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Abstract

Tumor angiogenesis and the ability of cancer cells to induce neovasculature continue to be a
fascinating area of research. As the delivery network that provides substrates and nutrients, as well
as chemotherapeutic agents to cancer cells, but allows cancer cells to disseminate, the tumor
vasculature is richly primed with targets and mechanisms that can be exploited for cancer cure or
control. The spatial and temporal heterogeneity of tumor vasculature, and the heterogeneity of
response to targeting, make noninvasive imaging essential for understanding the mechanisms of
tumor angiogenesis, tracking vascular targeting, and detecting the efficacy of antiangiogenic
therapies. With its noninvasive characteristics, exquisite spatial resolution and range of
applications, magnetic resonance imaging (MRI) techniques have provided a wealth of functional
and molecular information on tumor vasculature in applications spanning from “bench to
bedside”. The integration of molecular biology and chemistry to design novel imaging probes
ensures the continued evolution of the molecular capabilities of MRI. In this review, we have
focused on developments in the characterization of tumor vasculature with functional and
molecular MRI.

l. INTRODUCTION

The two major mechanisms resulting in the formation of blood vessels are vasculogenesis
and angiogenesis. Vasculogenesis describes the establishment of the vasculature during
embryogenesis and development. Angiogenesis, a term coined by Dr. John Hunter in 1794 to
describe the formation of new blood vessels from extant vasculature (Hunter, 1794), is a
process that occurs in both the embryo and the adult (Carmeliet, 2005). In 1865, Rudolf
Virchow made the observation that tumors have distinct capillary networks (Virchow, 1863),
which was followed by the first systematic studies of the tumor vasculature by Goldman in
1907 (Goldman, 1907) and by Lewis in 1927 who determined that the tumor environment
has a profound effect on the architecture of angiogenic vessels (Lewis, 1927). (See Ribatti's
(2009) comprehensive treatise on the history of tumor angiogenesis research.) A century
later, the observation that adult angiogenesis was a hallmark of pathologies ranging from
cancer to diabetic retinopathy (Jain and Carmeliet, 2001) led Folkman (1971) to posit in his
seminal paper that solid tumor growth was “angiogenesis-dependent”. In it, he also
introduced the concept of “antiangiogenic” therapy or the idea that solid tumor growth could
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be arrested by preventing the recruitment and formation of de novo blood vessels. In the
decades since, a comprehensive understanding of the molecular mechanisms regulating
tumor angiogenesis has emerged, resulting in the identification of a slew of angiogenesis
inhibitors, many of which are currently in clinical trials (Folkman, 2007).

In a careful study of carcinoma of the bronchus, Thomlinson and Gray observed that the
onset of necrosis occurred at approximately 160 um from the nearest vessel, a distance
calculated to be the diffusion limit of oxygen. Based on these data, they predicted the
presence of hypoxia in tumors that would lead to radioresistance (Thomlinson and Gray,
1955). Almost four decades later, with the discovery of the hypoxia inducible factor-1
(HIF-1), and its role as a transcriptional regulator of an ever-increasing list of genes
(Semenza, 2010), tumor hypoxia resulting from the chaotic tumor vasculature has been
implicated in metabolism, angiogenesis, invasion, metastasis, and drug resistance (Bertout et
al., 2008).

Since Clark et al. (1931) created some of the earliest images of neovascularization in
transparent rabbit ear chambers in the 1930s, advances in physics (e.g., new imaging
methods), chemistry (e.g., the synthesis of novel imaging probes), and biology (e.g.,
development of innovative gene reporter systems and the identification of novel targets) have
ushered in a new era in the characterization of angiogenesis and antiangiogenic therapy
using imaging (McDonald and Choyke, 2003; Pathak et al., 2008a). Even a century ago, the
importance of “individualizing cancer treatment” and “penetrating into the darkness of
physiological conditions existing in tumor growths” was recognized in the prescient remarks
made by E. Goldman in 1907 (Goldman, 1907).

The importance of tumor vasculature in several phenotypic characteristics of cancer, as well
as in drug delivery and metastasis, has become very evident, and angiogenic or vascular
targeting is meeting with some success as a potential treatment for cancer (Folkman, 2007;
Neri and Bicknell, 2005). These developments have not only necessitated the genomic and
functional characterization of individual tumors to identify specific molecular targets, but
also the ability to noninvasively detect the spatial and temporal response to these new
targeted therapies. Noninvasive imaging techniques, the availability of “smart probes” as
well as molecular strategies such as the use of small interfering RNA to downregulate
specific targets are playing an increasingly important role in this era of targeted molecular
medicine. The purpose of this review is to describe recent advances in MRI as applied to
tumor vasculature characterization and targeting.

II. STRUCTURAL, FUNCTIONAL, AND MOLECULAR CHARACTERISTICS
OF TUMOR VASCULATURE

Studies of tumor vascular morphology have identified a variety of structural and functional
differences between tumor and normal vasculature (see Konerding et a/., 2000 for a
comprehensive review). Tumor-induced blood vessels are typically sinusoidal, exhibit
discontinuous basement membranes, and lack tight endothelial cell junctions making them
highly permeable to macromolecules. Other characteristics of the tumor vasculature include
(i) spatial heterogeneity and loss of branching hierarchy, (ii) arteriovenous shunts, (iii)
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acutely and transiently collapsing vessels, (iv) poor differentiation and a lack of smooth
muscle cell lining, and (v) an inability to match the elevated metabolic demand of cancer
cells, resulting in areas of hypoxia and necrosis.

Pioneering work by Jain, Vaupel, and others has demonstrated that structural anomalies of
the tumor vasculature result in altered hemodynamics, blood rheology, and tumor blood flow
(Jain, 1988; Vaupel et al., 1989). Figure 1.1 summarizes the bidirectional relationships
between the anomalous aspects of the tumor vasculature and the resulting
pathophysiological and molecular perturbations in the tumor microenvironment.

