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Recognition of the importance of angiogenesis to tumor
growth and metastasis has led to efforts to develop new drugs
that are targeted to angiogenic vasculature. Clinical trials of
these agents are challenging, both because there is no agreed
upon method of establishing the correct dosage for drugs
whose mechanism of action is not primarily cytotoxic and
because of the long time it takes to determine whether such
drugs have a clinical effect. Therefore, there is a need for
rapid and effective biomarkers to establish drug dosage and
monitor clinical response. This review addresses the potential
of imaging as a way to accurately and reliably assess changes
in angiogenic vasculature in response to therapy. We describe
the advantages and disadvantages of several imaging modali-
ties, including positron emission tomography, x-ray comput-
ed tomography, magnetic resonance imaging, ultrasound,
and optical imaging, for imaging angiogenic vasculature. We
also discuss the analytic methods used to derive blood flow,
blood volume, empirical semiquantitative hemodynamic
parameters, and quantitative hemodynamic parameters from
pharmacokinetic modeling. We examine the validity of these
methods, citing studies that test correlations between data
derived from imaging and data derived from other established
methods, their reproducibility, and correlations between
imaging-derived hemodynamic parameters and other patho-
logic indicators, such as microvessel density, pathology score,
and disease outcome. Finally, we discuss which imaging meth-
ods are most likely to have the sensitivity and reliability
required for monitoring responses to cancer therapy and de-
scribe ways in which imaging has been used in clinical trials to
date. [J Natl Cancer Inst 2005;97:172-87]

The realization that angiogenesis is an essential step for tumor
growth and for the initiation of metastasis (1) has led to enor-
mous interest in the discovery of angiogenic factors (2,3) and the
development of drugs that target these molecules. However,
many potential antiangiogenic therapies have not lived up to the
expectations of preclinical trials (4), in part because of the diffi-
culties in designing clinical trials for antiangiogenic drugs, which,
unlike traditional chemotherapeutic agents, are not cytotoxic. Al-
though this lack of cytotoxicity may be beneficial to the patient,
it poses challenges for selecting the most effective dose and,
therefore, determining clinical response.

The standard paradigm for selecting the dose of chemothera-
peutic agents, the maximum tolerated dose, is not appropriate for
antiangiogenic drugs (5) because the side effects of such drugs
are not predictable and because the most effective dose may be
much less than the maximum tolerated dose. On the other hand,
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establishing the optimal dose of an antiangiogenic agent by
measuring tumor shrinkage or time to disease progression is
impractical because each may take months or years to assess.
Furthermore, it has been speculated that tumor shrinkage may be
slower with antiangiogenic therapy than with traditional chemo-
therapy (6). In addition, cancers are heterogeneous and variations
in individual response to cancer therapy vary widely. Thus, to
obtain statistically significant results, large populations would be
needed in long, and therefore expensive, clinical trials. There is,
therefore, a great need to establish reliable biomarkers of early
responses to noncytotoxic drugs, which predict subsequent clini-
cal response. Such biomarkers would not only facilitate clinical
trials of new drugs but could also be used to aid in the selection
of optimal treatment for individual patients (35,7-10).

Although clinical responses to cancer therapy are slow, some
metabolic and physiologic responses occur soon after the start of
therapy. Some of these latter responses may be associated with
drug toxicity or side effects, but others may foreshadow a clinical
response. Because antiangiogenic and antineovascular therapies
are designed to affect the abnormal blood vessels found in tu-
mors, changes in blood volume, blood flow, or other hemody-
namic parameters may be promising biomarkers that herald a
positive clinical response to therapy.

Angiogenic vasculature in tumors differs from that in healthy
tissue in several respects. Chronic overproduction of pro-
angiogenic factors in tumors leads to uncontrolled development
of new blood vessels. As a result, the number of blood vessels
within a given microscopic area (i.e., microvessel density) is usu-
ally high but rarely uniform. Tumor blood vessels are typically
dilated and tortuous, with abnormal branching patterns, dead
ends, and no organization into arterioles, capillaries, and venules
(Fig. 1). Blood flow within tumors is spatially and temporally
heterogeneous and, sometimes, even oscillating. In addition,
because angiogenic factors increase vascular permeability, blood
vessels of tumors may be an order of magnitude more permeable
than those of normal tissue (//—13).

Microvessel density is a prognostic indicator for many can-
cers. Therefore, the assessment of microvessel density in biopsy
samples taken over the course of treatment would seem to be a
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Fig. 1. Microvascular structure. Well-organized
normal vasculature, as shown in a photomicro-
graph of rodent vasculature in the left panel
of A and in a schematic representation in the
left panel of B. Chaotic abnormal angiogenic
vascular network in tumor, as shown in a pho-
tomicrograph of rodent tumor vasculature in
the right panel of A and in a schematic rep-
resentation in the right panel of B. In B, red
corresponds to oxygenated arterial blood, blue
corresponds to oxygen-depleted venous blood,
and purple corresponds to poorly oxygenated
blood. From Jain et al. (71), with permission.

straightforward strategy to monitor the efficacy of antiangio-
genic therapy. However, this approach is not only invasive but
also probably unreliable because the greatest density of new
vessels (i.e., angiogenic “hot spots”) is typically found in the
tumor periphery and, as the tumor grows, the central portion of
the tumor may become hypovascular and even necrotic. There-
fore, it is difficult to obtain comparable biopsy samples to
accurately quantify tissue response (74). In addition, effective
antiangiogenic therapy will not only affect capillaries but also
result in tumor cell elimination. Therefore, the degree to which
the effects on capillaries and tumor cells are coupled will affect
microvessel density (6).

Imaging of angiogenic vasculature may be a better alternative
than measuring microvessel density for assessing therapy
because it is noninvasive and can be used to assess much larger
volumes than biopsy samples (3,5,8—10). Several imaging
methods have been developed to measure blood volume and
blood flow, as well as differences in blood vessel permeability,
vascular size, and oxygenation. However, there is no general
agreement as to which imaging methods are most suitable for
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monitoring antiangiogenic therapy in single-center and multi-
center trials.

In this review, we examine the validity and reproducibility of
different imaging methods that have been used to determine vas-
cular and hemodynamic parameters. We discuss the strengths
and weaknesses of various imaging techniques, as well as the
robustness of the vascular and hemodynamic parameters derived
from each technique. Finally, we illustrate how various methods
for imaging angiogenesis have been used in clinical trials of can-
cer therapy and discuss preliminary data suggesting that early
changes in the angiogenic vasculature in response to antiangio-
genic therapy correlate with clinical response.

