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Diffusion-weighted MR
Imaging in Monitoring the
Effect of a Vascular Targeting
Agent on Rhabdomyosarcoma
in Rats1

PURPOSE: To evaluate diffusion-weighted magnetic resonance (MR) imaging for
monitoring tumor response in rats after administration of combretastatin A4 phos-
phate.

MATERIALS AND METHODS: Study protocol was approved by local ethical
committee for animal care and use. Rhabdomyosarcomas implanted subcutane-
ously in both flanks of 17 rats were evaluated with 1.5-T MR unit by using four-
channel wrist coil. Transverse T2-weighted fast spin-echo sequences, T1-weighted
spin-echo sequences before and after gadodiamide administration, and transverse
echo-planar diffusion-weighted MR examinations were performed before, 1 and 6
hours, and 2 and 9 days after intraperitoneal injection of vascular targeting agent
(combretastatin A4 phosphate, 25 mg/kg). Apparent diffusion coefficient (ADC)
was automatically calculated from diffusion-weighted MR imaging findings. These
findings were compared with histopathologic results at each time point. For statis-
tical analysis, paired Student t tests with Bonferroni correction for multiple testing
were used.

RESULTS: T1-weighted images before combretastatin administration showed en-
hancement of solid tumor tissue but not of central necrosis. At 1 and 6 hours after
combretastatin injection, enhancement of solid tissue disappeared almost com-
pletely, with exception of small peripheral rim. At 2 and 9 days after combretastatin
injection, enhancement progressively reappeared in tumor periphery. ADC, how-
ever, showed decrease early after combretastatin injection ([1.26 � 0.16]� 10�3

mm2/sec before, [1.18 � 0.17]� 10�3 mm2/sec 1 hour after [P � .0005] and
[1.08 � 0.14]� 10�3 mm2/sec 6 hours after [P � .0007] combretastatin A4
phosphate injection), histologically corresponding to vessel congestion and vascular
shutdown in periphery but no necrosis. An increase of ADC ([1.79 � 0.13]� 10�3

mm2/sec) (P � .0001) 2 days after combretastatin A4 phosphate injection was
paralleled by progressive histologic necrosis. A significant (P � .0001) decrease in
ADC 9 days after treatment ([1.41 � 0.15]� 10�3 mm2/sec) corresponded to tumor
regrowth.

CONCLUSION: In addition to basic relaxation-weighted MR imaging and post-
gadolinium T1-weighted MR imaging to enable prompt detection of vascular shut-
down, diffusion-weighted MR imaging was used to discriminate between nonper-
fused but viable and necrotic tumor tissues for early monitoring of therapeutic
effects of vascular targeting agent.
© RSNA, 2005

Currently, there are two different therapeutic approaches used to induce tumor cell death
at the vascular level; the first is to inhibit the formation of tumor blood vessels, and the
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second is to selectively destroy them. An-
tiangiogenic agents prevent new vessel
formation, whereas vascular targeting
agents act selectively on preexisting
blood vessels of solid tumors, which
causes a rapid shutdown in the blood
supply (1,2).

Combretastatin A4 phosphate is an an-
titubulin drug with inherent vascular tar-
geting agent activity. To our knowledge,
the precise mechanism of combretastatin
induction of vascular shutdown is not
fully understood (3,4); however, com-
bretastatin is known to induce rapid
changes in endothelial cell shape and to
disrupt the endothelial cell layer and the
underlying basement membranes. This
leads to blood vessel congestion and loss
of blood flow. Loss of oxygen and nutri-
ent supply and impaired removal of me-
tabolites induces cell death and conse-
quent necrosis of the affected tumor
tissue.

Combretastatin A4 phosphate has un-
dergone phase l clinical trials (5–8).
These studies showed tumor blood flow
reduction in human tumors at well-toler-
ated doses, without persisting alteration
of normal organs. Noninvasive monitor-
ing of treatment response, including in-
sight into typical intratumoral changes
after the use of vascular targeting agents,
is of major clinical importance.

Monitoring of clinical studies was per-
formed mainly with dynamic contrast
medium–enhanced magnetic resonance
(MR) imaging or positron emission to-
mography (PET) (5,8). In addition to
these modalities, experimental studies
involved the use of scintigraphy, MR
spectroscopy, radioactive tracer methods,
and autoradiography to demonstrate
early (eg, up to 24 hours) changes after
combretastatin treatment (9–13).