In addition to angiogenesis-dependent pathways, nonangiogenic pathways for tumor growth
have also been observed. Of these, vascular cooption and vasculogenic mimicry are the most
well known. In a landmark study, Holash ef a/., (1999) demonstrated that in contrast to the
prevailing view that most tumors begin as avascular masses, a subset of tumors initially grew
by “coopting” existing host blood vessels. This coopted host vasculature did not
immediately undergo angiogenesis but initially regressed, leading to an avascular tumor with
massive tumor cell loss. Eventually, the remaining tumor was rescued by robust
angiogenesis at the tumor rim. Maniotis et a/. (1999) described another mode of vascular
channel formation which was dubbed *“vasculogenic mimicry” to highlight the fact that parts
of the microcirculation of aggressive uveal melanomas consist of channels lined by a layer
of extracellular matrix and the tumor cells themselves. Chang et a/. (2000) have described
the formation of “mosaic vessels” in a colon carcinoma model, wherein both tumor and
endothelial cells contributed to vascular tube formation.

The heterogeneity of tumor vasculature can pose a formidable clinical challenge. The
structural and functional deficiencies of the tumor vasculature profoundly impact drug
delivery, radiosensitivity, proliferation rate, invasion, metastases, and the metabolic
micromilieu (pO2, pH, energy status; Konerding et a/.,, 2000) of the tumor. However, as
discussed subsequently, this heterogeneity of the tumor vasculature also presents an
opportunity for the identification of novel drug targets that can be exploited to develop
tumor vasculature-selective therapeutic strategies (Neri and Bicknell, 2005).

As summarized in several excellent reviews (Baluk et a/., 2005; McDonald and Choyke,
2003; Munn, 2003), the physiology and organization of the tumor vasculature at the spatial
scale of the endothelial cell is also abnormal. Such abnormalities include gaps in
interendothelial tight junctions resulting in loss of barrier function, loose or no association
with pericytes, and a compromised or incomplete basement membrane (Kalluri, 2003). This
microscopic picture is further complicated by the phenomena of vasculogenic mimicry and
mosaic vessels described earlier. However, at this scale, the diversity of surface proteins
selectively expressed by angiogenic tumor vessels has been exploited as targets for novel
contrast agents using a range of imaging modalities (McDonald and Choyke, 2003). Some of
these epitopes on angiogenic endothelial cells and basement membrane components have
also been tested for tumor vessel selective drug-targeting strategies as summarized in Table
1.1 (Molema, 2005). The review by Langenkamp and Molema (2009) lists endothelial cell-
specific genes used to identify tissue microvasculature, while a landmark paper by Croix et
al. (2000) demonstrates the diversity of the genes expressed in human tumor endothelium.
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Both imaging receptor expression and vascular targeting are discussed in detail in ensuing
sections.

Conventional image contrast in radiologic images provides differences in the level of
brightness or intensity of parts of the image corresponding to anatomically or
physiologically different locations. While traditionally such contrast has aided in the
differentiation of normal from pathologic tissue, such images provide little information
regarding the functional or molecular status of a lesion. For example, one cannot infer the
angiogenic status of the tumor vasculature from conventional imaging (Pathak et a/.,, 2008a).
A wide array of noninvasive imaging modalities has been used to image the tumor
vasculature. These include X-ray computed tomography (CT), MRI, positron emission
tomography (PET), single-photon emission computed tomography (SPECT), ultrasound, and
different types of optical imaging, each with its own distinct advantages as a tool in the
noninvasive, in vivo assessment of tumor angiogenesis (Glunde et a/, 2007). However, the
assortment of available “functional” contrast mechanisms in conjunction with the
development of novel imaging probes is making MRI a valuable imaging modality for the
functional and molecular imaging of tumor vasculature in vivo. Here we have outlined the
diversity and utility of MRI and provided brief descriptions of the biophysical phenomena
underlying some of the contrast mechanisms used in MRI of tumor vasculature.

lll. BASIS OF CONTRAST IN MR IMAGES

Almost every contrast mechanism for probing the tumor vasculature, including the use of
exogenous MR contrast agents and targeted probes, in some way results from changes in the
MR signal intensity brought about by changes in what are collectively known as tissue
“relaxation times” (T and T, or 7). Briefly, the spin-lattice or longitudinal relaxation time
(T4) is the time constant that characterizes the exponential process by which the longitudinal
component of the tissue magnetization returns or “relaxes” to its equilibrium value. It does
so by exchanging energy with its surroundings or lattice, at the Larmor frequency (wg=YyBy,
where wy is the rate of precession of the ensemble of spins under the influence of an applied
magnetic field By and vy is the gyromagnetic ratio). At the molecular scale, T, relaxation
occurs through interactions between protons in tissue water and those on macromolecules or
proteins, and by interactions with paramagnetic substances, that is, substances with unpaired
electrons in their outermost shells. T1-based MR contrast results from differences in T
dominating the signal intensity in the MR image. Tissues with short T1s (such as fat) appear
bright in T1-weighted MRI, since the longitudinal magnetization recovers to equilibrium
rapidly relative to tissues with long TS (such as cerebrospinal fluid).

Microscopic magnetic field heterogeneities in the applied magnetic field of an MRI scanner,
as well as variations in local magnetic susceptibility due to the physiological
microenvironment, cause spins contributing to the transverse component of the tissue
magnetization, to lose phase coherence. The process through which this occurs is known as
T relaxation. The loss in phase coherence attributable to static magnetic field
heterogeneities can be recovered using a refocusing radiofrequency (RF) pulse or a spin-
echo (SE) imaging method. However, as protons diffuse through the microscopic field
inhomogeneities, they also lose phase coherence due to Brownian motion through these
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microscopic magnetic field gradients, which results in a phase dispersion that cannot be
reversed by the application of a refocusing pulse. This is known as T, relaxation and in T»-
weighted MR images, tissues with short Ts, such as the liver, appear dark due to the rapid
decay of transverse magnetization compared to those with long T5s, such as fat. Similarly, in
Ty-weighted images, regions with large susceptibility gradients such as air-tissue interfaces
of the orbits of the eye, or large veins carrying deoxygenated blood, appear hypointense. A
computational model illustrating the 73 contrast mechanism is shown in Fig. 1.2 (Pathak et
al., 2008b). Figure 1.2A is a volume rendering of a contrast agent bearing cerebrocortical
capillary network from a rat brain, which results in a susceptibility gradient relative to the
surrounding tissue. This susceptibility gradient in turn, perturbs the applied magnetic field at
the microscopic scale as illustrated in Fig. 1.2B. Finally, water protons diffusing through
these microscopic magnetic field heterogeneities experience different phase shifts resulting
in a loss of phase coherence and attenuation of the MRI signal. An example of these
diffusion trajectories is illustrated in Fig. 1.2C for the case of a single contrast agent bearing
capillary.

