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Purpose: To prospectively evaluate in rats the acute change in tumor
vascular leakiness (KPS) assayed at magnetic resonance
(MR) imaging after a single dose of the angiogenesis inhib-
itor bevacizumab as a predictive biomarker of tumor
growth response after a prolonged treatment course.

Materials and
Methods:

Institutional animal care and use committee approval was
obtained. Seventeen female rats with implanted human
breast cancers underwent dynamic albumin-(Gd-DTPA)30–
enhanced MR imaging followed by an initial dose of bevaci-
zumab or saline (as a control). Treatment was continued
every 3rd day, for a total of four doses at five possible dose
levels: 0 mg bevacizumab (n � 4 [control rats]), 0.1 mg
bevacizumab (n � 3), 0.25 mg bevacizumab (n � 2), 0.5
mg bevacizumab (n � 5), and 1.0 mg bevacizumab (n � 3).
A second MR imaging examination was performed 24
hours after the initial dose to enable calculation of the
acute change in MR imaging–assayed leakiness, or �KPS.
This acute change in KPS at MR imaging was correlated
with tumor growth response for each cancer at the com-
pletion of the 11-day treatment course. For statistical anal-
yses, an unpaired two-tailed t test, analysis of variance,
and linear regression analyses were used.

Results: The MR imaging–assayed change in tumor microvascular
leakiness, tested as a potential biomarker, correlated
strongly with tumor growth rate (R2 � 0.74, P � .001).
KPS and tumor growth decreased significantly in all bev-
acizumab-treated cancers compared with these values in
control group cancers (P � .05).

Conclusion: The MR imaging–assayed acute change in vascular leaki-
ness after a single dose of bevacizumab was an early,
measurable predictive biomarker of tumor angiogenesis
treatment response.
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Primary goals for cancer biomark-
ers are to more reliably and accu-
rately predict the risk of acquiring

cancer and, once cancer is acquired,
predict how a specific tumor will re-
spond to a particular treatment. Diag-
nostic imaging and, more specifically,
contrast material–enhanced magnetic
resonance (MR) imaging, have the po-
tential to be applied to obtain biomark-
ers of cancer treatment response.

Angiogenesis is essential for the
growth and metastasis of most cancers
and thus is a prime target for biomarker
development (1–6). The upregulated
formation of new blood vessels growing
into a tumor from the surrounding non-
cancerous host tissues or some alterna-
tive mechanism of tumor vasculariza-
tion is required if a cancer is to grow
beyond a diameter of 2 mm (7,8).

Drug inhibitors of angiogenesis di-
rectly or indirectly alter the structure and
function of microscopic tumor blood ves-
sels, including their permeability to
macromolecular solutes, in ways that
can sometimes be detected and mea-
sured quantitatively with dynamic MR
imaging (9–17). The dynamic contrast-
enhanced MR imaging approach focuses
directly on the tumor vessels and can be
applied in such a manner as to take
advantage of the vessels’ well-docu-
mented macromolecular leakiness (18–
21). The MR imaging assay of cancer
microvascular permeability has been
shown in experimental animal models
(22–25) and more recently in human
patients with breast cancer (26) to be a
useful method for characterizing indi-
vidual tumors. Results of past MR imag-
ing studies with macromolecular con-
trast media have demonstrated the po-
tential to differentiate benign from

malignant lesions with a high probability
(27), to noninvasively characterize tu-
mors with positive correlations to his-
topathologic grade (27), and to monitor
responses to antiangiogenic drug treat-
ments (24,28), including a spectrum of
drug classes: inhibitors of vascular en-
dothelial growth factor (VEGF) (24,29),
tyrosine kinase inhibitors of angiogene-
sis receptors (30), and matrix metallo-
proteinase inhibitors (31).

Prior to its clinical approval, bevaci-
zumab (Avastin; Genentech, South San
Francisco, Calif) was tested in MR im-
aging studies of athymic rats bearing
human breast cancers and ovarian can-
cers and demonstrated a strong drug
effect on microvascular macromolecu-
lar permeability; the MR imaging–as-
sayed leakiness declined significantly
and profoundly (�70%, P � .01) after
either a 7-day course of therapy (32) or
24 hours after a single 1-mg dose of
bevacizumab (17). Although MR imag-
ing has been used to detect a decline in
macromolecular microvessel leakiness
as early as 24 hours after the initiation
of antiangiogenic drug treatment (17),
no attempt has been made to correlate
this acute response with the effect of
prolonged therapy.