Diffusion-weighted MR imaging is be-
coming more and more important in the
assessment of tumors and evaluation of
response during follow-up with various
treatment modalities (eg, chemotherapy
and radiation therapy) (14–18).

To our knowledge, there is only one
study (9) in which treatment response
with diffusion-weighted MR imaging af-
ter administration of combretastatin A4
phosphate was evaluated. In short-term
follow-up (160 minutes after administra-
tion of combretastatin A4 phosphate), no
substantial change could be observed (9).
Thus, the purpose of our study was to
evaluate diffusion-weighted MR imaging
in monitoring response in rats after ad-
ministration of the vascular targeting
agent combretastatin A4 phosphate.

MATERIALS AND METHODS

Study Design

Our study protocol was approved by the
local ethical committee for animal care
and use.

Experiments were performed in 17
male adult WAG/Rij rats (Iffa Credo,
Brussels, Belgium) that weighed 280–300
g each. Two rhabdomyosarcoma tumors
(1-mm3 pieces) were implanted subcuta-
neously (W.L.) in the flank region on op-
posite sides at the level of the kidneys.
One tumor was implanted in each flank.
The resultant 34 tumors had a baseline
mean tumor volume of 2.34 cm3� 0.62
(range, 1.93–3.78 cm3) before treatment.

Five rats were examined during a fol-
low-up period of 9 days after intraperito-
neal administration of combretastatin A4
phosphate (Oxigene, Watertown, Mass)
at a dose of 25 mg per kilogram of body
weight and sacrificed thereafter. For his-
topathologic comparison at the interme-
diate time points of 1 hour, 6 hours, and
2 days after combretastatin A4 phosphate
administration, three rats for each time
point were sacrificed after examination
with MR imaging. Three control rats un-
derwent MR imaging before and 1 and 6
hours after intraperitoneal administra-
tion of a volume of saline identical to
that of combretastatin A4 phosphate.

MR Imaging

The rats were examined with a 1.5-T
whole-body MR system (Sonata; Siemens,
Erlangen, Germany) with a maximum
gradient capability of 40 mT/m. A four-
channel phased-array wrist coil was used
to obtain all MR images and allowed par-
allel imaging (generalized autocalibrating
partially parallel acquisition, or GRAPPA,
factor of two in all series). The rats were
placed in the supine position in a plastic
holder and connected with a mask to an
anesthetic system to avoid movement.
Rats were initially anesthetized with inha-
lation of 4% isoflurane; anesthesia was
maintained with 2% isoflurane in a 20%
oxygen and 80% room air mixture. The
penile vein was cannulated for intravenous
access.

A coronal T1-weighted spin-echo se-
quence was used as a localizer. Transverse
T1-weighted spin-echo (repetition time
msec/echo time msec, 553/15; matrix,
120 � 256) and T2-weighted turbo spin-
echo sequences (5860/99; matrix, 160 �
256) were performed with a section thick-
ness of 2 mm and an intersection gap of
0.2 mm. The field of view was 81.3 � 130.0

mm and covered both tumors entirely (20
sections).

The acquisition time was 1 minute 32
seconds for the T1-weighted sequence
with two signals acquired and 1 minute
34 seconds for the T2-weighted sequence
with three signals acquired.

Diffusion-weighted echo-planar imag-
ing was performed with the following gra-
dient factors: 0, 50, 100, 150, 200, 250,
300, 500, 750, and 1000 sec/mm2. The fol-
lowing parameters were used for this se-
quence: 3300/124; matrix, 96 � 192; num-
ber of signals acquired, four; time of
acquisition, 2 minutes 35 seconds. Appar-
ent diffusion coefficient (ADC) maps were
calculated automatically. ADC is measured
in square millimeters per second.

After intravenous administration of
0.2 mL of gadodiamide (Omniscan; Am-
ersham, Oslo, Norway) (0.5 mmol/L), a
transverse T1-weighted spin-echo se-
quence was performed, with fat satura-
tion identical to that obtained in the pre-
contrast study.

All sequences were performed with the
same geometry to maintain comparabil-
ity between the different imaging se-
quences.