A. Endogenous contrast

Probing tumor vasculature using the inherent or endogenous contrast produced by
deoxyhemoglobin in tumor microvessels is based on the blood oxygenation level dependent
(BOLD) contrast mechanism discovered by Ogawa (1990). The primary determinant of the
MRI contrast observed is the concentration of paramagnetic deoxyhemoglobin. The
presence of deoxyhemoglobin in a blood vessel causes a susceptibility difference between
the microvessel and the surrounding tissue inducing microscopic magnetic field gradients
that cause dephasing of the MR signal, leading to a reduction in the value of 73 Since
oxyhemoglobin is diamagnetic and does not produce the same dephasing, changes in blood
oxygenation are observable as signal changes in 73-weighted images. The dependence of T
on oxygenation in a tissue can be approximated as

1
T_Q* x(1-Y)b )

where Y is the fraction of oxygenated blood and b the fractional blood volume. In hypoxic
tumors where 0<Y<0.2, BOLD contrast is primarily dependent on b. This method works
best in poorly oxygenated tumors and human xenografts with randomly oriented angiogenic
microvessels. While this approach provides a fast and noninvasive measurement of tumor
fractional blood volume without requiring the administration of an exogenous contrast, it
does not provide quantitative assessment of tumor vascular volume, vascular permeability, or
blood flow. Nonetheless, BOLD MRI has been used to detect changes in tumor oxygenation
following induction of angiogenesis (Abramovitch et al, 1999), to obtain maps of the
“functional” vasculature in genetically modified HIF-1 (+/+ and —/-) models (Carmeliet et
al., 1998), and was recently shown to correlate with mean tumor pO2 measured using
fluorine-19 [19F] MRI oximetry (Zhao et al., 2009). It is important to bear in mind that the
relationship between angiogenesis and BOLD image contrast is complex as it is not solely
determined by the oxygenation status of blood, but is also affected by factors such as oxygen
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saturation, hematocrit, blood flow, blood volume, vessel orientation, and geometry (Pathak
et al., 2003).

In 2000, Silva et al. demonstrated the feasibility of imaging blood flow in a rodent brain
tumor model, using another endogenous contrast MR mechanism known as arterial spin
labeling (ASL) (Silva et al., 2000). In this approach, arterial blood water serves as the
endogenous tracer, and is magnetically tagged proximal to the brain, using spatially selective
RF inversion pulses. The effect of arterial tagging on downstream images can then be
quantified in terms of tissue blood flow, since changes in signal intensity depend on the
regional blood flow and degree of T, relaxation. Tissue blood flow images can then be
computed from tagged and untagged control images. Although ASL exhibits sufficient
sensitivity at high magnetic fields for mapping the tumor blood flow, it may not perform as
well when blood flow in tumor vessels is very low, since the tagged arterial blood may not
reach the tissue in time, relative to their T, relaxation time, that is, the spins will be fully
relaxed by the time they enter the imaging volume. Recent studies have demonstrated
excellent correlation between ASL and dynamic susceptibility contrast (DSC) MRI-derived
measures of blood flow in patients with brain tumors, further establishing the utility and
validity of ASL (Jarnum et al., 2010; Knutsson et af., 2010).

The advantage of characterizing the tumor vasculature with endogenous contrast-based MRI
is that it does not require the intravenous (i.v.) administration of a contrast agent, making it
entirely noninvasive, providing dynamic data with high temporal resolution. Repeated
measurements in preclinical studies are therefore only limited by the constraints of
anesthesia. However, using such approaches, one cannot quantify physiologic parameters
like the tumor vascular volume or vascular permeability, which require the administration of
exogenous MRI contrast agents.

B. Exogenous contrast

Unlike the dyes or tracers employed with nuclear medicine, X-ray or optical imaging
techniques, MR contrast agents are not visualized directly in an MR image, but indirectly by
the changes they induce in water proton relaxation behavior. The most commonly used MR
contrast agents are paramagnetic gadolinium chelates. These agents are tightly bound
complexes of the element gadolinium (Gd) and various chelating agents (Lauffer, 1987). The
seven unpaired electrons of gadolinium produce a large magnetic moment that shortens both
T, and T, of tissue water. Since tissue T, values are intrinsically shorter than the
corresponding T values, the T effect of the contrast agent dominates, and tissues that take
up the agent are brightened in T1-weighted images. The magnetic susceptibility differences
induced by Gd-based contrast agents shorten the T, and 73 of tissue water and tissues that
take up the paramagnetic agent are darkened in T,- and 75;-weighted images. A range of
vascular parameters can be calculated from tracer kinetics principles, using the tissue
concentration of Gd-based agents (Zaharchuk, 2007).

Gd-based complexes may be broadly classified as either being low molecular weight (~0.57
kDa) agents, for example, gadolinium diethylenetriamine pentaacetic acid (GADTPA)
compounds used clinically for contrast enhancement of malignant tumors, or
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macromolecular agents (~90 kDa) such as albumin-GdDTPA, that are confined to the
vascular compartment for several hours and are used in preclinical studies of tumor
angiogenesis. MR methods used to characterize tumor vascularization depend on the
physical properties and pharmacokinetics of the contrast agent used (Fig. 1.3). A brief
overview of some of these methods is presented in the subsequent sections.

