37
and 29% at 4 and 24 h, respectively, after treatment. No
reductions were seen in muscle K" or in kidney IAUGC.
These DCE-MRI data helped to confirm the antivascular
activity of CA4P at doses below the maximum tolerated
dose (68 mg/m?). No significant changes were seen in
patients treated at 20-40 mg/m?, indicating a threshold dose
level below which effects on the microvasculature are not
seen at the 4-h time point.

Pre-clinical models have demonstrated that the addition
of an anti-VEGF antibody to a VDA significantly increases
anti-tumour activity, possibly by inhibiting neovascularisa-
tion of the surviving rim [61]. The first clinical study
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combining a VDA with an antiangiogenic drug was to
establish the safety of the CA4P/bevacizumab combination
and to demonstrate synergy of action in vivo using DCE-
MRI. The study showed statistically significant reductions
in K"™" after one dose of CA4P, which as anticipated,
reversed on drug wash-out. However, there was a failure of
tumour vasculature to recover when CA4P was given with
bevacizumab [62].

DCE-MRI: decoration or decision making tool?

Based on the experience gained over the last decade, we
can now address more fully the questions posed in 2003 by
J.M. Collins from the US FDA [1] as follows:

1. Does imaging help to assess whether mechanistic goals
are achieved?

From the data that we have presented, it is clear that it
would not be possible to determine directly if tumour
perfusion is reduced when perfusion imaging had not been
undertaken. For example, studies support the interpretation
that CA4P causes local disruption of blood flow within the
tumour, rather than being mediated via more global
decreases in cardiac output. Evidence for this comes from
direct measurements of cardiac output at the time of
observed reductions in tumour flow, heterogeneity of blood
flow reductions which occurs mostly within tumour centres,
increases in the proportion of non-enhancing pixels, and
reversibility of action when wash-out of drug is allowed to
occur. PET imaging has demonstrated modest decreases in
cardiac output with small changes in perfusion of organs
such as the kidneys with CA4P administration [63].
However, cardiac output changes tend to be of brief
duration compared to reductions in blood flow to tumours
which last longer. Imaging studies also support the
specificity of vascular disruption for tumour neovasculature
compared to normal tissues.

Imaging studies have also shown that there are some
differences in the patterns between the antivascular effects
of antiangiogenic drugs and VDAs. The magnitude of
blood flow reduction appears similar but the speed of onset
of action and recovery differ significantly. The often-stated
difference that antiangiogenic agents affect the centre and
periphery of tumours whereas VDAs affect only tumour
centres has not been realised in practice; both classes of
agents appear to affect tumour centres predominantly.
Furthermore, within substance classes, differences have
been noted on imaging. Thus, within the antiangiogenic
class of agents, the anti-permeability effects of anti-VEGF
therapies can be counteracted in the short term by anti-
PDGF activity of some small molecular weight TKR
inhibitors [64]. This may explain in part the observation

that therapy with BIBF-1120, a potent orally active, triple
angiokinase inhibitor of VEGFR-1, -2 and -3, PDGFR-x
and -3 and FGFR-1 and -3, did not show early reductions
of K" or IAUGC but rather that these were seen much
later after 28-56 days of therapy [65, 66].

Even within the VDA class of agents, differences
between DMXAA and CA4P have been noted. Both pre-
clinical and clinical studies have shown inconsistent
responses in K" and IAUGC (with both increases and
decreases having been documented); this inconsistency has
not been shown for CA4P, which in general causes blood
flow reductions only. This difference can be explained by
the mechanism of action of DMXAA, which, despite
culminating in the same overall anti-tumour affect as other
VDAs (i.e. induction of tumour necrosis through blood
vessel disruption), is actually very different. DMXAA is an
unusual VDA because it does not work through tubulin
binding, but instead stimulates the induction of cytokines,
which have both antivascular and anti-tumour effects.
Several studies have shown that cytokines, TNF-a in
particular, can increase vascular permeability but also
decrease tumour blood flow by inducing vascular collapse
and haemorrhage. Since changes in K™ and IAUGC are
related to changes in both tumour blood flow and vessel
permeability, the two physiological parameters cannot be
decoupled so the net effect maybe inconsistent. Increases in
interstitial fluid volume (leakage space - v.) would be
expected regardless of the effect on K™ and IAUGC,
which has been noted in clinical studies.