We hypothesized that MR imaging
of microvessel permeability to macro-
molecular contrast media can yield an
early, noninvasive biomarker of tumor
responsiveness to angiogenesis inhibi-
tion. Thus, the purpose of our study was
to prospectively evaluate in rats the
acute change in MR imaging–assayed
tumor vascular leakiness (KPS) after a
single dose of the angiogenesis inhibitor
bevacizumab as a predictive biomarker
of tumor growth response after a pro-
longed treatment course.

Materials and Methods

Genentech provided the antiangiogenic
drug bevacizumab. The authors main-
tained control of the data and informa-
tion submitted for publication.

Animals and Experimental Protocol
The study was performed in accordance
with the guidelines of the National Insti-
tutes of Health for the care and use of
laboratory animals. Approval from the
institutional Animal Care and Use Com-
mittee was obtained.

Five million MDA-MB-435 human
breast cancer cells (ATCC, Manassas,
Va) that represented poorly differenti-
ated adenocarcinoma (33) and were
suspended in a total volume of 0.5 mL of
a 1:1 mixture of phosphate-buffered sa-
line and Matrigel (BD Biosciences, Bed-
ford, Mass) were injected subcutane-
ously into the right mammary fat pad of
seventeen 4-week-old female homozy-
gous athymic nude rats (Harlan, India-
napolis, Ind) (H.J.R., G.H.S., M.F.W.).
Animals were visually checked every
2nd day for tumor size (H.J.R., G.H.S.).
When tumors reached a diameter of
1.0–1.5 cm in largest dimension as
measured with calipers, animals were
randomly assigned to one of the treat-
ment groups, each with a different
dose of angiogenesis inhibitor. Then, a
baseline dynamic MR imaging examina-
tion enhanced with a macromolecular
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Advance in Knowledge

� MR imaging–assayed tumor vas-
cular leakiness measured 24
hours after a single dose of bev-
acizumab correlated strongly
(R2 � 0.74, P � .001) with the
change in tumor growth mea-
sured after a prolonged multidose
treatment course.

Implication for Patient Care

� Although not immediately applica-
ble to patient care, our results
may encourage the further devel-
opment of MR imaging permeabil-
ity assays and macromolecular
contrast media to yield predictive
biomarkers in cancer treatment
monitoring.
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contrast medium, albumin-(gadolinium
diethylenetriaminepentaacetic acid [Gd-
DTPA])30 (synthesized in our own lab),
was performed (34) (H.J.R., G.H.S.,
M.F.W.). Albumin-(Gd-DTPA)30 has a
distribution volume that closely approx-
imates the blood volume (0.05 L/kg)
and a plasma half-life of approximately
120 minutes in rats. The contrast agent
was injected in all 17 rats at a dose of
0.03 mmol gadolinium per kilogram of
body weight. Immediately after MR im-
aging, treatment was initiated with bev-
acizumab, a humanized monoclonal an-
tibody to VEGF, in one of five possible
doses: 0 mg bevacizumab (n � 4 [con-
trol rats, which received saline]), 0.1
mg bevacizumab (n � 3), 0.25 mg bev-
acizumab (n � 2), 0.5 mg bevacizumab
(n � 5), or 1.0 mg bevacizumab (n � 3);
bevacizumab was given intraperitone-
ally in a total volume of 1.0 mL (H.J.R.,
G.H.S., Y.F., B.S.). The peritoneal
route for bevacizumab administration is
standard in rodents.

Bevacizumab has been shown to in-
hibit tumor angiogenesis and growth in
vivo in different xenograft tumor mod-
els, is governmentally approved for the
treatment of colon cancer (35), and is
now being tested for additional human
cancers (36).