IMAGING MODALITIES FOR DETECTING ANGIOGENESIS

Modalities used to image angiogenic vasculature include
x-ray computed tomography (CT), magnetic resonance
imaging (MRI), positron emission tomography (PET), single-
photon emission computed tomography (SPECT), ultrasound,
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Table 1. Advantages and disadvantages of some modalities used for steady-state and dynamic contrast imaging of microvasculature*

Modality Contrast agents  Sensitivityt Voxel size Advantages Disadvantages
MRI Gd-DTPA +++ 1.5 mm (dynamic) Low toxicity of contrast agents Susceptible to motion
USPIO 0.4-0.8 mm Imaging of intrinsic nuclei possible Instrument variation
(steady state) No ionizing radiation Limited number of scan slices
Hb Versatility in pulse sequences Imaging indirect effects of
Hydrogen + Variety of available contrast agents paramagnetism
(intrinsic contrast) and several more in development Dynamic imaging limited to
Sensitive to vessel size 5-20 slices
MD CT Iodinated agents + 0.5-0.8 mm Absorption directly proportional Low sensitivity to contrast
to concentration of contrast agent Contrast agent toxicity
Exposure to ionizing radiation
Dynamic imaging limited to
5-20 slices
PET "H-H,0 +++++ 3—4 mm Emission directly proportional to Very short radionuclide
concentration of contrast agent half-life
C-CoO Whole body imaging Limited availability
Ch0
SPECT 9mTe-RBC ++++ 5-6 mm Emission directly proportional to
concentration of contrast agent
Whole body imaging
Ultrasound None ++ 0.5 mm Inexpensive, widely available Doppler imaging not sensitive
to blood vessels smaller than
100 pm in diameter
Microbubble A+ Microbubbles confined within Limited depth penetration
blood pool Operator dependent
Highly sensitive detection of
microbubbles
Near infrared optical Hb, HbO, + 1-2 cm Inexpensive Limited depth penetration
Indocyanine green Portable No standard instrumentation

*MRI = magnetic resonance imaging; MD CT = multi-detector x-ray computed tomography; PET = positron emission tomography; SPECT = single-photon
emission computed tomography; Gd-DTPA = gadolinium diethyltriamine pentaacetic acid; USPIO = dextran-coated ultra-small particles of iron oxide; Hb = deoxy-
hemoglobin; HbO, = oxyhemoglobin; *"Tc-RBC = *"Tc-labeled red blood cells; *"Tc-DTPA-HSA = *"Tc- diethylamine pentaacetic acid-labeled human serum

albumin.

+Sensitivity is a relative measure of the amount of contrast agent detected or image enhancement, from highest (+++++) to lowest (+).

and near-infrared optical imaging. Methods have been developed
to measure blood volume, blood flow, and several semiquantita-
tive and quantitative kinetic hemodynamic parameters (9,13-17).
Data on the relative size of blood vessels can be gleaned from
MRI (18), and both MRI (19-21) and near-infrared optical imag-
ing (22) are sensitive to tissue oxygenation. Characteristic mark-
ers of angiogenesis, such as vascular endothelial growth factors
(VEGFs) or o, integrin, can be visualized with the aid of mo-
lecular imaging agents, which are hybrid molecules that combine
one component that can be detected by imaging and another that
binds to or interacts with a target molecule (7,23,24). No single
imaging modality is ideal in all circumstances; each has strengths
and weaknesses with respect to its availability, sensitivity, ease of
accurate and reproducible quantification, the regions of the body
that can be imaged, the availability of compatible intravascular
contrast agents, and contrast agent toxicity (Table 1).

Several different MRI methods have been devised for angio-
genic imaging, using both extrinsic and intrinsic contrast agents
(Table 1). MRI is a practical modality for assessing vascular
changes over time because it is already widely used clinically to
assess tumor growth. The commonly used contrast agent, gado-
linium diethyltriamine pentaacetic acid (Gd-DTPA), has low tox-
icity and because MRI does not involve ionizing radiation, repeat
imaging is therefore limited mainly by instrument availability and
expense. In MRI, high-field magnets align paramagnetic nuclei,
such as hydrogen, and radiofrequency pulses are used to perturb
the orientation and nuclear spin of the nuclei. Magnetic resonance
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images are derived from the rate of energy release due to realign-
ment of hydrogen nuclei to the magnetic field (T1 recovery) and
spin—spin relaxation or loss of transverse magnetism (T2 decay),
which depends largely on the chemical bonding of the hydrogen
nuclei. MRI contrast agents contain paramagnetic nuclei, such as
gadolinium, which increase the rates of T1 recovery and T2 de-
cay, thereby altering the measured signals. At high concentra-
tions the primary effect of Gd-DTPA is to diminish T2 signals,
whereas at low concentrations, the primary effect is to enhance
T1 signals.

MRI estimates of angiogenic blood volume and flow are gen-
erally calculated relative to that of normal tissue because the
changes in signal strength are not linear over the range of con-
centrations of gadolinium found and because Gd-DTPA passes
through the vasculature and permeates tissues. Because the con-
centration of Gd-DTPA is initially high, first-pass T2-weighted
imaging is, in general, sensitive to blood flow and blood volume.
T1-weighted imaging is very sensitive to the low concentrations
of Gd-DTPA that permeate through capillary walls in angiogenic
vasculature, which may make MRI more reliable than other imag-
ing modalities for measuring parameters that are dependent on
permeability. Intravascular MRI contrast agents, which are more
accurate for measuring blood volume, may become available in
the future. Several of these agents have been developed (25-28),
and some have been used extensively in clinical trials (29,30).
The disadvantage with MRI, however, is that MRI protocols and
instrument performance have substantial effects on signal
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strength, making it difficult to compare data obtained with differ-
ent instruments.

Hemodynamic data from CT imaging may be more quantita-
tive than data obtained by MRI because the change in CT image
intensity due to the contrast agent is linearly related to the con-
centration of the contrast agent. In addition, CT has the highest
spatial resolution of all imaging modalities. However, the sensi-
tivity of CT is limited, and high concentrations of CT contrast
agent are required, which can cause toxic effects. This toxicity,
together with the relatively high doses of radiation needed, limits
the use of CT for repeated scanning.

Both PET and SPECT imaging are highly quantitative and
sensitive to very low concentrations of tracer molecules. PET,
which is able to detect picomolar concentrations of tracer, is
approximately 10 times more sensitive than SPECT (3/). Both
methods are well suited to molecular imaging because of the gen-
erally low concentrations of target molecules, as well as for gath-
ering hemodynamic data. However, because the radionuclides
used in PET tracers have a very short half-life (2 minutes for 1O,
20 minutes for ""C, and 10 minutes for *N), PET can only be
performed at facilities that have a PET scanner and the necessary
cyclotron and chemical laboratory for the preparation of the trac-
ers. The radionuclides used for SPECT are easier to prepare and
somewhat longer lived than those used for PET (6 hours for *™Tc,
67 hours for '"'In, and 13.2 hours for '*I), and SPECT imaging is
much more widely available than PET imaging. However, both
PET and SPECT images are of lower spatial resolution than mag-
netic resonance (MR) or CT images.

Although ultrasound imaging is inexpensive, portable, and
widely available, its value depends on the skill of the operator,
and it produces images that have low spatial resolution com-
pared with those produced by MRI or CT. However, very low
concentrations of micron-sized gas-filled microbubble contrast
agents can be detected by ultrasound, and these are useful
agents for angiogenic imaging. Microbubbles are true intra-
vascular contrast agents and are useful for measuring blood
volume and flow (32), although the calculated values obtained
by using these agents are not absolute but relative to those in
other tissues at similar depths. In addition, microbubbles
labeled with agents that bind to angiogenic markers, such as
o,p5 integrin, are useful for molecular imaging of angiogenic
vasculature (98).