Image Analysis

The image analysis was performed off-
line at a Linux workstation by using ded-
icated software (Biomap; Novartis, Basel,
Switzerland). In the transverse precon-
trast T1-weighted sequence, entire tu-
mors were manually delineated on each
section with consensus of two observers
(H.C.T., 7 years of experience; F.D.K., 1
year of experience). Merging the delinea-
tions of each tumor yielded two three-
dimensional regions of interest (ROIs),
from which the system automatically cal-
culated the average signal intensity of
both tumors in each rat. The signal in-
tensities of the conventional sequences
were visually compared with muscle and
graded as hypo-, iso-, or hyperintense.
For the ADC maps, the same grading of
the signal intensities was applied by com-
paring the center and the periphery of
the tumor. The window and level settings
of the display station were kept constant.
This approach was chosen because ADC
maps consist of absolute values.

Analysis of the diffusion-weighted MR
images was performed. In the first step,
ROIs of the T1-weighted images were
copied to the ADC maps at each time
point and manually adjusted in case of
minor distortions that are sometimes vis-
ible on ADC maps and are caused by the
echo-planar imaging sequence used. In
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the second step, several circular ROIs
were placed in the periphery (defined as
the outer 5 mm) and in the center (more
than 8 mm from the rim) of each tumor.
Again, the respective ROIs were merged
to obtain one center ROI and one periph-
eral ROI for each tumor. For comparison
purposes, a circular ROI in the back mus-
cles was drawn on a single section and
copied from the T1-weighted images to

the diffusion-weighted MR images. After-
ward, the ROIs of the ADC maps were
copied to the corresponding original dif-
fusion-weighted images, from which the
average intensities for each b value could
be obtained.

In addition, ADCs of the tumors were
calculated separately for low (0, 50, and
100 sec/mm2) (ADClow) and high (500,
750, and 1000 sec/mm2) (ADChigh) b val-

ues to better differentiate the relative in-
fluence of the perfusion fraction and true
diffusion.

ADCs were calculated by using a least
squares solution of the following system
of equations: S(i) � S0 � exp (�bi � ADC),
where S(i) is the signal intensity mea-
sured on the i’th b value image, and bi is
the corresponding b value. S0 is a variable
estimating the exact (without noise in-
duced by the MR measurement) signal
intensity for a b value of 0 sec/mm2. To
reduce influence of noise on the calcula-
tions, diffusion images with at least three
different b values were used.

On the postcontrast T1-weighted im-
ages, the maximum diameter of the en-
hancing rim was measured in millimeters
at each time point.

Histologic Analysis and Correlation
with MR Imaging

After surgical excision of the tumors
from the sacrificed rats at the previously
mentioned time points, transsections
were made in the transverse plane corre-
sponding to the MR sections after fixa-
tion in 10% formaldehyde solution. Fol-
lowing paraffin embedding, 5-�m slices
were stained with hematoxylin-eosin. All
slices were examined by two pathologists
in consensus (E.K.V. and Y.N., with 20
and 15 years of experience, respectively)
by using magnification that ranged from
�12.5 to �400. Tissue slices were micro-
scopically assessed for the presence and
extent of viable tumor cells and necrosis
and for the status of intratumoral vascu-
lature (eg, vessel patency, constriction,
congestion, or dilatation). Thereafter, the
histologic slices were compared with the
corresponding spin-echo images and the
ADC maps (H.C.T., W.L., E.K.V., and
Y.N.). Comparison was based on viability
of tumor cells versus necrosis, presence or
absence of hemorrhage, and status of in-
tratumoral vasculature at histologic anal-
ysis in relation to the enhanced versus
unenhanced areas on the T1-weighted
contrast material–enhanced MR images
and the signal intensity on ADC maps.

Statistical Analysis

Statistical analysis was performed with
Excel 9.0 (Microsoft, Seattle, Wash) and
Analyse-It 1.68 (Analyse-it Software,
Leeds, UK) software packages. Numeric
data are reported as mean � standard
deviation.