C. Low molecular weight contrast agents

Several compounds in this class of paramagnetic agents are approved for routine clinical use
and have been used to characterize the vasculature in a variety of tumors, including breast
(Baar et al., 2009), brain (Batchelor et al., 2007), and cervical tumors (Mayr et al., 2010).
Most T1 methods involve the analyses of relaxivity changes induced by the contrast agent to
determine influx and outflux transfer constants, as well as the extracellular extravascular
volume fraction based on one of several compartmental models (Fig. 1.3A; Tofts, 1997).
Although not freely diffusible, this class of agent remains in the extracellular space, and
three standard Kinetic parameters can be derived from dynamic contrast-enhanced (DCE)
T1-weighted MRI: (i) Kirans (Min~1), which is the volume transfer constant between the
blood plasma and the extravascular extracellular space (EES); (ii) kep (min~1), which is the
rate constant between the EES and blood plasma; and (iii) ve (%), which is the volume of the
EES per unit volume of tissue, that is, the volume fraction of the EES (Tofts, 1997). kep can
be derived from the shape of the tracer concentration-time curve, but the determination of
Kirans requires absolute values of the tracer concentration. Kans has several different
connotations depending on the balance between blood flow (F) and capillary permeability
(P) in the tissue of interest. For example, in most tumors the leakage concentration is limited
by the flow-rate. Thus, in this flow-limited or high-permeability regime, solving the
differential equation that relates tissue concentration (C) to the plasma concentration (Cp)
yields: Kians=Fp(1-Hct), where F (ml g~ min~1) is the flow of whole blood per unit mass
of tissue, p is the tissue density (g mI~1), Hct the hematocrit, and (1-Hct) the plasma
fraction. An excellent review of DCE MRI tracer kinetic models, terminology, and
definitions can be found in Tofts ef a/. (1999). To calculate Kiyans and v, the plasma and
tissue concentrations of the contrast agent are required. Typically the plasma concentration
(also known as the arterial input function, AIF) can be measured using voxels localized
within a large blood vessel or approximated by a biexponential curve (Ohno et al.,, 1979). In
most DCE MRI models, the concentration of GADTPA is measured from changes in the Tq
relaxation rate, assuming that water is in fast exchange between the vascular and
extracellular compartments. It has been demonstrated by several investigators that the
accuracy of DCE MRI-derived vascular volumes can be significantly affected by incorrect
assumptions regarding exchange rates (Donahue et al., 1997; Kim et al., 2002; Landis et al.,
2000).

As mentioned earlier, low molecular weight Gd-chelates employed in MRI produce both Ty
and T relaxation effects. However, when high doses of these agents are employed, the
induced bulk susceptibility differences between the intra- and extravascular spaces dominate
classical dipole—dipole relaxation. MRI contrast can be engendered from local magnetic
field heterogeneities either by proton diffusion through the microscopic field
inhomogeneities or via intravoxel dephasing. In the latter mechanism, the presence of
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microscopic field inhomogeneities within an imaging voxel produces a heterogeneity of
resonant frequencies which affects the MR signal intensity even in the absence of diffusion.
The effect of magnetic field inhomogeneities on transverse relaxation can be summarized as
(Fisel et al., 1991; Kennan, 1994):

1t 1
I, T Ty (12)

The relaxation rate 1 /7% (R3) is the rate of free induction decay or the rate at which the
gradient-echo (GE) amplitude decays. The relaxation rate 1/T(R2) is the rate at which the

spin-echo (SE) amplitude decays. The relaxation rate, 1/ Tz; (R;), is the water resonance
line-width, which is a measure of the frequency distribution within a voxel. In the presence
of a contrast agent bearing tumor vessel, the relative R2 and R} relaxation rates depend on
the diffusion coefficient (D) of spins in the vicinity of the induced magnetic field
inhomogeneities, radius (R) of the tumor vessel, and the variation of the Larmor frequency
(dw) at the surface of the vessel (Fisel ef al, 1991; Kennan, 1994; Weisskoff ef al., 1994;
Yablonskiy, 1994). The relationship between the two physical characteristics (R and D) can
be described in terms of the proton correlation time tp:

T (13)

Depending on the relative magnitudes of dw and tp, the magnitude of susceptibility-induced
relaxation effects is divided into three regimes (Fisel et al, 1991; Kennan, 1994; Villringer
et al., 1988; Weisskoff et al,, 1994; Yablonskiy, 1994).

(i) Fast exchange regime—in this regime, the rate of diffusion (1/tp) is substantially
greater than the frequency variation (dw), that is, tp dw<1. This is known as the
“motionally narrowed” regime as the susceptibility-induced local magnetic field
gradients are averaged out (Boxerman et al., 1995; Fisel et al, 1991; Kennan,
1994).

(if) Slow exchange regime—in this regime, the rate of diffusion (1 tp) is substantially
smaller than the frequency variation (dw), that is, Tp dw>1. Thus, the phase that a
proton accumulates as it passes one perturber is large, that is, the effect is the same
as it would be for the case of static field inhomogeneities. There is no signal
attenuation on a To-weighted scan because the 180° RF pulse during the SE
sequence refocuses static magnetic field inhomogeneities, while intravoxel
dephasing still occurs in a GE sequence.

(iii) Intermediate exchange regime—in this regime, tp dw~1, that is, water diffusion is
neither fast enough to be fully motionally narrowed nor slow enough to be
approximated as linear gradients, making the description of the susceptibility-
induced contrast more complex. In this regime, analytic solutions to estimate signal
loss in the presence of diffusion becomes complicated due to the large spatial
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heterogeneity of the induced field gradients and numerical simulations are required
(Boxerman et al., 1995; Kennan, 1994; Weisskoff et al.,, 1994).