Optical technologies, such as near-infrared spectroscopic dif-
fuse optical tomography (33,34) and orthogonal polarization spec-
troscopy (35), are being developed as alternative modalities for
imaging characteristics of angiogenic vasculature. Near-infrared
light penetrates tissue sufficiently well to allow one to obtain
low-resolution images of tissues to a depth of a few centimeters,
and the regional concentration of hemoglobin and oxygen satura-
tion can be calculated from the absorption of hemoglobin and
deoxyhemoglobin. Orthogonal polarization spectroscopy has
been used to monitor antivascular therapy of superficial tumors
(36). Indocyanine green, a clinically available contrast agent that
fluoresces at near-infrared wavelengths, has been used to image
angiogenic vasculature in breast tumors (37,38). In addition,
sensitive molecular imaging agents have been developed that
fluoresce when they are acted upon by enzymes that are associ-
ated with angiogenesis, such as matrix metalloproteases (39).
Optical imaging has the advantage of being relatively inexpen-
sive and portable, but it is still under development and is not yet
widely available.
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HemobpyNaMic PARAMETERS THAT CAN BE
DERIVED FROM IMAGING DATA

Blood Volume

Measuring changes in blood volume as a way to monitor the
efficacy of therapy is of potential value because tumors have high
microvessel density as well as larger blood vessels than normal
tissue. Blood volume can be calculated from the difference in
image intensity in the absence and presence of a contrast agent.
Steady-state imaging methods are suitable when intravascular
contrast agents are used, whereas dynamic imaging methods are
suitable for contrast agents that permeate the vascular endothelium.

Steady-state imaging. Blood volume is directionally propor-
tional to the regional concentration of contrast agent or tracer,
provided that the agent remains confined within the vasculature
at a constant concentration throughout the imaging period. PET
imaging of O- or '"C-carboxyhemoglobin, which is formed af-
ter subjects have inhaled trace quantities of radiolabeled carbon
monoxide, is a highly sensitive, accurate, and reproducible
steady-state method for measuring blood volume (40,41) (Table 2),
as is SPECT imaging of red blood cells that are labeled with *™Tc
and injected into the subject (42,43). SPECT imaging of *™Tc-
labeled human serum albumin has also been validated in normal
vasculature (43) but may leak out of angiogenic vasculature. Ul-
trasound imaging using microbubble contrast agents is an alter-
native method (32) that has been used to estimate blood volume,
and the results have been shown to correlate with estimates de-
rived from MRI data (44).

There are no CT or MRI contrast agents that are confined reli-
ably within tumor vasculature. Ultra-small iron oxide particles
(USPIO), which are intravascular in normal vasculature (29,30),
have been shown to extravasate from tumor vasculature (45) and
do not provide accurate estimates of blood volume in tumors
from steady-state imaging methods (Table 2) (47).

Dynamic contrast imaging. In this method, a bolus of con-
trast agent is injected into a vein, and rapid imaging techniques
are then used to acquire serial images of a limited number of
slices as the agent enters and leaves the tissue. For most clinical
multidetector CT instruments, data collection is limited to a 2-cm
“slab,” whereas MRI can acquire data from about 11 slices by
sacrificing image resolution for a greater volume of tissue
scanned. The concentration of contrast agent in each voxel of the
serial images can be depicted as a broad peak (the enhancement
curve), which corresponds to the arrival and departure of the
agent. Arrival time in each voxel is affected by the individual’s
cardiac output at the time of imaging as well as by variations in
blood flow between small and large blood vessels, which also
cause some dispersal of the agent.

Blood volume in the tissue is proportional to the area under
the enhancement curve (AUC), provided that the agent remains
within the vasculature during the scan. CT dynamic contrast
imaging estimates of blood volume are fully quantitative, al-
though MR dynamic contrast imaging data are not, especially at
low concentrations of Gd-DTPA, which occur as Gd-DTPA
leaves the tissue (the tail end of the enhancement curve). There-
fore, different methods of selecting the cut-off point of the AUC
have been developed to obtain consistent estimates of blood vol-
ume (56). In addition, MRI estimates of blood volume are ex-
pressed as a ratio to that in another tissue or to normal tissue of
the same type, whereas CT estimates are absolute. Nevertheless,
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Table 2. Validity and reproducibility of estimates of blood volume or fractional plasma volume*

Validation method
(model system)

Imaging method
(contrast agent)

Correlation coefficient
or ratio (reference)

Reproducibility study

(model system) Variation (reference)

SICr-labeled radiotracer
Blood concentration of '*O
Blood concentration of *"T¢

PET ("'CO or C*0)

SPECT (*"Tc-RBC)
SPECT (*"Tc-DTPA-HSA)

US (microbubble) Gd-DTPA MRI amplitude,

fPV (human tumor xenograft)

Fractional volume from latex
perfusion and histology
(normal brain)
(glioma)
9mTe radiotracer (mice,
experimental tumors)

MRI (USPIO¥)

MRI (MPEG-PL-Gd-DTPA) Phantom studies, agreement
with literature (normal
brain and glioma, rats)

MRI (USPIO)

Radiotracer (breast
tumor xenograft):

Phantom

MRI (albumin-Gd-DTPA)

MD CT (iodinated contrast)

MRI (Gd-DTPA) CO PET (pig brain)

Ratio 1.02 % 0.03 (40)
=73, P<001 (46)
r=1.0(43)

r=.61,P=.001 (44)

r=.83%,P=.03
r=371,P=.27(47)
Ratio 1.05 = 0.03 (49)

R?>=.999, up to
2 uM Gd (50)

r=.60, P<.1 (5I)
R2=.99 (15)

R*=.996, P<.001(52)

R?= .67, slope 0.45
+0.11 (54)

Mean CoV =3.0+1.8%
(46)

Two consecutive studies
(human muscle)

Two serial studies P<.001 (42)

(human brain)

No data found

Study repeat after 4 Mean ratio = 1.08
weeks (normal brain)
CoV = 12%, r = .84,
P<.0001 (48)
No data found

No data found

No data found

Two consecutive studies
(rabbit brain tumor)
Study repeated after
2 days (human gliomas)

Variability = 7.3% (53)

7, =981 (53)

*The correlation of blood volume or fractional plasma volume measured from imaging data with that measured by another method or the ratio and standard devia-
tion of the two methods. MRI = magnetic resonance imaging; MD CT = multidetector x-ray computed tomography; PET = positron emission tomography; SPECT =
single-photon emission computed tomography; *"Tc-RBC = *™Tc-labeled red blood cells; " Tc-DTPA-HSA = *"Te-diethytriamine pentaacetic acid-human serum
albumin; US = ultrasound; Gd-DTPA = gadolinium diethyltriamine pentaacetic acid; fPV = fractional plasma volume; USPIO = dextran-coated ultra-small particles
of iron oxide; MPEG-PL-Gd-DTPA = methoxy polyethylene glycol-poly-L-lysine-gadopentetate diglumine (an experimental intravascular contrast agent); albumin-
DTPA = albumin-diethyltriamine pentaacetic acid (an experimental intravascular contrast agent); » = Pearson correlation coefficient; R? = correlation coefficient and
slope from multiple regression analysis; mean CoV = mean coefficient of variation of repeated measurements + standard deviation; r, = intraclass correlation coef-

ficient of the repeated measurements.

tSeveral similar products are under development: Ferumoxtran Sinerem (Guerbet, Aulney-sous-bois, France); Combidex (Advanced Magnetics, Cambridge, MA);
Feruglose Clariscan (Amersham Health, Amersham, England), Ferumoxtran and Combidex are in phase III clinical trials.

tSpearman’s correlation coefficient.

estimates of blood volume from dynamic contrast MRI have been
shown to be reproducible in patients with gliomas, despite some
leakage of contrast agent into the tumor (Table 2). However, sub-
stantial leakage of contrast agents will result in invalid estimates,
in which case blood volume must be derived from pharmacoki-
netic modeling (see below).