Statistical analysis was performed by
using a two-tailed paired Student t test
with Bonferroni correction for multiple

Figure 1. Overview of the effects of combretastatin A4 phosphate in the same animal before
administration and 1 and 6 hours and 2 and 9 days after intraperitoneal administration. Before
injection of combretastatin A4 phosphate, an enhancing rim of viable tumor tissue is seen on the
transverse T1-weighted spin-echo contrast-enhanced MR image (553/15) (arrow in A4), which
corresponds to the outer hypointense rim on the ADC map from the diffusion-weighted echo-
planar imaging sequence (3300/124) (arrow in A3). The transverse T1-weighted contrast-en-
hanced images obtained 1 and 6 hours and 2 days after drug administration show a substantial
decrease in the enhanced areas (arrow in B4, C4, and D4) when compared with the image
obtained before combretastatin A4 phosphate injection (arrow in A4), which suggests extension
of necrosis. The corresponding ADC maps, however, reveal necrosis only at 2-day follow-up
(arrow in D3), with cells still intact at 1- and 6-hour follow-up (arrow in B3 and C3), which is
similar to the findings before drug administration (arrow in A3). The transverse T2-weighted
images (5860/99) show a hyperintense signal of the entire tumor before combretastatin A4 phosphate
administration, without substantial changes up to 2 days after combretastatin A4 phosphate admin-
istration (A2, B2, C2, and D2). Nine days after injection of combretastatin A4 phosphate, a regrowing
rim of tumor tissue is apparent from the ADC map (arrow in E3), T2-weighted image (E2), and
T1-weighted contrast-enhanced image (arrow in E4). The increase of signal intensity in the unen-
hanced T1-weighted images (B1, C1, D1, and E1) is caused by trapping of contrast medium in the
central necrotic tumor area (*) from the previous contrast-enhanced images.
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testing. A P value of less than .05 was
considered to indicate a statistically sig-
nificant difference. Retrospective power
analysis was performed for all statistically
significant results.

RESULTS

All tumors investigated exhibited the
same behavior after combretastatin A4
phosphate injection; therefore, the re-
sults describe a generic tumor response.
Morphologic evaluation of all tumors on
the T1-weighted contrast-enhanced im-
ages yielded the same behavior at the
respective time point after combretasta-
tin A4 phosphate administration. This
behavior was observed in all tumors dur-
ing the entire observation time (28 tu-
mors at 1 hour, 22 tumors at 6 hours, 16
tumors at 2 days, and 10 tumors at 9
days). No exception could be observed.

Before Combretastatin Injection

The T1-weighted images show homo-
geneous low signal intensity of the entire
tumor; after gadodiamide administra-
tion, solid enhanced tissue with a central
unenhanced area was visible (Fig 1, A1,
A4). The corresponding T2-weighted im-
ages reveal slightly inhomogeneous high
signal intensity of the tumors (Fig 1, A2).

The mean ADC of the entire tumor was
(1.26 � 0.16) � 10�3 mm2/sec (Table 1).
The mean ADC calculated with low b val-
ues was significantly greater (P � .0001)
than that calculated with high b values (Fig
2, Table 1). The ADC maps of the diffusion-
weighted MR images at the same time
point showed high signal intensity in the
center (mean ADC, [1.87 � 0.23]� 10�3

mm2/sec) (Fig 1, A3; Table 2) with a hy-
pointense periphery (mean ADC, [1.13 �
0.15]� 10�3 mm2/sec; P � .0001).

Histologic analysis in the control rats
showed a central necrotic area that was
completely surrounded by a thick periph-

eral layer of viable tumor cells with many
mitoses. The periphery was sharply de-
marcated from the necrotic center. No
edema or vascular congestion was
present (Fig 3, A3). No changes were ob-
served on the diffusion-weighted or con-
ventional MR images after saline injec-
tion in the control rats.

Follow-up: 1 and 6 Hours after
Combretastatin Injection

At 1 and 6 hours after administration of
combretastatin A4 phosphate, a slightly in-

creased signal intensity in the center of the
tumor was observed on T1-weighted im-
ages, while a small peripheral enhancing
rim was seen after gadodiamide adminis-
tration (Fig 1, B1 vs B4, C1 vs C4). The
central hyperintense area observed on im-
ages obtained at 6-hour follow-up was
larger than that observed on images ob-
tained at 1-hour follow-up (Fig 1, B1, C1).
The T2-weighted images did not show any
substantial visual changes up to 6 hours
after combretastatin A4 phosphate injec-
tion. Also, the ADC maps at these time

TABLE 1
Average ADC of Entire Tumor

Time ADC (mm2/sec)* ADC Low (mm2/sec)† ADC High (mm2/sec)‡

Before administration of combretastatin A4 phosphate (1.26 � 0.16) � 10�3 (1.63 � 0.21) � 10�3 (1.17 � 0.17) � 10�3