A consequence of these regimes is that the SE and GEMRI methods have greatly different
sensitivities to the size and scale of the field inhomogeneities, resulting in a differential
sensitivity to contrast agent bearing tumor vessel caliber. It has been shown that the SE
relaxation rate change (AR5) increases, peaks for capillary-sized vessels (5-10 um), and then
decreases inversely with vessel radius, while the GE relaxation rate change (A R%) increases
and then plateaus to remain independent of vessel radius beyond capillary-sized vessels
(Boxerman et al., 1995; Weisskoff ef al., 1994). Therefore, SE methods are maximally
sensitive to the microvascular blood volume, while the GE methods are more sensitive to the
total blood volume. Based on this observation, SE sequences have been used in many tumor
studies with the assumption that tumor angiogenesis is primarily characterized by an
increase in the microvasculature (Aronen et al., 1993, 1994). However, given the large (>20
pm) tortuous vessels usually found in tumors (Deane and Lantos, 1981; Pathak et a/, 2001),
whether SE or GE methods are most appropriate remains to be determined. Several
investigators have acquired relative cerebral blood volume (rCBV) maps from first-pass
DSC studies, with good spatio-temporal resolution (Maeda et al,, 1993; Rosen et al., 1991).
With this technique, preliminary results indicate that MRI-derived rCBV may better
differentiate histologic tumor types than conventional MRI (Aronen et al., 1994) and provide
information to predict tumor grade (Maeda et a/,, 1993; Schmainda et a/., 2004). For a
detailed description of susceptibility-based perfusion imaging of tumors see Pathak (2009).

Often MRI-derived concentration—time curves include contributions due to recirculation that
must be eliminated before tumor blood volume and flow information can be extracted. This
is usually accomplished by fitting to a y-variate function with recirculation cut-off
(Thompson et al., 1964). For an instantaneous bolus injection of MRI contrast agent, the
central volume principle states that CBF=CBV/MTT, where MTT is the mean transit time of
contrast agent through the vascular network (Zierler, 1962). However, bolus injections are of
finite duration, and the measured concentration—-time curve is the convolution of the ideal
tissue—transit curve with the AIF. Thus, measurement of the blood flow requires knowledge
of the arterial input curve to deconvolve the observed concentration—time curve (Axel, 1980;
Ostergaard et al., 1996).

Another complication with using first-pass techniques with low molecular weight Gd
contrast agents is that with elevated permeability, as is often observed in tumor vasculature
or with significant blood-brain barrier (BBB) disruption, as is often the case with brain
tumors, contrast agent extravasates into the brain or tumor tissue resulting in enhanced T,
relaxation effects. In such instances, signal increases due to T; effects can mask signal
decreases due to T or T effects, leading to an underestimation of rCBV. To address this
issue, a method of analysis has been devised that corrects for these leakage effects when the
leakage is not extreme (Donahue et al., 2000). Another obstacle to the application of the
central volume principle for the calculation of blood flow is the direct measurement of the
MTT. Weisskoff et al. have demonstrated that MTT, which relates tissue blood volume to
blood flow from the central volume principle, is not the first moment of the concentration—
time curve for MR of intravascular tracers, and while first moment methods cannot be used

Adv Genet. Author manuscript; available in PMC 2016 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pathak et al.

Page 10

by themselves to determine absolute flow, they do provide a useful relative measure of flow
(Weisskoff, 1993).

The differential sensitivities of GE and SE methods to vessel radius have also been exploited
to provide a measure of the average vessel size by measuring the ratio of GE and SE
relaxation rates (A R} /A R,) (Dennie et al.,, 1998). Donahue et al. (2000) demonstrated that
clinically, the ratio A R} / A R, correlated strongly with tumor grade and was a promising
marker for the evaluation of tumor angiogenesis in patients.

All dynamic susceptibility-based contrast measurements are made assuming that the
calibration factor that relates the relaxation rate to the contrast agent concentration is
constant irrespective of tissue type. However, it has been shown that it is not the same for
normal brain and tumor tissue and that this difference is due to the grossly different vascular
morphology of tumors, due to tumor angiogenesis, compared to normal brain, and/or
possibly differing blood rheological factors such as hematocrit (Pathak et al., 2003, 2008b).

D. High molecular weight contrast agents

Quantitative assessment of tumor vascular parameters with low molecular weight contrast
agents is often complicated by the rapid extravasation of the contrast agent from leaky tumor
vessels. High molecular weight contrast agents, such as albumin-GdDTPA (alb-GdDTPA)
complexes (Ogan et al., 1987), or synthetic compounds, such as polylysine-GdDTPA
(Weissleder et al.,, 1998) and dendrimer Gd-complexes (Yu et al., 2002), provide an
opportunity for quantitative determination of tumor vascular volume and vascular
permeability surface area product (PS). The relatively slow leakage of these agents from the
vasculature results in longer circulation half-life and equilibration of plasma concentrations
within the tumor. Assuming fast exchange of water between all the compartments in the
tumor (plasma, interstitium, cells) the concentration of the contrast agent within any given
voxel is proportional to changes in relaxation rate (1/T1) before and after administration of
the contrast agent. Relaxation rates can be measured either directly using fast single shot
quantitative T methods (Schwarzbauer et a/., 1993) or from Tq-weighted steady-state
experiments (Brasch et al., 1997), which provide better temporal resolution but are
susceptible to experimental artifacts caused by variations in T, and 7 relaxation times.
Pixel-wise maps can be generated from the acquired data and processed with the appropriate
tracer kinetic model to obtain spatial maps of tumor vascular volume and vascular PS.