The bevacizumab or saline treatment
was continued with intraperitoneal injec-
tions every 3rd day, for a total of four
doses spanning a total of 11 days.
Twenty-four hours after the baseline MR
imaging examination, a second MR imag-
ing examination was performed in the
same animals by using the same tech-
nique (H.J.R., G.H.S., M.F.W.). Tumor
diameter was measured with calipers ev-
ery 2nd day, from the initial day of treat-
ment until 24 hours after the final dose of
bevacizumab or saline (day 11). Tumor
volumes were calculated in millimeters
(H.J.R., G.H.S., Y.F.) according to the
equation L � W � H � 0.52, where L is
length, W is width, and H is height; di-
mensions could be measured in all
three planes because the tumor was
situated and movable within the loose
subcutaneous tissues. Tumor volume ra-
tios were defined as the tumor volume on
day x (Vx) divided by the tumor volume at
baseline (V0). Fractional tumor growth

rates per day were determined with mono-
exponential fitting of the tumor volume val-
ues over time (H.J.R., D.M.S.).

MR Imaging and Data Analysis
For the MR imaging experiments, anes-
thesia was induced with intraperitoneal
injection of 35 mg/kg sodium pentobarbi-
tal (Nembutal; Abbott Laboratories,
North Chicago, Ill) and 0.025 mg/kg bu-
prenorphine hydrochloride (Buprenex;
Reckitt Benckiser Pharmaceuticals, Rich-
mond, Va). A 25-gauge butterfly catheter
(Abbott Laboratories) was inserted into a
tail vein for contrast medium injection.
Rats were placed on a heated deuterated-
water pad to keep the body temperature
at constant physiologic levels (H.J.R.,
G.H.S., Y.F.).

MR imaging was performed by using
a system operating at 2.0 T (Omega CSI-
II; Bruker Instruments, Fremont, Calif),
in the range of commonly used clinical
MR imaging units. This system is
equipped with self-shielded gradient coils
(Acustar S-150, 0.002 T/cm, 15-cm inner
diameter). The rats were placed supine
in a birdcage radiofrequency coil (inner
diameter, 4.5 cm; length, 7.6 cm), en-
abling primary image acquisitions in the
z-plane centered on the hemisphere of
each tumor. A series of nine precon-
trast T1-weighted inversion-recovery
centric-ordered fast gradient-echo se-
quences (repetition time msec/echo
time msec, 6.0/1.5; number of signals
acquired, one; flip angle, 10°; matrix,
64 � 64 � 16; field of view, 50 � 50 �
48; section thickness, 3 mm) with the
inversion time varying between 100 and
2500 msec was performed to enable the
calculation of baseline relaxation rates
(R1) for each tumor. Each image was
reconstructed in phase-sensitive mode,
and R1 values for tumor regions were
determined by performing a standard
three-parameter fit of signal intensity
(SI) data to the equation SI � a � b
exp(�TI � R1), as reported and de-
scribed previously (29). Then, dynamic
contrast-enhanced MR imaging was
performed by using a transverse T1-
weighted three-dimensional spoiled gra-
dient-recalled acquisition in the steady
state sequence that consisted of two
precontrast and multiple dynamic post-

contrast images obtained up to 1 hour
after contrast material injection with
the following parameters: 50/3; number
of signals acquired, one; flip angle, 90°;
matrix, 128 � 128 � 16; field of view,
50 � 50 � 48 mm; section thickness, 3
mm; number of sections acquired, 16;
and acquisition time, 1 minute 42 sec-
onds per image. The relatively long tem-
poral resolution has been shown exper-
imentally to be well suited to the rela-
tively slow distribution kinetics of this
molecularly large contrast medium.

Images were transferred to, pro-
cessed with, and analyzed at a worksta-
tion (Sun Microsystems, Mountain View,
Calif) by using commercially available im-
age analysis software (MRVision; MRVi-
sion, Winchester, Mass). In each rat and
at each time point, regions of interest
were drawn over the blood in the inferior
vena cava to cover the whole contrast-
enhanced vessel lumen and over the tu-
mor rim, as well as over the entire tumor,
at the tumor equator (H.J.R., G.H.S.).
The blood response measured in the infe-
rior vena cava was used as an input func-
tion (37). Tumor rim was defined as the
2-mm zone around the tumor periphery,
which has been shown previously to be
relatively more sensitive to changes in an-
giogenesis than the whole tumor (38).
Postcontrast R1 values (R1post) were cal-
culated on the basis of the measured sig-
nal intensity (SI) and the calculated pre-
contrast R1 values (R1pre) by using the
equation R1post � �ln{1 � (SIpost/
SIpre)[1 � exp(�TR � R1pre)]}/TR (39),
where SIpost is postcontrast signal inten-
sity, SIpre is precontrast signal intensity,
and TR is repetition time in milliseconds.
Precontrast R1 of blood was assumed to
be 0.73 sec�1 on the basis of many histor-
ical measurements in other animals (39).
Differences between the precontrast and
postcontrast R1 values (�R1) at any time
were taken to be proportional to the con-
centration of the contrast medium, either
in the blood or in the tissue of interest.