2. Does imaging assist in dose selection and scheduling
for phase II studies?

Studies have consistently shown that the biologically
active dose is below the MTD in most cases. However, the
therapeutic window for VDAs is smaller than anticipated
from rodent models, and more severe DLTs are seen
compared to antiangiogenic agents. Dose-response relation-
ships in these studies have been variable, probably in part
due to the small numbers of patients and heterogeneity of
patient populations in terms of highly variable histological
subtypes and the number and types of prior therapies. In
two studies [54, 57], correlations between changes in
tumour CA4P K™ values and/or blood CA4 exposure
were seen; however, in the Dowlati et al. study [55], change
in K™ values correlated with C,.,y rather than AUC. In
the Galbraith et al. study, significant changes were only
seen in the patients who received >52 mg/m” [54]. In both
the Bilenker et al. and the Akerley et al. trials, greater effects
were observed at the intermediate rather than the higher dose
levels [57, 59]. Despite some differences in details, all of
these studies indicated that CA4P significantly reduces
tumour perfusion, and that the minimal efficacious dose is
in the range of 36-52 mg/m>.
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As far as we are aware, only one study has evaluated
dose finding and scheduling in the setting of a phase I
clinical trial [67]. Jonker et al. reported a phase I study of
brivanib alaninate, an oral dual inhibitor of VEGFR and
FGFR tyrosine kinases. This study was designed and
powered to assist in determining dose and schedule. This
study evaluated patients in two parts with standard dose
escalation to MTD in patients with advanced or metastatic
cancer (part A). Part B was enriched by including only
those tumour types known to respond to anti-VEGF
therapies (renal cancer, colorectal malignancies and hepa-
tocellular cancers). In part B, several dose schedules were
evaluated using DCE-MRI responses in patient cohorts of
12—-15 patients per schedule. Using this methodology
Jonker et al. were able to use DCE-MRI as the basis for
schedule selection for clinical phase II. Such dose-response
relationships using DCE-MRI have also been shown for
sorafenib in renal cancer [42].

3. Can imaging help identify subpopulations enriched for
response?

Tumour types that appear best for responding to
antiangiogenic agents include colorectal, hepatocellular
cancer, renal cancers and brain tumours. Indeed, for these
tumour types antiangiogenic agents have gained clinical
approval for use as mono- or combination therapy. From
the data accumulated to date and personal experience, it has
been noted that the liver as a metastatic site is more likely
to respond to antiangiogenic agents than metastatic tumours
elsewhere. For a number of antivascular therapies, there
have been strong correlations between baseline K"
values and decreases following therapy. This finding has
been seen for both antiangiogenic agents as well as for
VDAs. Indeed, it can now be stated that if DCE-MRI
responses are expected to occur, but are not seen, then there
is probably no major impact on vascular function. Of
course there are exceptions as noted above for drugs having
strong anti-PDGF effect and of course false-negative results
may occur if scanning schedule in relation to drug dosing is
incorrect. Experience suggests that tubulin binding VDAs
should be imaged within hours to demonstrate antivascular
effects and again after more than a day to show reversibil-
ity. Anti-VEGF drug effects typically occur within days to
weeks and are more persistent, so that imaging must be
performed at appropriate time points.

4. Are imaging tools widely available?

Previously, the lack of availability of tools for DCE-MRI
data analysis was an impediment to its implementation into
clinical trials. However, appropriate software is increasingly
available and can be obtained from most major equipment
manufacturers, academic sources and commercial software
companies. Multicentre working has been well documented
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with appropriate quality assurance/quality control protocols
in place, and reasonable reproducibility has been shown.
Three international consensus panels have laid out the
requirements and standards of DCE-MRI imaging in early
clinical trials. The first consensus meetings took place in
October 1999 and November 2000. Reports and recom-
mendations can be found on the National Cancer Institute
(NCI) web site [68]. A second workshop was held in
London in March 2002 with recommendations published in
2005 [69]. A third meeting sponsored by NIH/NCI met in
2004 and recommendations can be found on the NCI
website [70].

5. Can imaging tools predict patient benefit?

This question was not posed by Collins, because it was
not relevant to phase I studies but is frequently posed by
investigators and patients. There are four recent studies,
which found a correlation between antiangiogenic treatment
and patient benefit. In general, OS is considered a stronger
end-point than PFS or the comparison between non-
progressing patients showing partial remission (PR) or
stable disease (SD), and patients with progressing disease
(PD). In two studies, correlations have been made between
the DCE-MRI parameters and progressing vs non-
progressing patients. Morgan et al. found a significantly
greater reduction in K; (equivalent to K") in non-
progressors in patients with advanced colorectal cancer
and liver metastasis 2 days and after the first cycle of
treatment with vatalanib [31]. In a study of sunitinib
monotherapy in advanced hepatocellular carcinoma, Zhu
et al. observed significant decreases in K™ and ke, in
patients with PR or SD, compared to patients with PD after
14 days of treatment [45]. The correlations between K"™"
or JAUCy, and PFS have been examined in two studies of
sorafenib therapy in patients with renal cell carcinoma. In
the study by Flaherty et al., percent declines in K" were
significantly associated with PFS [43], whereas in the Hahn
et al. study, K™ or IAUCy, changes were not [42]. The
only study where K™ (in combination with microvessel
volume and circulating collagen IV concentrations) corre-
lated with OS was a study of patients with recurrent
glioblastoma after a single dose of cediranib [44]. The
validation of functional imaging parameters as a predictor
of OS has proved to be difficult due to the inherent small
number of patients treated in a phase I or II trial.