Several methods can be used to improve the accuracy of dy-
namic contrast imaging, such as the use of a power injector to ob-
tain a consistent rate of administration of contrast agent. Power
injectors are routinely used to inject the relatively large volumes
of contrast agent needed for CT imaging but are not used in
clinical applications of MR dynamic contrast imaging. Data
accuracy can also be improved by correcting for contributions
from large blood vessels (partial volume effect) through
elimination of data from voxels with exceptionally high values
(52,57,58).

Blood Flow

Measuring blood flow in tumors also has potential for assessing
changes in angiogenic vasculature because the blood flow in tumors
is usually abnormal. Two basic methods can be used to derive
imaging data on blood flow: measuring the rate of tissue accumula-
tion of a freely diffusible tracer or dynamic contrast imaging.

The rate of tissue accumulation of a freely diffusible tracer is
limited only by the rate of blood flow and, therefore, is propor-
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tional to blood flow (59). This principle has been applied to
measure blood flow using PET with H,"O as a tracer and MRI
arterial spin labeling. In PET, serial imaging of H,"’O accumula-
tion is used to measure the rate of accumulation of 'O in tissue.
Direct arterial blood sampling allows the concentration of tracer
in the tissue to be expressed in terms of the arterial tracer concen-
trtion, the diffusion rate constant, and the blood flow. This tech-
nique is independent of instrument calibration and is regarded to
be the most accurate method for measuring regional blood flow
(Table 3) (60,61).

In arterial spin labeling MRI, water molecules are labeled by
inverting the nuclear spin of their hydrogen atoms by a magnetic
or radiofrequency pulse directed at arterial blood upstream of the
region of interest (62—64). The change in the magnetic resonance
signal as the labeled water in the arterial bloodstream arrives in
the region of interest is used to determine an absolute value for
blood flow. However, the sensitivity and spatial resolution of this
method are limited, especially if the rate of blood flow is low,
because the spin label is very short-lived. The signal-to-noise ra-
tio of arterial spin labeling MRI is relatively low, but it can be
improved by increasing the scan time (although increasing the
scan time makes the technique more sensitive to patient move-
ment). Nevertheless, arterial spin labeling is a reproducible
method for measuring blood flow (Table 3) that does not require
the use of any exogenous contrast agent, which makes it suitable
for repeated measurements.
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Table 3. Validity and reproducibility of measurements of blood flow*

Correlation coefficient
(reference)

Validation method
(model system)

Imaging method
(contrast agent)

Reproducibility study

(model system) Variation (ref)

PET (H,"0) Arterial injection of
"H,0 bolus and
blood sampling

(baboon brain)

R=.96, P=.001 (60)

PET (C"0,)f Radiolabeled
microspheres (dog

myocardium)

R=.91(67)

MRI arterial spin
labeling

13]-Indoamphetamine
SPECT (human brain)
MRI, Gd-DTPA (glioma)

R =50, P<.0001 (69)

R =83, P<.05(70)

9mTc-HMPAO SPECT
(human brain)

MRI (Gd-DPTA) R=.79, P<.001 (72)

Ultrasound Radiolabeled Mean R = .96,
(microbubble) microspheres (dog range =.71-99 (73)
myocardium)
MD CT (iodinated Fluorescent R=.837,P=.001 (52)
contrast) microspheres (rabbit
brain)
150-H,0 PET (normal R = .64 (74)
human brain, glioma)
SH,O PET (human brain) R=.69 (75)

Mean difference = SD =
4.6 £ 6.4%; r=.9297 (65)

Two consecutive
studies (human brain)

Study repeated within

2 days (human brain)
Gray matter Mean difference + SD =

0.49 +£5.27 mL x min™" x 100 g
Mean difference + SD =

1.14 £4.16 mL min™' x 100 g™'(66)

Errors up to + 10%% (68)

White matter

Repeat studies after 30 min,
1 wk, and 2 wk
(breast cancer)

Study repeated on separate
2 days (human brain)
Gray matter Mean difference + SD =
=1.7+6.9 mL x min™' x 100 g
Mean difference =
—1.4+4.7 mL x min™" x

100g (71)

White matter

Study repeated within
2 days (human brain)
Gray matter Mean difference + SD =
6.35+£21.06 mL x min™' x 100 g™
Mean difference + SD =
2.60 £ 15.64 mL x min™! x 100 g!

(66)

White matter

No data found

Two consecutive studies
(rabbit brain)

Variability = 32.5%§ (52)

Two consecutive studies
(Rabbit brain and
brain tumors)

Study repeated after 24 h
(human glioma)

Variability = 13%§ (53)

r= 884 (76)
Variability = 13%(77)

*PET = positron emission tomography; MRI = magnetic resonance imaging; Gd-DTPA-HSA = Gd-diethyltriamine pentaacetic acid; *"Tc-HMPAO = *"Tc—hexa-
methylpropylene, a freely diffusible nuclear imaging agent; SPECT = single-photon emission computed tomography; MD CT = multidetector x-ray computed to-
mography; SD = standard deviation; R = ; » = Pearson correlation coefficient; R> = correlation coefficient and slope from multiple regression analysis; 7, = intraclass

correlation coefficient of the repeated measurements.
10 is rapidly transferred to water after inhalation.
iEstimated error for single observations.

§Variability determined from repeated studies using one-way analysis of variance.

| Statistical method not given.

Dynamic contrast imaging of blood flow. Dynamic contrast
imaging can be used to accurately measure blood flow, provided
that substantial amounts of tracer do not leak into the tissues.
Within each voxel, the enhancement curve combines data for the
arrival and departure of the contrast agent from blood vessels of
all sizes. Because blood flow through the arteries and arterioles is
faster than that in the microvasculature, an enhancement curve is
obtained from an artery near the region of interest, and these data
are used as an arterial input function to deconvolve arterial and
tissue enhancement curves within the region of interest. Repro-
ducible automated methods to determine the arterial input func-
tion from imaging data have recently been developed (78,79),
although it is not yet clear whether their use improves accuracy.
The mean blood flow (BF) can be calculated from the relation-
ship (52,80): BF = BV/MTT, where BV is the blood volume
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and MTT is the mean transit time, calculated from the enhance-
ment curves.