The �R1 data from the blood and
tumor were used for kinetic analysis in-
volving the use of a two-compartment
model to estimate the endothelial trans-
fer coefficient (KPS, in microliters per
minute per cubic centimeter of tissue)
(27) according to a two-compartment
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tissue model (Fig 1). The endothelial
transfer coefficient KPS is a measure of
leakiness of the contrast medium from
the blood, or vascular compartment,
into the extravascular extracellular

compartment. A monoexponential func-
tion was found to provide good fits to
the albumin-(Gd-DTPA)30 blood �R1
data. Tumor �R1 data were fitted by
using a two-compartment bidirectional
kinetic model (40) (H.J.R., G.H.S.,
D.M.S.). The reflux rate constant of this
model was not resolvable from the data
and was therefore set to zero. All data
fitting was performed by using software
(SAAM II; SAAM Institute, Seattle,
Wash) that employed a weighted non-
linear least-squares parameter estima-
tion algorithm (41). Measurement er-
rors in the �R1 data were assumed to
be independent and Gaussian, with zero
mean and fractional standard deviation
known within a scale factor determined
from the data. Weights were optimally
chosen—that is, as equal to the inverse
of the variance of the measurement er-
ror. The precision of the model pa-
rameter value estimates was deter-
mined from the covariance matrix at
the least-squares fit.

Statistical Analysis
Statistical analysis was performed with
software (GraphPad Prism; GraphPad
Software, San Diego, Calif). Results are
given as mean values � standard devia-
tions or standard errors of the mean.
An unpaired two-tailed Student t test
was used to compare the fractional tumor
growth rates for the control and the bevaci-
zumab-treated rats. Linear regression anal-
yses were used for correlation of percent

KPS change, �KPS—calculated as [(KPS
day2

� KPS
day1)/K

PS
day1] � 100%—with frac-

tional tumor growth rate for both the
whole tumor and the tumor periphery.
Comparison of results of linear regres-
sion analysis for whole tumor and tumor
periphery was performed according to
the technique of Zar (42). One-way
analysis of variance was performed to
compare KPS values in baseline studies
of control and treated animals in both
the whole tumor and the tumor periph-
ery. Changes in �KPS between control
and treated rats for both tumor pe-
riphery and whole tumor were also
evaluated with one-way analysis of
variance. P � .05 was considered to
indicate a statistically significant dif-
ference.

Results

Tumor Growth
MDA-MB-435 human breast cancer
cells developed into subcutaneous tu-
mors of at least 1.0 cm in diameter
within 10–14 days after implantation.
Mean tumor volumes at the time of
baseline imaging (Fig 2) were measured
as 446 mm3 � 162 (standard error of
the mean) in the control (saline-
treated) group (n � 4) and as 599 mm3

� 73 in the bevacizumab group; this
difference was not significant (P � .27).
However, the fractional rate of tumor
growth over the subsequent 11-day
treatment and observation period was
significantly greater (P � .05) in the
control (saline-treated) animals (0.224
per day � 0.066) than in the bevaci-
zumab-treated animals (0.134 per day �
0.025) (Table 1). This difference was sig-
nificant (P � .05) when all bevacizumab-
treated cancers were considered collec-
tively, without regard to specific dose
level. When all bevacizumab-treated can-
cers were considered in this way, tumor
growth was significantly retarded, but not
completely halted, by bevacizumab treat-
ment (Fig 3).