After administration of combretastatin A4 phosphate
1 hour (1.18 � 0.17) � 10�3 (1.28 � 0.21) � 10�3 (1.10 � 0.17) � 10�3

6 hours (1.08 � 0.14) � 10�3 (1.18 � 0.18) � 10�3 (1.03 � 0.14) � 10�3

2 days (1.79 � 0.13) � 10�3 (2.01 � 0.19) � 10�3 (1.73 � 0.14) � 10�3

9 days (1.41 � 0.15) � 10�3 (1.88 � 0.24) � 10�3 (1.22 � 0.17) � 10�3

Note.—Data are mean � standard deviation.
* Calculated from the entire b value setting.
† Calculated from lower b values (b � 0, 50, 100 sec/mm2).
‡ Calculated from higher b values (b � 500, 750, 1000 sec/mm2).

Figure 2. Averaged ADC of the entire tumor before and at different time points after intraperi-
toneal combretastatin A4 phosphate injection. The ADClow decreases significantly (P � .0001) in
the tumors 1 hour after intraperitoneal combretastatin A4 phosphate injection, which indicates
reduction of blood perfusion in the early phase. From 1 to 6 hours after injection, the decrease is
significant for ADChigh (P � .02) and ADClow (P � .02), which suggests progressive decrease in
blood flow and increased cell swelling. An increase at 2-day follow-up reflects progressive necro-
sis, whereas the significant decrease of ADChigh (P � .0001) from 2- to 9-day follow-up is
consistent with tumor relapse. � � Significant change compared to the previous time point. n.s. �
No significant change compared to the previous time point.
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points were similar in appearance to those
obtained before drug administration (Fig 1,
B2, B3, C2, C3). However, the correspond-
ing mean ADC of the entire tumor de-
creased progressively 1 hour (P � .0005)
and 6 hours (P � .0007) after combretasta-
tin A4 phosphate injection (Fig 2, Table 1),
corresponding to decreases of the extracel-
lular space. Histologic analysis showed that
the decrease at 1 hour resulted from vascu-
lar collapse in the viable periphery with
consequent crowding of endothelial cells
(Fig 3, B3); the decrease at 6 hours resulted
from pronounced edema throughout the
periphery (Fig 3, C3). The respective
ADClow showed a significant decrease at 1
hour (P � .0001) and at 6 hours (P � .02).
The ADChigh of the entire tumors re-
mained mainly unchanged at 1 hour (P �
.08) and showed only a slightly significant
decrease at 6 hours (P � .02) (Table 1, Fig
2). The center did not reveal any signifi-
cant change of the mean ADC, ADChigh, or
ADClow at 1 and 6 hours after combretasta-
tin A4 phosphate injection. The mean
ADC of the periphery also remained essen-
tially unchanged (Fig 4, Table 2); however,
the periphery decrease was significant for
the ADClow at 1 hour after injection (P �
.009). At 6 hours, the ADClow did not
change significantly, and the ADChigh also
remained relatively unchanged at both
time points (Fig 4, Table 2).

The corresponding histologic speci-
mens obtained 1 and 6 hours after intra-
peritoneal combretastatin A4 phosphate
administration showed central necrosis
at both time points. At 1-hour follow-up,
constriction of the vessels in the periph-
ery corresponded to the almost complete
loss of enhancement on the T1-weighted
images, with only a small remaining

outer rim; the still hypointense rim on
the ADC maps corresponded to still via-
ble tumor cells (Fig 3, B1, B2, B3). At
6-hour follow-up, pronounced edema
was observed. The blood vessels were di-
lated and congested; however, tumor
cells remained viable (Fig 3, C3). Hemor-
rhage could not be observed with histo-
logic analysis. Thus, the central hyperin-
tensity on the T1-weighted precontrast
images was attributed to trapping of gad-
olinium in the necrotic areas from the
previous studies.