Intermittent sonography using microbubble agents is a form
of dynamic contrast imaging that is used to measure blood flow.
While microbubbles are circulating in the bloodstream, a high-
energy ultrasound pulse is applied to the region of interest,
destroying the microbubbles there. The rate of increase in micro-
bubble concentration is measured as they are replenished by
blood flow. Calculations of blood flow derived from fitting the
enhancement curve to an exponential model correlate well with
absolute measures of blood flow in phantom studies and in ex
vivo veins as well as with well-validated alternate methods, such
as blood sampling of radiolabeled microspheres, in animal stud-
ies of blood flow in the myocardium (73) (Table 3) and renal
cortex (81). A new mathematical model has been developed that
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takes into account the substantial variability of blood flow in
tumors (82). The two methods produced similar results for blood
flow in healthy tissue, but in tumors, blood flow estimates were
statistically significantly lower when measured by the latter
method. Unfortunately, there is no gold standard to establish the
validity of the newer method because phantom models do not
model flow irregularities found in tumors (82).

Semiquantitative and Quantitative Hemodynamic
Parameters

Several semiquantitative hemodynamic parameters have been
derived from enhancement curves acquired from dynamic con-
trast imaging. These parameters include the initial and steepest
slope of the curve, the time taken to reach 90% of the maximum
enhancement (change in intensity), and the maximum enhance-
ment attained after injection of a bolus of contrast agent (83,84).
Prolonged changes in signals due to extravasation of contrast
agent are seen in both MRI and CT imaging, especially in the
more permeable angiogenic vasculature of tumors.

Semiquantitative parameters that are determined from MRI
data are very dependent on instrument performance, making it
difficult to compare data from different institutions that use dif-
ferent instrumentation and imaging protocols (85,86). Instrument
variability is less of a problem with CT; Siemens (Erlangen,
Germany) and Philips (Best, Netherlands) have software pack-
ages that use CT measurements of the enhancement curve to de-
rive perfusion parameters (77).

Because contrast agents used for CT and MRI pass through
the vascular endothelium but not cell membranes, effectively
confining them to the plasma and the extracellular extravascular
space, a two-compartment model can be used to derive quantita-
tive parameters linked to physiologic characteristics (83,88).
However, a two-compartment model is not applicable to the liver,
which has both arterial and portal circulation. Additional en-
hancement curves must be measured in another tissue, such as
the spleen; those data are then used to deconvolve separate val-
ues for the arterial and portal systems to determine the pharmaco-
kinetic parameters (89). Tumor angiogenesis in the liver usually
develops from the arterial blood supply and not from the portal
circulation; thus, hepatic tumor circulation differs from the over-
all circulation pattern of this organ (70).

Several quantitative hemodynamic parameters have been
established as standards (83): K™ (min'), the rate of flux of
contrast agent into the extracellular extravascular space within
a given volume, or volume transfer constant (90); v,, the
volume of the extracellular extravascular space; and k,
(min™"), the rate constant for the back flux from the extracel-
lular extravascular space to the vasculature. These parameters
are related to each other by the equation, k., = K"*/v.. Several
other names have been used for these same parameters, with
some variations in the calculation methods (55,58). Wherever
possible, we use the established terms k,,, K", and v, in this
review.

K™ has several physiologic interpretations, depending on the
balance between capillary permeability and blood flow. In situa-
tions in which capillary permeability is very high, the flux of the
contrast agent into the extravascular extracellular space is limited
by the flow rate. In this case, the kinetics follows the Kety model
(59), and K™ is equal to the blood plasma flow per unit volume
of tissue.
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When tracer flux is very low and blood flow is high, the blood
plasma can be considered as a single pool, in which the concen-
tration of contrast agent does not change substantially during the
scan. Any change in signal is, therefore, due to the increase in the
concentration of the contrast agent in the extravascular extracel-
lular space. In this case, K™ is equal to the product of the perme-
ability and the surface area of the capillary vascular endothelium
(i.e., K™ is equal to the permeability surface area).

If the passage of contrast agent across the vasculature endothe-
lium is limited by blood flow as well as by permeability, then the
fractional reduction of capillary blood concentration of the
contrast agent as it passes through the tissue must be taken into
account. The rate of contrast agent flow out of the capillaries is
initially high but decreases over time as the backflow of the con-
trast agent increases. The rate of clearance of the contrast agent
from the system must also be accounted for by using a proportion-
ality constant that links the concentration of the contrast agent to
the rate of elimination of the agent from a compartment.

All of these situations fit into a generalized kinetic model,
which can be expressed by the equation:

dC/dt= K™ (C,— C/v) = K™ C;=x,, C,

where C, is the tracer concentration in tissue, C, is the tracer con-
centration in plasma, and # is time (in seconds) (79). For CT, General
Electric (Milwaukee, WI) provides a software package that uses
kinetic modeling to map blood volume, flow, and K™ (77).

In tumors, the accuracy of estimated blood flow from
dynamic contrast imaging of angiogenic vasculature) may be limited
because the flow in irregular-caliber vessels with nondichotomous
branching is nonlaminar and because high vascular permeability
leads to high viscosity due to hemoconcentration (87). Furthermore,
neither the empirical semiquantitative parameters nor the quantita-
tive parameters derived from pharmacokinetic modeling can be
validated with an objective standard because they reflect a combina-
tion of morphology, hemodynamics, and vascular permeability.

Because differences in the value of K™ may reflect changes
in vascular permeability, capillary surface area, or a combination
of the two, interpretation of the physiologic meaning of such
changes is difficult. Experimental MRI contrast agents that have
lower permeability, such as albumin-Gd-DTPA, or the very high-
molecular-weight agents that remain confined within normal vas-
culature but not angiogenic vasculature, such as USPIO, may be
more useful than the commonly used contrast agents for monitor-
ing changes in permeability (731).

A few studies have addressed the reproducibility of some he-
modynamic parameters (Table 4). Among the semiquantitative
parameters, the maximum enhancement and the AUC appear to
be the most reproducible. The slope or rate of enhancement ap-
pears to be the least reproducible, which may reflect the depen-
dence of these measurements on the rate of injection of the
contrast agent bolus as well as variations in cardiac input. Among
the quantitative parameters, it appears that v, has the least vari-
ability, with variation among patients being much greater than
that within-patients. K" and k,, also have sufficient reproduc-
ibility to be useful for measuring changes over time (Table 4).

IMAGING MOLECULAR MARKERS OF ANGIOGENESIS

Another approach to imaging angiogenic vasculature has
been to develop molecular imaging agents that interact with
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Table 4. Reproducibility of quantitative and semiquantitative kinetic hemodynamic parameters measured by magnetic resonance imaging with Gd-DPTA*

Parameter Reproducibility Variation (reference)
Semiquantitative
AUC Carcinomas and sarcomas (pretreatment repeat within 1 wk) CoV =12% (86)t

Maximum enhancement

Rate of enhancement

K" (volume transfer constant, min™)

v, (extravascular
extracellular space)

Muscle (pretreatment repeat within 1 wk)

Carcinomas and sarcomas (pretreatment repeat within 1 wk)
Muscle (pretreatment repeat within 1 wk)
Imaging before and after hormonal treatment for

prostate cancer:

Normal muscle

Normal bone (ischium)

Glioma (repeat within 3656 h)

Carcinomas and sarcomas (pretreatment
repeat within 1 wk)

Muscle (pretreatment

repeat within 1 wk)