Quantitative MR Imaging Tumor
Characterization
Our simple two-compartment kinetic
model of tissue permeability fit the dy-

Figure 1

Figure 1: Simple two-compartment tissue
model describes kinetics of transport of albumin-
(Gd-DTPA)30 from plasma space into interstitial
water of tumor. KPS (in microliters per minute per
cubic centimeter of tissue) is the endothelial trans-
fer coefficient denoting the clearance of albumin-
(Gd-DTPA)30 from plasma to interstitial water. The
rate constant k (per minute), which denotes the
fractional rate of reflux of albumin-(Gd-DTPA)30

from interstitial water back to plasma, was not
resolvable in the time course of the experiment and
was therefore set to zero. The box around the
plasma compartment denotes a forcing function
representing the monoexponetial disappearance
of albumin-(Gd-DTPA)30 from the blood. The
kinetics of both compartments taken together re-
flect the dynamic tissue response to albumin-(Gd-
DTPA)30 after intravenous bolus administration.

Figure 2

Figure 2: Transverse dynamic T1-weighted MR images obtained in bevacizumab-treated rat after intrave-
nous administration of albumin-(Gd-DTPA)30 at a dose of 0.03 mmol gadolinium per kilogram of body weight
show MDA-MB 435 breast cancer (arrow) implanted in mammary zone persistently enhancing for at least 60
minutes, with the strongest tumor enhancement in the rim. Arrowhead � inferior vena cava. Pre � before
contrast medium administration. (Note the incidental finding of bright signal intensity from the bowel and its
contents.) The relatively low but measurable enhancement of the tumor center may reflect the normally high
interstitial pressure within the tumor core, which limits local blood flow and transendothelial diffusion of the
contrast medium.
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namic MR imaging data well in all stud-
ies, providing acceptable uncertainties
for all estimates of KPS, the endothelial
transfer coefficient (Fig 4) (mean coeffi-
cient of variation, 34 � 17 [standard
deviation]). Strong positive correlations
were found between changes in KPS

(�KPS) in both the whole tumor and the
tumor periphery 24 hours after a single
administration of either bevacizumab or
saline and the fractional tumor growth
rate after an 11-day, four-dose course of
treatment. As such, the 1-day single-
dose percentage KPS change was com-
patible with its application as a bio-
marker of tumor growth effects resulting
from a prolonged (11-day) multidose
treatment. The correlation between per-
cent KPS change and tumor growth rate
was significantly stronger (P � .05) when
the tumor periphery was analyzed (R2 �

0.74, P � .001) than when the whole
tumor was selected for analysis (R2 �
0.45, P � .05) (Fig 5). The estimates for
KPS at baseline did not differ between
control tumors and bevacizumab-treated
tumors (P � .64) for either the tumor
periphery (17.4 �L/min/cm3 � 11.6 vs
42.6 �L/min/cm3 � 35.7) or the whole
tumor (21.0 �L/min/cm3 � 12.7 vs 52.9
�L/min/cm3 � 83.7) (Table). Three of
four control animals showed an increase
in KPS over 24 hours in both the tumor
periphery and the whole tumor, while 13
of 13 bevacizumab-treated animals
showed a decrease in KPS in the tumor
periphery and the whole tumor (Fig 6).
The mean values of these changes in KPS

between the control and the bevaci-
zumab-treated groups (with the latter
considered as one group) for both tumor
periphery (	23% � 61 vs �85% � 24)

and whole tumor (	46% � 108 vs �81%
� 34) were significantly different (P �
.05) (Table).

Discussion

On the basis of our data, the MR imag-
ing–assayed changes in tumor vascular
permeability after 1 day of antiangio-
genesis treatment correlate positively
and significantly with the rate of tumor
growth observed at the completion of an
extended 11-day course of treatment.
These results strongly support the hy-
pothesis that MR imaging–assayed mi-
crovessel leakiness of a macromolecular
contrast medium may be applied as an
early and noninvasive biomarker of tu-
mor responsiveness to angiogenesis-in-
hibiting drug treatment. Our results go
beyond earlier reports that MR imag-

Acute 24-hour Tumor Responses to Angiogenesis Inhibitory and Saline Treatments

Animal No.
Bevacizumab
Dose*

K PS in Tumor Periphery
(�L/min/cm3)

K PS in Whole Tumor
(�L/min/cm3) �K PS (%)† Fractional Growth

Rate per DayDay 1 Day 2 Day 1 Day 2 Tumor Periphery Whole Tumor

1 0 17.7 32.5 35.5 38.2 84 8 0.283
2 0 6.5 9.2 6.6 20 42 203 0.266
3 0 11.9 15 15.3 18 26 18 0.212
4 0 33.3 13 26.5 15 �61 �43 0.136