Follow-up: 2 Days after
Combretastatin Injection

Two days after treatment, central sig-
nal intensity on the T1-weighted images
decreased slightly (Fig 1, D1) in compar-
ison to that of previous studies (Fig 1, B1,
C1), with a small but slightly thickened
peripheral enhancing rim remaining (Fig
1, D4; Fig 3). In most cases, the T2-
weighted images were similar to those
obtained in previous studies. The ADC
maps showed inhomogeneous hyperin-
tense tumors without differentiation of
the center and periphery. The corre-
sponding ADCs of the entire tumors in-
creased significantly (P � .0001). The
ADCs calculated from the low and high b
values also increased significantly (P �
.0001) (Fig 2, Table 1). The ADC of the
center increased (P � .02); however, only
the ADChigh increased significantly (P �
.002), whereas the ADClow remained
mainly unchanged (Table 2, Fig 4). The
ADC of the periphery increased signifi-
cantly (P � .0001) for both ADChigh and
ADClow.

Histologic examination demonstrated

enlargement of the necrotic area, and
only a small rim of viable tissue at the
outer periphery remained (Fig 3, D3).

Follow-up: 9 Days after
Combretastatin Injection

Nine days after combretastatin A4
phosphate injection, the enhancing rim
of the tumors thickened significantly
(P � .001) (Fig 1, E4; Fig 3). The T2-
weighted images showed a hyperintense
center with a broad hypointense periph-
ery. The mean ADC of the entire tumor at
this time point decreased significantly
compared with that measured 2 days af-
ter combretastatin A4 phosphate injec-
tion (P � .0001) (Table 1, Fig 2). The
mean ADC of the center increased signif-
icantly (P � .007); however, the increase
was only significant for ADClow (P �
.0007) and not for ADChigh (Fig 4, Table
2). In contrast, the ADC of the periphery
decreased significantly (P � .0001) for
ADClow (P � .009) and ADChigh (P �
.0001).

The corresponding histologic speci-
men revealed regrowth of solid tumor in
the periphery in a centrifugal manner.

Follow-up of the solid enhancing rim is
shown in the last column of Figure 1 (A4,
B4, C4, D4, E4), and the corresponding
measurements are shown in Figure 5.

The ADC of the muscle did not show
any significant changes during the entire
follow-up.

Retrospectively, the powers of all sig-
nificant results were calculated. These
ranged from .88 to 1, with the exception
of one outlier, which only had a power
of .67.

TABLE 2
Average ADC of Center and Periphery of Tumor

Time

Center Periphery

ADC
(mm2/sec)*

ADC Low
(mm2/sec)†

ADC High
(mm2/sec)‡

ADC
(mm2/sec)*

ADC Low
(mm2/sec)†

ADC High
(mm2/sec)‡

Before administration
of combretastatin
A4 phosphate

(1.87 � 0.23)�10�3 (1.99 � 0.28)�10�3 (1.73 � 0.23)�10�3 (1.13 � 0.15)�10�3 (1.44 � 0.19)�10�3 (1.08 � 0.17)�10�3

After administration of
combretastatin
A4 phosphate

1 hour (1.81 � 0.22)�10�3 (1.95 � 0.17)�10�3 (1.71 � 0.21)�10�3 (1.05 � 0.19)�10�3 (1.14 � 0.25)�10�3 (1.02 � 0.19)�10�3

6 hours (1.69 � 0.27)�10�3 (1.88 � 0.35)�10�3 (1.57 � 0.28)�10�3 (0.98 � 0.18)�10�3 (1.08 � 0.27)�10�3 (0.96 � 0.16)�10�3

2 days (1.99 � 0.21)�10�3 (2.08 � 0.18)�10�3 (1.91 � 0.23)�10�3 (1.84 � 0.30)�10�3 (1.98 � 0.29)�10�3 (1.73 � 0.28)�10�3

9 days (2.22 � 0.31)�10�3 (2.41 � 0.28)�10�3 (2.01 � 0.34)�10�3 (1.03 � 0.18)�10�3 (1.49 � 0.38)�10�3 (0.98 � 0.15)�10�3

Note.—Data are mean � standard deviation.
* Calculated from the entire b value setting.
† Calculated from lower b values (b � 0, 50, 100 sec/mm2).
‡ Calculated from higher b values (b � 500, 750, 1000 sec/mm2).
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DISCUSSION

Vascular targeting agents such as com-
bretastatin A4 phosphate are already in
phase I clinical trials (5–8).

Intratumoral changes after this kind of
treatment are important to recognize be-
cause in contrast to other anticancer
therapies, such as use of cytotoxic agents
and irradiation, a decrease in tumor vol-
ume is not an expected treatment re-
sponse (19).