Outlook: multiparametric MRI exploring secondary
effects on tumour microenvironment and cellular
metabolic disruption

As the pharmaceutical industry moves towards increasingly
complex multitargeted therapies, the anticipated effects on
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tumour tissues de novo have become more difficult to
predict. As we have seen, studies to date have tended to
look at treatment effects using only a single functional
imaging modality such as DCE-MRI. There are relatively
few clinical studies that have used multifunctional imaging
approaches to explore the secondary effects of antiangio-
genics or VDAs on the tumour microenvironment or on
cellular metabolic disruption. For example, changes in
perfusion and glucose metabolism may not occur in
parallel. Decoupling of perfusion and glucose metabolism
has been shown by Willett at al. in patients with rectal
cancer treated with bevacizumab [71]. Dose-related
perfusion-metabolism decoupling has also demonstrated
by Herbst et al. [72] who noted that endostatin (an
antivascular agent) when given in high doses decreased
tumour perfusion but increased glucose metabolism. These
examples of uncoupling of blood flow and glucose
metabolism following antiangiogenic therapy probably
result from drug-induced tumour hypoxia and secondary
upregulation of glucose metabolism.

Another good example of multifunctional MR imaging
used to assess the sequential tissue effects of antiangiogenic
compounds in humans was published by Batchelor et al.
[5]- They evaluated patients with recurrent glioblastomas
who were treated with cediranib. Multifunctional MRI
assessments were undertaken including contrast-enhanced
tumour volume, vessel size index, microvessel permeabil-
ity, extracellular leakage space, water diffusivity and
diffusion tensor imaging. Using this panel of imaging tests,
they were able to show rapid reductions in K"",
extracellular leakage space and water diffusivity following
treatment, which was interpreted as evidence of microvessel
normalisation. They noted that decreases in vessel size
index were short-lived despite persistent reductions of
transfer constant. Interestingly, tumour volume, which
initially decreased, began to expand despite persistent
decreases in microvessel permeability (Fig. 3), suggesting
that continued tumour growth was not mediated via
angiogenesis using the VEGF pathway [73]. Intriguingly,
the anticipated effects of cell death on diffusion-weighted
(DW) MRI were not seen. Tumour cell death via apoptosis
should cause increases in apparent diffusion coefficient
(ADC) values [74], but in fact the reverse was observed
(reduced ADC values). The latter finding is likely to be due
to water shifts out of tumours caused by reductions of
microvessel permeability, a finding supported by reduced
leakage space estimates and one that has been observed at
other tumour sites with antiangiogenic therapy.

These multifunctional imaging observations suggest that
it is only by combining biomarker data from a number of
imaging techniques that one may begin to truly understand
how antiangiogenic therapies affect tumour cells and tissue
microenvironments. Such observations can provide unique

insights into the mechanism of drug action in vivo and
provide useful PD information. However, if multifunctional
imaging is to take up the unique position of enhancing
decision making at critical milestones in the early phases of
the drug development process, then procedural rigour will
be needed to establish each biomarker and/or biomarker
combination for such a role.

Conclusion

Perfusion imaging provides unique information on the
vascular properties of tissues and tumours and their
responses to antiangiogenic and VDAs in pre-clinical
and early clinical studies. Their successful use is depen-
dent on the need to clearly define imaging objectives,
which can be achieved provided that studies are well
planned and conducted with appropriate quality assurance/
quality control (QA/QC) steps. If done well, observations
from such imaging studies do improve our biological
understanding of mechanisms of drug action, interactions,
and on their magnitude and duration of effects. Many
studies show that in general there is good concordance
with pre-clinical data and with other angiogenesis bio-
markers. Such studies also show considerable heterogene-
ity in responsiveness between and within lesions and
between and within patients (even primary and secondary
lesions differ in their responses). It is clear from imaging
observations that not all antiangiogenic and VDAs have
the same effects in terms of onset times and duration of
effects. Future challenges for imaging include correlation
with clinical measures of efficacy and determining the
relationship with blood and serum biomarkers.
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