Mean � standard deviation 17.4 � 11.6 17.4 � 10.3 21 � 12.7 22.8 � 10.5 23 � 61 46 � 108 0.224 � 0.066
5 0.1 22.9 9.8 9.2 0.2 �57 �98 0.153
6 0.1 27.5 0 22.7 0 �100 �100 0.171
7 0.1 51.1 36.4 55.7 23.2 �29 �58 0.16

Mean � standard deviation 33.8 � 15.1 15.4 � 18.8 29.2 � 23.9 7.8 � 13.3 �62 � 36 �85 � 23 0.161 � 0.009
8 0.25 15.8 0 8.4 0 �100 �100 0.112
9 0.25 25.4 0 21.2 12.3 �100 �42 0.149

Mean � standard deviation 20.6 � 6.8 0 14.8 � 9.1 6.2 � 8.7 �100 � 0 �71 � 41 0.131 � 0.026
10 0.5 17.6 8.4 12.7 14.2 �52 12 0.096
11 0.5 22.4 0 16.5 0 �100 �100 0.141
12 0.5 18.1 0 8.9 0 �100 �100 0.115
13 0.5 100.1 15 84.9 26.3 �85 �69 0.135
14 0.5 69.5 0 58.7 0 �100 �100 0.101

Mean � standard deviation 45.5 � 37.5 4.7 � 6.8 36.3 � 33.8 8.1 � 11.9 �87 � 21 �71 � 48 0.118 � 0.02
15 1.0 127.9 17.1 320.2 0 �87 �100 0.167
16 1.0 18.1 0.2 27.1 0 �99 �100 0.11
17 1.0 37.4 0 41.8 0 �100 �100 0.138

Mean � standard deviation 61.1 � 58.6 5.8 � 9.8 129.7 � 165.1 0 �95 � 7 �100 � 0 0.138 � 0.029

Note.—MR imaging–assayed endothelial transfer coefficients (K PS values) used as a measure of endothelial leakiness of the microvessels in rats with MDA-MB 435 breast cancers before (day 1)
and after (day 2) bevacizumab treatment are ordered by increasing dose of angiogenesis inhibitor. Individual fractional tumor growth rates, also tabulated, show significantly more rapid growth in
the control (uninhibited) tumors. Fractional tumor growth rate and �K PS in control tumors were significantly different from those in bevacizumab-treated tumors (P � .05).

* In milligrams per injection.
† Calculated as 
(K PS

day2 � K PS
day1)/ K PS

day1� � 100%.
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ing–assayed tumor vascular leakiness
can be used to monitor the effect of
antiangiogenesis drugs (24,29–31) by
showing that the MR imaging–measured
effect can be detected after only a single
dose of the inhibitor and as soon as 24
hours after drug administration. It is
specifically this predictive aspect of the
MR imaging results that supports the

application of results of this dynamic
contrast-enhanced MR imaging tech-
nique as a biomarker of cancer antian-
giogenesis treatment response. Consid-
ering the rapid, ongoing development of
an enlarging spectrum of cancer angio-
genesis-inhibiting drugs designed to at-
tack the angiogenesis process in multi-
ple ways, there is an increasingly strong
need for a reliable biomarker. A bi-
omarker able to predict which patient
will have a good long-term outcome
with a particular treatment regimen
could prove to be highly valuable for the
individualization of clinical drug choice
and dose adjustment.

In our study, the MR imaging per-
meability (KPS) estimates derived from
the 2-mm-wide zone around the periph-
ery of the tumor yielded a better corre-
lation with tumor growth rate (R2 �
0.74) than the estimates derived from
the entire cross-sectional tumor area
measurements (R2 � 0.45), yet results
were significant (P � .05) with either
region of interest. These observations
are in agreement with and tend to con-
firm the conclusions of Preda and col-
leagues (38), who showed, in a meta-
analysis of 98 n-ethyl-n-nitrosourea–in-
duced breast cancers in a rodent model,
that the measured permeabilities in the
tumor peripheries correlated with his-
tologic tumor grade better than the per-
meabilities measured for the whole
cross-sectional tumor area.