A simple linear compartment model, describing uptake of the contrast agent from plasma
postulates a negligible reflux of the contrast agent from the interstitium back to the blood
compartment (Fig. 1.3B). Blood concentrations of the contrast agent can be approximated to
be constant for the duration of the MR experiment and under these conditions, contrast
uptake can be modeled as a linear function of time (Patlak et a/., 1983; Roberts et al., 2000).
In this case, the slope of the contrast agent concentration versus time plot provides the
vascular PS, and the y-intercept provides the vascular volume. For absolute values of these
parameters, the change in relaxation rate of the blood must be quantified, which can be
obtained separately from blood samples taken before injection of the contrast agent and at
the end of the experiment, or may be obtained noninvasively (Pathak et a/,, 2004).
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Tissue concentrations of the agent over a period of up to 40 min after the bolus injection
increase linearly with time. Therefore, the simple linear model is preferable for analysis of
intrinsically noisy relaxation data as it is much more stable in comparison with nonlinear
fitting algorithms required for the two compartment models discussed above. This linear-
model approach has been employed to detect vascular differences for metastatic versus
nonmetastatic breast and prostate cancer xenografts (Bhujwalla ef a/., 2001). The accuracy
of the measurement of tissue vascular volume using this approach does, however, depends
on the water exchange rate between the vascular and extracellular compartments. As
mentioned earlier, using a simplified model of fast exchange where there may be
intermediate to slow exchange can lead to significant underestimation of vascular volume.
Experimental approaches to minimize these errors are based on observations that the initial
slope of the relaxation curve is independent of the exchange rate (Donahue et al., 1994,
1996). Large molecular weight contrast agents have also been used to measure tumor blood
flow by detecting the first pass of the agent through tumor vasculature, similar to the method
described in Ostergaard et al. (1996), although this approach may not be feasible when the
heartbeat is very rapid as in preclinical studies with rodents.

IV. IMAGING RECEPTOR EXPRESSION

The development and availability of contrast agents that generate receptor or molecular-
targeted contrast has resulted in exciting new capabilities to characterize tumor vasculature
and vascular targets with MRI. Mechanisms for generating MR contrast include the use of
paramagnetic and superparamagnetic agents. Targeted contrast agents can be directed to
cell-surface receptors expressed on tumor endothelial cells using peptides, ligands, or
antibodies. These molecular imaging capabilities in combination with the strong functional
imaging capabilities of MR methods will allow molecular-functional characterization of
tumor vasculature.

Most of the receptor imaging studies in MRI studies of tumor angiogenesis have used
imaging probes that bind to integrins such as a,f3 (Sipkins et al., 1998) and asf;
(Schmieder et al., 2008) that are expressed on the surface of endothelial cells during
neovascularization. MR contrast can be generated to image tumor angiogenesis using probes
that bind to these integrins. However, MRI studies of tumor angiogenesis using targeted
contrast agents are currently at the preclinical stage. A major goal for the future is to
translate these preclinical developments to the clinic. The inherent low sensitivity of
molecular MRI methods requires higher concentrations of MR contrast agents compared to
radiopharmaceuticals and is therefore subject to more stringent Food and Drug
Administration (FDA) control. The risk of nephrogenic systemic fibrosis arising from
gadolinium-based contrast agents administrated to patients with kidney disease is a major
concern (Neuwelt et al., 2009). Recent studies have therefore focused on finding alternative
MR contrast agents, such as ultrasmall superparamagnetic iron oxide (USPI10) particles, for
patients at risk for nephrogenic systemic fibrosis (Neuwelt et a/., 2009). Unlike delivery of
conventional contrast agents within the tumor interstitium where its size limits delivery, the
advantage of vascular molecular imaging is that the size of the probe does not pose a
delivery problem since the receptors or targets are directly accessible to the probes
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circulating in the vasculature. In fact, larger sizes prolong the circulation time of the probes
within the vasculature, resulting in better pharmacokinetics.

Since the RGD (Arg-Gly-Asp) peptide specifically binds to the a,3 integrin, USPIOs were
combined with RGD peptides to visualize integrin expression through the T, contrast
generated by the RGD-USPIOs (Zhang et al., 2007). The contrast generated was found to
depend on the level of a3 integrin expression in different xenograft models. More recently,
superparamagnetic polymeric micelles (SPPM), which consist of a cluster of SPIOs within a
hydrophobic core, were used in combination with an off-resonance saturation (ORS)
imaging sequence to detect a3 integrin expression, as shown in Fig. 1.4. The combination
of these sensitive detection probes (~70 nm in diameter) together with the ORS imaging
allowed target detection within the picomolar range (Khemtong et a/., 2009).

Dual asp1(ayp3)-targeted paramagnetic nanoparticles incorporating the antiangiogenic agent
fumagillin were also used to create a “theranostic” agent to demonstrate the antiangiogenic
effect of fumagillin with 3D MRI in preclinical studies (Schmieder et a/., 2008). Another
colloidal iron oxide nanoparticle (CION) was also recently reported that consists of oleate-
coated magnetite particles within a cross-linked phospholipid nanoemulsion (Senpan et al.,
2009). The sensitivity of detection reported for CION was within the nanomolar range. The
outer phospholipid monolayer of the CION can be used to entrap drugs for targeted delivery
to cells following membrane hemifusion. Challenges for the future will be to continue to
increase the sensitivity of detection of such agents through novel chemistry, or signal
amplification strategies such as hyperpolarization (Ardenkjaer-Larsen et al., 2003; Day et
al., 2007), or instrumentation and the incorporation of multimodality imaging.

V. IMAGING VASCULAR TARGETING

Most MRI studies of vascular targeting have used functional parameters to detect changes in
vasculature following the targeting. However, the great promise of noninvasive modalities
such as MRI with their breadth of functional imaging capabilities is to combine molecular
imaging with functional characterization, noninvasively and in vivo. The need to evaluate the
efficacy of antiangiogenic and antivascular agents in vivo has created a major demand for
noninvasive imaging biomarkers to individualize treatments, both in terms of matching the
most suitable treatment to the patient and to determine the response to treatment (Jain ef al.,
2009; Sorensen et al., 2009). Most antiangiogenic treatments are combined with standard
chemotherapy, creating a further challenge for identifying suitable noninvasive imaging
biomarkers to detect the effectiveness of the antiangiogenic treatment.