Quantitative

Glioma (repeat within 3656 h)
Carcinomas and sarcomas (pretreatment repeat within 1 wk)
Glioma and astrocytoma (study repeat: within 2 days):

Glioma (repeat within 36-56 h)
Carcinomas and sarcomas (pretreatment

repeat within 1 wk):Muscle (pretreatment repeat within 1 wk)

CoV =17% (86)

CoV = 9% (86)+
CoV = 12% (86)

CoV (range) = 19.5-29.3% (87)
Co V=23.1% (87)

CoV = 17.9% (max. rate); CoV =7.1% (Ty) (58)

CoV =24%1 (86)

CoV = 28% (86)

CoV =17.7% (58)
CoV = 24% (86)F

CoV (range) = 0.02 — 6.34%; r, = .997 (55)

CoV = 6.2% (58)
CoV = 8.5% (86)

Imaging before and after hormonal treatment for

prostate cancer:
Normal muscle
Normal bone (ischium)

k., (rate constant, v, to plasma, min ")
repeat within 1 wk)

Muscle (pretreatment repeat within 1 wk)

Carcinomas and sarcomas (pretreatment

CoV =16% (86)

Co V (range) = 19.4 —26.4% (87)
CoV =26.4% (87)

CoV =21% (86)

CoV = 49% (86)

*In some cases, names of imaging parameters used in the original article have been changed to those recommended by Tofts et al. (83). AUC = area under the en-
hancement curve from dynamic contrast imaging (in arbitrary units); K" = the rate of flux of contrast agent into the extracellular extravascular space within a given
volume or volume transfer constant (in min™"); v, = the volume of the extracellular extravascular space; k., = the rate constant for the back flux from the extracellular

ke

extravascular space to the vasculature (in min'); CoV = coefficient of variance; 7, = time (in seconds) to reach 90% maximum enhancement.
+CoV of median values from individual voxel analysis, which was marginally better than CoV of mean values from analysis after whole tumor averaging.

characteristic molecular markers of angiogenic vasculature (7).
Many molecular markers of angiogenesis have been identified
(13,91), including vascular endothelial growth factor receptor
(VEGFR-2), a3, integrin, endoglin, and endosialin.

Because vascular endothelial cells are present in much
smaller numbers than tumor cells, the density of angiogenic
markers is low. Molecular agents for imaging angiogenesis
must therefore bind to the markers with high specificity and be
detectable at low concentrations. Thus, there is considerable
interest in developing molecular imaging agents that can be
detected by the most sensitive imaging modalities, PET,
SPECT, and, to a lesser extent, ultrasound (with microbubble
contrast agents) and optical imaging (with fluorescent contrast
agents). In addition, even though the sensitivity of MRI is low,
molecular imaging of angiogenesis is possible with oligomer-
ized paramagnetic substances linked to an agent, such as an
antibody, that binds a molecular marker of angiogenesis
(92,93).

Many of the molecular imaging agents that have been devel-
oped to date have been used only to demonstrate the feasibility of
their use in preclinical applications, and there are few data to as-
sess the validity and reliability of this approach (Table 5).
However, the potential of molecular imaging agents has been
demonstrated in a phase I clinical trial that determined the phar-
macokinetics of an monoclonal antibody targeted to VEGEF,
which was labeled with trace quantities of '*I and imaged by
PET (102).
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CORRELATIONS BETWEEN IMAGING DATA AND
HistoraATHOLOGIC FINDINGS

Several studies have compared hemodynamic data derived
from angiogenic imaging with microvessel density, which is a
good prognostic indicator for many types of cancer, including
malignant melanoma and breast, prostate, non—small-cell lung,
cervical, bladder, esophageal, and gastrointestinal cancers (6).
These studies have produced mixed results, with some but not all
finding statistically significant correlations between data from
imaging and microvascular density (Table 6). These discrepan-
cies may possibly be explained by considering the differences in
what is being measured. For example, the microvessel density of
a biopsy sample is assessed histologically by counting the num-
ber of small blood vessels in a microscopic field that is similar in
size to a single pixel of a CT or MR image and does not reflect
the variation in blood volume seen in a tumor. Moreover, the
number of vessels does not take into account capillary size, which
is abnormal in angiogenic tumor vasculature and, therefore,
likely to distort the relationship between vessel number and
volume seen in normal tissues. Indeed, in a study of the angio-
genic vasculature in an animal model of glioma, blood volume,
determined by MRI, correlated well with the fractional volume,
but not area, of blood vessels, determined microscopically in
latex-filled microvessels (47) (Table 2). Furthermore, several
studies have demonstrated that imaging data are more highly
correlated with a pathology score, disease outcome, or the
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Table 5. Imaging molecular markers of angiogenesis*

Molecular target Contrast agent

Imaging modality

Comments Application (reference)

AvB; Integrin 8F-RGD—containing PET
glycopeptide
Z[-RGD-containing SPECT
glycopeptide
#mTc-RGD—containing SPECT
peptide
""n-RP748 (Radiolabeled SPECT
quinolone)
Echistatin-labeled Ultrasound
microbubbles
Antibody conjugated to MRI
liposome nanoparticles (65 nm)
sequestering Gd-DTPA
VEGF receptor 12]-VEGF SPECT
VEGF 124]-Ab PET
Endoglin (CD105, "-Mab Scintigraphy

TGFp receptor)

ED-B fibronectin 123]-L19 (scFv), Ab SPECT
fragment
Matrix Quenched near infrared Optical

metalloproteinase 11 fluorochrome

Melanoma xenograft
(mouse) (94)
Mouse osteosarcoma (95)

Tumor enhancement 5.7 x
background value
Minimal background uptake
in tumor bearing limb;
substantial uptake in intestine
and thyroid
6/8 lymph node metastases
and 11/11 other metastases detected
Enhancement nearly 2 x control value

Human melanoma (96)

Canine myocardium (97)

Acoustic intensity 1.7 x Glioma xenograft (rat) (98)
control value 14 days after
implantation; 3.2 x control
value after 28 days; linearly
related to increase in tumor
blood volume

Enhancement 1.6 x control value Rabbit tumors (99);
rabbit atherosclerosis (100)

Human
gastrointestinal (101)

Overall tumor detection
rate, 58% (n = 40)

Phase I clinical trial of
Mab therapy

Detected secondary tumor
not seen with MRI

Overall detection rate,
84% (n=19)

Enhancement 8.5 x
control value

Human progressive
solid tumors (102)

Human renal tumor,
ex vivo (103)

Human solid tumors (104)

Fibrosarcoma xenograft
(mouse) (39)

*RGD = tripeptide containing Arg-Gly-Asp; Gd-DTPA = Gd-diethyltriamine pentaacetic acid; Mab = monoclonal antibody; Ab = antibody; PET = positron emis-
sion tomography; MRI = magnetic resonance imaging; SPECT =single-photon emission computed tomography; VEGF = vascular endothelial growth factor; TGFp =
tumor necrosis factor-f; ED-B = extradomain B fibronectin (exclusively produced in angiogenic vasculature).

overexpression of an angiogenesis promoter, VEGF, than with
microvessel density (Table 6).