A possible explanation for these ob-
servations is that the tumor periphery is

located at the interface between neo-
plastic and non-neoplastic cells and thus
is the “front line” of angiogenesis, where
vessels from the host tissue sprout and
multiply under the influence of tumor-se-
creted angiogenic factors (43,44). This
zone of most active growth and angio-
genic activity may thus be the most sensi-
tive location in which to monitor angio-
genesis-inhibiting drug therapies.

To achieve the desired graded sup-
pression in vascular permeability (KPS)
necessary to demonstrate a potential
biomarker relationship with tumor
growth and to look for a possible dose-
dependent response, we chose to in-
clude four dose levels of the anti-VEGF
antibody bevacizumab. In general, the
higher doses (0.5 and 1.0 mg) of bevaci-
zumab tended to completely suppress
vascular permeability to a degree that
no further leakage of the macromol-
ecular contrast medium albumin-(Gd-
DTPA)30 could be detected with a dy-
namic MR imaging study. Because of the
inclusion of tumors treated with doses
of bevacizumab of less than 1.0 mg, a
less than complete suppression of per-
meability was observed that provided
the desired graded response that al-
lowed us to better evaluate for a bio-
marker potential of the MR imaging as-
say. The robustness of this MR imaging
biomarker assay of angiogenesis ther-
apy is supported by the finding that a
significant correlation between the 24-
hour percent KPS change and the 11-day
fractional growth rate suppression was

Figure 3

Figure 3: Graph shows tumor volume ratios
(tumor volume at day x [Vx] divided by baseline
pretreatment tumor volume ([V0]) given as mean
values � standard errors of the mean (error bars)
in control (saline-treated) and bevacizumab-
treated tumors over 11 days. Curved lines repre-
sent monoexponenial best fits. The tumor volume
ratio was significantly higher (P � .05) at the com-
pletion of tumor treatment (11 days) in the control,
uninhibited, saline-treated tumors than in the
bevacizumab-treated, angiogenically inhibited
tumors.

Figure 4

Figure 4: Graphs show representative fits (solid lines) of compartmental model to blood (‚) and tumor (E) data after intravenous injection of albumin-(Gd-DTPA)30

(a) before and (b) 24 hours after bevacizumab administration.
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possible, despite the inclusion of many
tumors with a nongraded, complete,
100% decline in KPS.

Albumin-(Gd-DTPA)30 (34), a 92-kDa
derivatized protein, was chosen as the
contrast agent for this study because mac-
romolecular contrast agents are espe-
cially well suited for the quantitative assay
of tumor vascularity, particularly the mi-
crovascular permeability to macromolec-
ular solutes. This prototype molecule,
which is not intended for human use, has
been extensively tested to demonstrate
the feasibility and value of macromolecu-
lar contrast-enhanced MR imaging for
cancer characterization (23,45). As op-
posed to small molecular solutes less than
1 kDa in weight, macromolecules the size
of proteins or larger have been consis-
tently shown to remain intravascular in
normal tissues but to pass through the
abnormal endothelial barrier into the in-
terstitial extravascular space of virtually
all types of cancer—animal and human
(9,46,47). Small molecular contrast
agents, represented by gadopentetate
dimeglumine, with its molecular weight of
938 Da, lack the specificity of macromol-
ecules and diffuse rapidly into the intersti-
tial space of virtually all normal tissues
(with the exception of the central nervous
system and the testis) and in cancers.

Unfortunately, the leakiness of ga-
dopentetate dimeglumine in cancers is
not only rapid but also highly variable;
Daldrup et al (40) invasively measured
the fraction of gadopentetate dimeglu-
mine that passes from the blood through
the vessel wall into the interstitial space
on each passage of the blood through
the microvascular bed (the so-called ex-
traction fraction) in a human breast
cancer model. They reported a range of
extraction fraction values from 12% to
45%. Such a broad range for baseline
values in cancer vessels would argue
against the use of gadopentetate dime-
glumine or another relatively small con-
trast medium for biomarker evalua-
tion of angiogenesis inhibitory therapy.
Nonetheless, the use of gadopentetate
dimeglumine–enhanced MR imaging re-
sults as a biomarker of angiogenesis in-
hibition should not be dismissed on the-
oretical grounds: Morgan and col-
leagues (48) reported a study of liver

metastases in advanced colorectal can-
cers in humans treated with PTK787/
ZK222584, a VEGF-receptor tyrosine
kinase inhibitor of angiogenesis, in

which the dynamic gadopentetate dime-
glumine–enhanced MR imaging assays
of leakiness, expressed as a bidirec-
tional transfer constant (Ki), correlated