Several preclinical studies have identified changes in DCE-derived parameters following
antiangiogenic treatment. For example, iron oxide nanoparticle based studies have detected
early vascular changes, as detected by a significant decrease of vascular volume following
antiangiogenic treatment with VEGF (vascular endothelial growth factor) targeting (JuanYin
et al., 2009; Varallyay et al., 2009). USPIOs were also used to demonstrate the
antiangiogenic effects of a selective thrombogenic vascular-targeting agent consisting of the
fusion peptide tTF-RGD that contains the thrombosis-inducing truncated tissue factor (tTF)
together with the tumor vascular-targeting RGD peptide (Persigehl et a/., 2007).
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Gd-based agents have also been used to assess early vascular changes following
antiangiogenic treatment including VEGF targeting. Treatment with bevacizumab
significantly decreased tumor vascular permeability as measured by the low molecular
weight contrast agent gadodiamide (Varallyay et a/., 2009). The spatial heterogeneity of
response to a VEGF-receptor tyrosine kinase inhibitor was evident in a study using both low
and high molecular weight Gd-based contrast agents (Li et a/., 2005).

DCE MRI has also been used in the clinic to determine changes following antiangiogenic
treatment. Most of these clinical studies have focused on the inhibition of VEGF using
bevacizumab for a range of tumors such as glioblastomas (Batchelor et al., 2007), rectal
cancer (Willett ef al., 2009), and hepatocellular carcinoma (Zhu et al., 2008). While a
decrease of DCE-parameters was detected following treatment, additional studies are
required to develop DCE MRI parameters as biomarkers to predict and detect response to
antiangiogenic treatment (Jain et a/., 2009).

In addition to antiangiogenic agents, MRI is useful for detecting the effects of standard
chemotherapeutic agents as well as novel molecular targeting agents on tumor vasculature.
An increase in tumor permeability was detected using DCE MRI following TGF-f type 1
receptor inhibition (Minowa et al., 2009). In this study, liposomal-GdDTPA (~120 nm size)
was used as a macromolecular contrast agent that reported increased permeability following
TGF- inhibition. Liposomes are also used as carriers of anticancer drugs or molecular-
based therapeutic agents such as small interfering RNA (siRNA). Decorating the liposomal
membrane with MRI reporters has also been used to visualize the delivery of these carriers
containing siRNA to tumors (Mikhaylova et a/., 2009). Image-guided tumor vascular
specific delivery of MRI-detectable liposomes carrying therapeutic cargo as “theranostic
agents” may be achieved by targeting the liposomes using peptides or antibodies that are
specific to tumor vasculature (Torchilin, 2005).

VI. MULTIMODAL MOLECULAR-FUNCTIONAL IMAGING OF TUMOR
VASCULATURE

The ultimate goal of noninvasive imaging is to be able to image a specific genetic or
molecular alteration and its effects on downstream function. However, the restrictions
imposed by the low sensitivity of MR detection of contrast agents (~0.1 mM) limit the
detection of receptors and molecular targets that are present at low concentrations (Artemov
et al., 2004). Therefore, achieving molecular-functional imaging capabilities will require
combining the strengths of MRI with the high sensitivity of complementary imaging
modalities such as optical imaging for preclinical studies, and nuclear imaging for clinical
applications. Indeed, several examples of preclinical and clinical research studies are
providing exciting glimpses of the promise of multimodality imaging in understanding,
characterizing, and targeting tumor angiogenesis. Advances in multimodality imaging are
occurring at the level of novel multimodal probe development as well in the development of
new imaging instrumentation capable of acquiring colocalized multimodal images. Several
studies have already incorporated image segmentation and the landmark-based image fusion
for images acquired from separate modalities. Image fusion of [1gF] Galacto-RGD PET
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images with MRI using anatomical landmarks revealed good correlation between
immunohistochemical distribution of a, 33 expression and PET image intensity in human
squamous cell carcinoma of the head and neck (Beer et al., 2007). Regions of increased
contrast uptake were identified in tumor subvolumes, demonstrating the feasibility of
relating molecular expression to function with combined PET/MRI (Fig. 1.5).

In a preclinical study, VEGFR2 targeted microbubbles were used for contrast-enhanced
ultrasound and correlated with DCE MRI parameters. While no discernible patterns between
VEGFR2 expression and Kirans Were evident, these studies demonstrate the feasibility of
molecular-functional vascular imaging (Loveless et al., 2009). Multimodal probes that can
be used in combination with two or more imaging modalities are also being developed.
Recently high-resolution SPECT-CT/MRI of angiogenesis in a VX2 rabbit tumor model was
reported using probes that consisted of a,3-targeted 99mTc nanoparticles (Lijowski et af.,
2009).

MRI can also be integrated with magnetic resonance spectroscopy (MRS) and magnetic
resonance spectroscopic imaging (MRSI) to understand the relationship between tumor
vasculature and pH or metabolism (Bhujwalla et a/., 2002; Provent et al., 2007). In
preclinical studies, multimodal approaches combining optical imaging of reporters driven by
specific molecular pathways or conditions can be integrated with MRI to understand the
relationship between molecular conditions such as hypoxia, or specific pathways and tumor
angiogenesis and vascularization. We have used combined MRI, MRSI, and optical imaging,
to study a prostate cancer model, which expresses enhanced green fluorescent protein
(EGFP) under hypoxia (Raman et al., 2006). In this study, a multiparametric approach of
combined vascular and optical imaging was used to obtain vascular and hypoxia maps, from
colocalized regions within a tumor (Raman et a/.,, 2006). In this tumor model, hypoxic
regions were found to exhibit low vascular volume and high permeability. More recently a
combined vascular MRI, metabolic MRSI, and optical characterization of the same tumor
model identified a combination of vascular, metabolic, and hypoxic conditions that
characterize metastasis-permissive environments (Penet et a/., 2009).

VIl. CONCLUSION

MRI is continuing to evolve as an important modality for the molecular-functional
characterization of the tumor vasculature. Despite the initial promise of antiangiogenic
agents to effectively treat cancer, in reality, the success of these agents has been limited, due
in part to the inability to stratify patients for the appropriate targeted therapies. As
noninvasive molecular imaging methods develop, these will play an important role in patient
selection and “personalization” of therapy.