There is also evidence that angiogenic imaging data can be a
useful predictor of response to chemoradiotherapy, the success of
which depends on good perfusion of the tumor. In one study, mi-
crovessel density and VEGF expression did not correlate with sur-
vival in cervical cancer patients, whereas MRI estimates of ., and
enhancement were statistically significant predictors of response to
chemoradiotherapy and survival (105). In colorectal cancer, high
values for K™ (106) and low values for a perfusion index (a mea-
surement that combines permeability and the rate of enhancement)
(107) from MRI images were predictive of subsequent response to
chemoradiotherapy. In head and neck cancers, CT estimates of
blood flow predicted response to radiotherapy (708).

Using IMAGING TO MONITOR THERAPY

To date, it appears that, despite problems with instrument vari-
ability, dynamic contrast MRI has been used for most clinical
studies of novel (1/9-124) and conventional therapies (125,126).
PET, the most accurate and reliable modality, has been employed
in a few clinical studies (102,127,128), CT has been used in other
clinical studies (729), and intermittent sonography using a micro-
bubble contrast agent has been used in preclinical studies (730).

There is no general agreement on which of the many imaging-
derived hemodynamic parameters is the best for monitoring the
response to therapy. MRI- or CT-determined quantitative param-
eters that are based on pharmacokinetic models, such as K™, k.,
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and v,, are much less dependent on instrument and imaging pro-
tocol variation (83,88) than semiquantitative measures, such as
the slope of enhancement or maximum change in image intensity.
Therefore, it has been argued that parameters such as K™, k,,
and v, are more suitable for multicenter studies (58,88). Unfortu-
nately, measurements of quantitative parameters with today’s
MRI instruments are much more sensitive to physiologic and ma-
chine noise than the empirical semiquantitative parameters. Both
analytic approaches have their proponents and, fortunately, both
acquire the dynamic data in roughly the same manner.

Because of the many potential sources of error in imaging,
especially for MRI, as well as errors from modeling assumptions,
reproducibility estimates obtained at one imaging center should
not be used at another, especially if different equipment and pro-
tocols have been used. Galbraith et al. (86) have recommended
that, in clinical trials of cancer therapy, two pretreatment scans of
some patients should be performed to assess reproducibility of
hemodynamic measurements at each center before treatment
commences and that each pair of scans be read by a single reader
who is not blinded to the positioning of the region of interest in
first scan to improve reproducibility (86).

It is also important to use a parameter that is sensitive to wide
variations in tumor physiology and is independent of within-
patient variability that may be due, for example, to cardiac output
and blood pressure. Another consideration for selection of a pa-
rameter is its sensitivity to the features of the microvasculature
that are expected to change in response to therapy (86). Among
the quantitative parameters, v, exhibits the least within-patient
variability due to physiologic changes but is sensitive to wide
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Table 6. Correlation between imaging parameters and microvessel density (MVD) or pathologic condition*

Correlation analysis

Imaging modality Parameter Pathologic condition Imaging versus pathologic
Tumor type (Contrast agent) estimated or outcome or disease outcome Imaging versus MVD
Breast MRI (USPIO) PV SBR score NS+ NS (45)1%
r=.48, P>01}
r=.52, P>.05%§
r=.65,P>.011§
Ktrans r= 70, P<01T NSTi (45)
r=.67, P<01}
r=.80, P>.01%§
r=.94, P>011§
MRI (Gd-DTPA) Krrens Cancer versus benign P<.001 r=.36, P<.01§ (109)
Rate P<.05 r=.83, P<.001 (110)
Amplitude NS P<.05(111)
ke P<.001 NS (111)
Amplitude VEGEF expression NS NS (111)
ke P<.005 P<.005
r=.71,P <077 (111)
Breast xenograft MRI (albumin- Krens SBR score r=.55, P<.00057% r=.34, P<.05%(112)
Gd-DPTA)
=88, P<.001% r=.67, P<01% (51)
fPV SBR score r=.34, P<05% NS (112)t
NSi NS (51%)
MRI (USPIO) K SBR score r=.82, P<.001% r=.76, P<.001 (51)%
PV SBR score NSt NS (511
Cervical MRI (Gd-DTPA) ke, VEGF expression NSt NSt
Enhancement NSi P<.05%
Amplitude NS P<01%
Rate NSi NS (113)
ke Patient survival P<.05% P<.05%
Enhancement P<.0001% P<01%
Rate P<.001% NS (113)
Lung CT (iodinated) Attenuation VEGF expression P<.0001} NSt
r=.650, P<.001 (114)t}
Oral CT (iodinated) Attenuation Cancer versus benign P<.005% r=.92, P<.000 (115)%
Pancreas CT (iodinated) Attenuation Tumor grade r=.79, P<.001% r=.68, P<.001 (116)t
Prostate MRI (Gd-DTPA) o Cancer versus PZ P =.008} r=.62, P<.0017
Amplitude NS NS (117)
Rate Gleason score P =025} NS (117)
Renal CT (iodinated) Attenuation Clear cell versus other P<01l7} r=.87, P<.01% (118)

*In some cases, names of imaging parameters used in original papers have been changed to those recommended by Tofts et al. (§3). MRI = magnetic resonance
imaging; USPIO = dextran-coated ultra-small particles of iron oxide; fPV = fractional plasma volume; SBR = Scarff-Bloom-Richardson; Gd-DTPA = gadolinium-di-
ethyltriamine pentaacetic acid; K™ = the rate of flux of contrast agent into the extracellular extravascular space within a given volume or volume transfer constant (in
min™"); amplitude = pharmacokinetic parameter of the tissue blood and interstitial volume, proportional to the degree of enhancement; rate = rate of enhancement; k., =
the rate constant for the back flux from the extracellular extravascular space to the vasculature (in min™'); VEGF = vascular endothelial growth factor; CT = computed
tomography; PZ = normal peripheral zone tissue; NS = not significant; » = Pearson correlation coefficient.

TWhole tumor analysis.

1*“Hot spot” analysis.

§For malignant tumors only.

[[For VEGF-negative tumors only.

variations within a population (86). On the other hand, K™ is
sensitive to vascular permeability, which may decrease in re-
sponse to treatment (58,86).

Data Analysis

There are several variations in the way imaging data can be
quantified and presented. The raw data for analysis are obtained
from the individual voxels of the image but, in some cases, the
data from the whole tumor or from a hot spot has been averaged
before analysis, whereas in other cases each voxel has been
analyzed separately and presented as color maps, histograms, or
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averaged data. Whole tumor averaging is the least sensitive to
variables that are likely to change in repeated imaging, such as
patient positioning or changes in tumor size, and data from
observer-selected hot spots suffer from subjectivity and are the
least reproducible (732). However, vascular changes in response
to therapy observed in observer-selected or mathematically
selected angiogenic hot spots are typically more statistically
significant and are two to four times the magnitude of vascular
changes measured by the whole tumor averaging (45,84) (Table 6).