Figure 5

Figure 5: Graphs show correlations between 24-hour changes in MR imaging–assayed vascular leakiness
(�K PS) after only a single dose of angiogenesis inhibitor or control saline and fractional tumor growth rate at
the completion of an 11-day four-dose treatment regimen for (a) tumor periphery (Tp) and (b) whole tumor
(Tw). Regardless of whether the leakiness was assayed for the whole tumor or for the tumor periphery, correla-
tions between leakiness and fractional tumor growth rate were statistically significant (P � .05). The correla-
tion was notably stronger (R 2 � 0.74 vs R 2 � 0.45) for the tissue at the tumor periphery, where angiogenesis
is presumed to be most active.

Figure 6

Figure 6: Graphs show individual vascular leakiness (KPS) values at tumor periphery estimated at MR
imaging before and 24 hours after a single dose of (a) bevacizumab or (b) saline. Note that every angiogeni-
cally inhibited tumor decreased in estimated microvascular leakiness, while leakiness in three of four control
saline-treated tumors and the mean leakiness value for all four saline-treated tumors increased over the same
24-hour period (Table). Apparently the natural trend for control tumors—at least in this human breast cancer
model—is for increasing microvascular leakiness with increasing tumor age and growth. In theory, this could
be a reflection of increasing VEGF production by the growing mass of tumor cells.
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significantly but relatively weakly with
the 56-day growth suppression of liver
metastases (R2 � 0.37, P � .05).

Our decision to use a macromolecu-
lar contrast agent for this biomarker
study was consistent with the observa-
tions of Roberts et al (49), who re-
ported that the errors inherent to MR
imaging assays of microvascular charac-
teristics are magnified with small-molecu-
lar contrast agents as compared with
macromolecular albumin-(Gd-DTPA)30,
which has a prolonged intravascular
half-life of 2 hours and a volume of dis-
tribution, 0.05 L/kg, that matches the
plasma volume of the rat body.

Our study and the possible transla-
tion of its results to clinical practice
were limited in several ways. Only a
single duration of treatment, 11 days,
was used to estimate the long-term ef-
fect of bevacizumab on tumor growth.
Unfortunately, a longer course of angio-
genesis inhibition would not have been
feasible because the saline-treated, un-
inhibited control tumors would have
grown excessively and caused unaccept-
able morbidity. The chosen contrast
medium, albumin-(Gd-DTPA)30, is a
prototype macromolecular agent that is
not intended for development as a clini-
cal drug. But other macromolecular for-
mulations, such as ultrasmall super-
paramagnetic iron oxide particles, now
awaiting governmental approval in the
United States for clinical use would be
expected to distribute in cancers much
like albumin-(Gd-DTPA)30 (45) and thus
might allow a feasible translation of this
method to clinical practice in the near
future.

In conclusion, the correlation be-
tween the change in tumor vessel leaki-
ness assayed with MR imaging in the tu-
mor periphery induced by a single dose of
bevacizumab and the observed change in
tumor growth after a prolonged, multi-
dose course of bevacizumab was strong
(R2 � 0.74).

Practical application: Our results
suggest that an MR imaging assay such
as we used might be useful for the care
and treatment of patients with cancer
who are being considered for angiogen-
esis-inhibiting drug treatment. At the
onset of therapy, the MR imaging assay

of tumor vessel permeability could be
applied to predict which patients should
be expected to have a good long-term
drug response, while patients with a
poor or absent response on the MR im-
aging permeability assay might be con-
sidered for a different drug regimen or a
different dose of inhibitor. Our initial
results in experimental animals may en-
courage the further development for
clinical use of MR imaging macromolec-
ular contrast media and their specific
application for quantitative, noninva-
sive evaluation of tumor microvessel
permeability. MR imaging biomarkers
predictive of tumor response to angio-
genesis inhibitors could be of substan-
tial clinical value and find widespread
clinical application.
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