Stem cells and endothelial progenitor cells are increasingly being implicated in tumor
vascularization and the failure of antiangiogenic treatment (Monzani and La Porta, 2008;
van der Schaft et al, 2004). Imaging of MRI reporter-labeled stem cells or endothelial
progenitor cells will provide new insights into their role in tumor angiogenesis.
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Major advances are also being made in the identification of tumor vascular specific receptors
(Lewis et al., 2009) and through phage display (Driessen et al., 2009; Kolonin et al., 2001).
The availability of highly specific tumor vascular markers opens avenues for image-guided
targeting of the tumor angiogenesis using nanodevices that deliver therapeutic agents, gene
delivery, or prodrug enzymes. With exciting developments in siRNA technology, the image-
guided delivery of siRNA to tumor vasculature, visualization of this delivery via liposome
technology or other nanocarriers, and detection of a therapeutic response are well within the
realm of current imaging capabilities. A major direction for the future will also be to
translate preclinical discoveries for use in the clinic. The availability of multimodality
imaging systems that combine the strengths and capabilities of each modality should
facilitate this translation.
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hemodynamics (blood flow), blood rheology, and elevated interstitial fluid pressure. These
alterations in turn profoundly affects the tumor microenvironment (i.e., oxygenation, pH,

etc.), which in turn modulates multiple phenomena ranging from gene expression to

sensitivity to radiotherapy. Adapted from Molls and

Vaupel (2000).
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Figure1.2.
(A) 3D volume rendering of a rat cerebrocortical capillary network. (B) Capillary network in

(A) overlaid with a slice through the 3D magnetic field map showing the microscopic
magnetic field heterogeneities generated by the contrast agent bearing blood vessels. (C)
Projection of five 3D proton diffusion trajectories onto a slice through the 3D magnetic field
perturbation due to a contrast agent bearing blood vessel cylinder for the restricted proton
diffusion case, that is, protons are not allowed to traverse the vessel boundary. These data are
results of numerical simulations adapted with permission from Pathak et a/. (2008b).
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Figure 1.3.
(A) Schematic of an imaging voxel relating the exchange of a low molecular weight contrast

agent (e.g., GADTPA) postadministration between plasma and the interstitial space. The
plasma volume is usually small compared to the volume of the extravascular extracellular
space or EES (shown in gray) and the intercellular space (shown in blue), which is
inaccessible to the contrast agent. Ky ans is the volume transfer constant between the blood
plasma and EES, while kep is the rate constant between the EES and blood plasma. (B)
Schematic of an imaging voxel demonstrating conditions for a macromolecular or high
molecular weight agent (e.g., albumin-GdDTPA), which exhibits relatively slow leakage
from the vasculature, longer circulation half-life, and equilibration of plasma concentrations
within the tumor. Postadministration, the bulk of the T1 relaxation effect is proportional to
the volume of the intravascular space since the contrast agent is initially confined to this
space. As the contrast agent slowly extravasates into the EES, the volume transfer constant is
proportional to the permeability surface area product (PS) of the tumor vasculature.
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Figure 1.4.

Cancer molecular imaging by cRGD-encoded SPPM and ORS MRI. (A) Schematic
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illustration of a cRGD-encoded SPPM and its targeting to avp3-expressing endothelial cells
in the tumor vasculature. (B) Mechanism of SPPM-induced ORS contrast. A presaturation
RF pulse results in a significant decrease of signal intensity (ASI) in SPPM(+) H,O over
SPPM(-) H,0. (C) Transmission electron microscopy (TEM) image of a representative
SPPM sample. Inset, a SPPM particle after negative staining with 2% phosphotungstic acid

(PTA) solution. (D) 1H NMR (300 MHz) spectra of water containing different

concentrations of SPPM (in [Fe]/mmol/L). Adapted with permission from Khemtong et al.

(2009). PEG-PLA, poly(ethylene glycol)-block-poly(d,l-lactide).
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Figure 1.5.
Patient with a squamous cell carcinoma of the head and neck in the right oral cavity. The

[18F]Galacto-RGD PET/MRI image fusion (A) shows intense and heterogeneous tracer
uptake in the lesion (arrow). Moderate uptake is also notable in the submandibular gland. A
transaxial MRI slice of the tumor volume as defined by MRI (B, closed-tipped arrow; red
line) and in the corresponding 3D reconstruction (C, closed-tipped arrow). By applying a
threshold of standardized uptake values (SUV)=3 and only using pixels with SUVs above
this threshold, a subvolume with more intense a3 expression could be defined (blue line
and blue area, B; open-tipped arrow), (D, blue volume; open-tipped arrow). Adapted with
permission from (Beer et al., 2007).
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Table 1.1

Target

References

30.5 kDa antigen
CD34

VEGF-VEGFR complex?

Endosialin
. a
Selectins
. . a
av integrins

Endogﬁna
Tie-2
Angiostatin receptor

MMP-2/MMP-9?

CD13/Aminopeptidase NG
Endostatin receptor
TEM 1/5/8

VE cadherin cryptic epitopea

Hagemeier et al. (1986)
Schlingemann et al. (1990)

Brown et al. (1993)
Rettig et al. (1992)

Nguyen et al. (1993)
Brooks et al. (1994)

Burrows et al. (1995)

Sato et al. (1995)
Moser et al. (1999)

Koivunen et al. (1999)

Pasqualini et al. (2000)

Karumanchi et al. (2001)
Croix et al. (2000)

Corada et al. (2002)

CD44v3 Forster-Horvath et al. (2004)
Annexin Al Oh et al. (2004)

Inducible target

P-selectin Hallahan et a/. (1998)

Extracellular matrix target

EDB-Fn?

Tarli et al. (1999)
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Epitopes on Angiogenic Endothelial Cells and Basement Membrane Components that may serve as Targets for
Tumor Vasculature-Selective Drug-Targeting Strategies
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Basement membrane component  Epstein ef al. (1995)

Adapted with permission from Molema (2005).

a . . . .
Denotes the target molecules experimentally employed for tumor vascular drug-targeting strategies. EDB-Fn, EDB-oncofetal domain of
fibronectin; MMP, matrix metalloproteinase; TEM, tumor endothelial marker; VEGF(R), vascular endothelial growth factor (receptor).
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