Analyzing the data from each individual voxel separately
combines the advantages of whole tumor and hot spot analysis
methods and retains information about vascular heterogeneity
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Fig. 2. Computerized tomography imaging data
from a 56-year-old female who had rectal cancer
and was treated with bevacizumab (Avastin, Ge-
nentech). A and B) Color maps of voxel-by-voxel
analysis of blood flow, overlaying an anatomic
image of pelvic region. The small 1 and circle

(9}

show the pixels used to derive the arterial input
function for the calculations of hemodynamic pa-
rameters. The area outlined in white is the tumor.
The color-coded scales on the left indicate tumor
blood flow in milliliters per 100 g tissue per min-
ute. A) Mean tumor blood flow (+standard devia-
tion) before treatment (70 + 15 mL/100 g/min).
B) Twelve days after the patient received a single
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courtesy of Sanjeeva Kalva, MD, Massachusetts
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butions of values for tumor blood flow (left pan-
els), blood volume (b), and K" (the permeability
surface area; right panels) from the same patient
before (top row) and after (bottom row), show-
ing a decrease in the number of tumor voxels with
high blood flow and blood volume in the same 0
region of interest after treatment. The tumor was
randomly divided into multiple regions and each
was analyzed separately. The vertical axis, count,
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within the tumor but is much more demanding computationally
than whole tumor averaging or hot spot analysis (86,87). Images
that use color coding to show the range of values of the image
derived vascular parameter can be aligned with anatomic images,
and temporal changes in parameters can be easily visualized with
the use of histograms that show the distribution of parameter
values measured throughout the tumor (Fig. 2). Changes in pa-
rameter distribution can be calculated by comparing the frequency
of values within a selected percentile or by statistical analysis
using Spearman’s rank-order correlation (733). Such distribution
analysis is very sensitive to tumor progression and response to
therapy (84,119,125). For example, in one small study of breast
cancer, the distribution of K™ corresponded to both morphologic
and pathologic response to chemotherapy, whereas analysis of
mean K™ yielded a false-positive result (125).

In any study of the effectiveness of a therapy, it must be
established that the change in the vasculature is tumor specific
and not due to fluctuations in cardiac output, blood pressure, or
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peripheral vascular resistance. These variables can be accounted
for by determining vascular parameters of other healthy tissues
and using those data to correct for global effects. Fat and bone
are not enhanced sufficiently to be useful for this purpose, but
muscle is. Even though blood volume and flow may vary with
muscular tension, there are typically no consistent changes in
these parameters over time (85,87). However, it may be necessary
to consider specific factors that alter hemodynamics in muscle,
such as insulin concentration (46). Finally, it must be established
that the measured changes ultimately correspond to patient
survival.

Monitoring Therapy in Clinical Trials

For imaging-derived parameters to fill the role of surrogate
markers of drug response, vascular changes must be measurable
within a short time after the start of treatment, dose dependent,
and predictive of later clinical response.
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Changes in vascular parameters can be rapid. For example, in
a phase I clinical trial of the antineovascular agent, combretastatin
A4 phosphate (OXiGENE, Watertown, MA), 'SO-H,0 and ""CO
PET detected statistically significant, tumor-specific decreases in
tissue perfusion and blood volume within 30 minutes after admin-
istration of a single dose (128). MRI detected decreases in K™,
v,, and the AUC within 4 hours after the first dose of this drug
(122). In other studies, the first posttreatment magnetic resonance
images were acquired later after the start of treatment. For
example, changes in the AUC were observed 24 hours after the
initiation of the antivascular therapy, ZD6126 (N-acetylcholchinol-
O-phosphate; AstraZeneca, Macclesfield, U.K.), and were associ-
ated with later tumor necrosis in a preclinical study (7/9). In
addition, changes in K™ were observed 48 hours after the start of
treatment with the anti-VEGF antibody HuMVS833 in a clinical
trial of progressive solid tumors (702). Similarly, changes in k,,
were observed in response to a VEGF tyrosine kinase inhibitor,
PTK787/ZK22584, in both a preclinical study and a clinical trial
for advanced colorectal cancer (123,134).

In most of these studies, the observed vascular response was
dependent on the administered dose or on the plasma concentration
of the active agent. The exception was the study of the HuMV833
antibody, which was found to have markedly variable distribution
and clearance rates both within and between patients, as measured
by PET imaging of additional trace quantities of '*I-labeled
antibody (702). However, distribution of the antibody was qualita-
tively associated with the distribution of £** as measured by MR
dynamic contrast imaging. The wide variability in drug uptake by
tumors suggests that pharmacokinetic imaging could be a useful
method to ensure that an effective dose of drug is given to each
patient. In addition, it illustrates the difficulty of comparing the
biologic response of patients with various tumor histologic findings
because they may have different dose requirements. Instead, the
authors suggested treating a cohort of patients with an intrapatient
dose escalation in clinical trials and determining changes in
pharmacokinetic parameters in individual tumors (702).

Finally, changes in vascular parameters must predict clinical
response to be used as biomarkers. For example, glucocorticoids,
which relieve symptoms in glioma patients but have no effect on
patient outcome, reduce both blood volume and the diffusion of
MRI contrast agents into tumors (7135). Therefore, decreases in
vascular parameters in response to a novel therapy cannot be
presumed to predict clinical response. Nevertheless, decreases in
vascular parameters appear, in some cases, to predict a clinical
response. For example, in a recent clinical trial of the anti-VEGF
antibody, bevacizumab (Avastin, Genentech, South San Francisco,
CA) for treatment of rectal cancer, CT imaging showed a marked
decrease in blood volume and flow 12 days after a single injection
of the antibody in four of the five patients (Fig. 2). This early
response was associated with subsequent tumor shrinkage
observed after about 14 weeks of concurrent treatment with be-
vacizumab, conventional chemotherapy, and radiotherapy (7129).

Other studies have demonstrated associations between the
effects of conventional chemotherapeutic treatment on the vas-
culature and subsequent therapeutic response. In these studies,
imaging was performed many weeks after initiation of treatment
rather than a few days after treatment. Although the vascular
changes were not measured early enough to be described as
rapid, they were observed earlier than clinical measures of
response. For example, MRI demonstrated that at 6-24 weeks
after one cycle of chemotherapy for locally advanced breast
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cancer, all patients who responded to therapy had a decrease in
the number of voxels with an elevated value for K", whereas
nonresponders had an increase (84,125). In another study of
locally advanced breast cancer, *O-H,O PET showed that some
patients had a marked decrease in blood flow after 2 months of
chemotherapy, which correlated with subsequent clinical
response, disease-free survival, and overall survival (127).
Decreases in K" that correlate with subsequent tumor shrinkage
have also been observed in response to androgen deprivation
treatment for prostate cancer (726).

CoNcLUDING REMARKS

The studies described above attest to the validity and reliabil-
ity of several imaging techniques that have been used to deter-
mine vascular parameters. Measuring hemodynamic parameters
related to blood volume, permeability, and blood flow through
imaging has demonstrated potential for the rapid and noninva-
sive detection of vascular changes in tumors in response to ther-
apy, which may predict later clinical response. If further studies
confirm the predictive value of these changes, imaging may
become a valuable biomarker in clinical studies for the determi-
nation of the appropriate clinical dose and for predicting the
outcome of therapy. At this time, some of the imaging techniques
require specialized facilities and/or software and are, therefore,
not well suited to multicenter studies. Before the potential of
imaging angiogenesis can be realized, it will be essential to stan-
dardize the imaging protocols as well as the analytic methods
used within a study to enable accurate comparison of data and,
especially for MRI, to establish the reproducibility of the mea-
surements at each individual site.
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