There are several requisites for an opti-
mal imaging technique to monitor ther-
apy response: The method should be
noninvasive and quantitative, sample
the entire tumor, be quick to perform,
and allow repetition at frequent inter-
vals.

Diffusion-weighted MR imaging has
several potential advantages over other
methods (eg, CT, PET, biopsy): It is non-
invasive, without ionizing radiation ex-
posure and the need for contrast medium
administration, and it has a shorter ex-
amination time. The technique is easy to
repeat, allowing close follow-up in cancer
treatment. In addition, postprocessing
is less time-consuming for diffusion-
weighted MR imaging than for other
methods (eg, dynamic contrast-enhanced
MR imaging). In combination with con-
ventional MR imaging, morphologic and
physiologic changes can be assessed during
the same examination.

Diffusion-weighted MR imaging allows
monitoring of the entire tumor. This is
very important because of the vast het-
erogeneity of most tumors. Tissue sam-
pling is invasive and may not be repre-
sentative of the entire tumor (20). Sam-
pling also carries with it the inherent
risks of infection, hemorrhage, and seed-
ing along the needle track.

Diffusion-weighted MR imaging pro-
vides information about microscopic
structures, such as cell density and integ-
rity or necrosis (21). Thus, a viable tumor
can be differentiated from a necrotic tu-
mor with diffusion-weighted MR imag-
ing (20) in contrast to conventional MR
imaging.

Tissue with high cellular density shows
low ADC resulting from impeded mobil-
ity of water protons by the higher
amount of cell membranes (21,22),
whereas necrotic tissue shows high ADC
resulting from rapid diffusion of water
protons as a consequence of lost mem-
brane integrity (21). When analyzing the
early effects of combretastatin A4 phos-
phate on tumors at 1 and 6 hours after
drug administration with conventional

contrast-enhanced images, the findings
suggest necrosis of most parts of the pre-

viously viable tissue with the exception
of a small solid rim in the periphery;

Figure 3. Comparison of transverse T1-weighted contrast-enhanced fat-saturated spin-echo MR
image (553/15) (A1–D1), ADC map (A2–D2) from the diffusion-weighted echo-planar images
(3300/124), and histologic specimen (A3–D3) of the corresponding rat before (A1–A3), 1 hour
(B1–B3), 6 hours (C1–C3), and 2 days (D1–D3) after combretastatin A4 phosphate administration.
The rectangular frames on the MR images indicate where the microscopic views were focused
(hematoxylin-eosin stain; original magnification, �12.5). Before combretastatin A4 phosphate
injection, the enhancing tissue on the T1-weighted contrast-enhanced image (A1) corresponds to
viable tumor tissue and patent blood vessels on the histologic slide (A3). The central unenhanced
area on the T1-weighted image and the hyperintensity on the ADC map (A2) correspond to the
central necrosis (A3). Early (1 and 6 hours) after combretastatin A4 phosphate injection, only a
small enhancing peripheral rim with increase of the unenhanced areas is visible on the T1-
weighted images (B1 and C1). On the ADC maps (B2 and C2), however, the peripheral rim is still
broad, corresponding to viable tumor with vascular constriction except for peripheral vessels at
1-hour follow-up (arrows in B3) and multiple dilated and congested tumor vessels at 6-hour
follow-up (arrows in C3). Two days after combretastatin A4 phosphate administration, the extent
of unenhanced areas on the T1-weighted image (D1) and hyperintense area on the ADC map (D2)
match with the necrosis seen on the histologic slide (D3). In the periphery, only a small layer of
viable tumor with patent blood vessels (arrows in D3) is visible. This explains the small enhancing
rim on the T1-weighted image. N � necrosis.
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however, diffusion-weighted MR imag-
ing provides different information. Our

results demonstrate that vascular shut-
down appears early (1 and 6 hours) after

combretastatin A4 phosphate injection,
and this is only later followed by necro-
sis.

Thanks to the high sensitivity of diffu-
sion-weighted MR imaging to molecular
displacements in the orders of microns
(three orders of magnitude less than the
spatial resolution of a typical clinical MR
examination), this method is very sensi-
tive to biophysical changes related to tu-
mors, even during their very early stages
of development (23).

As a quantitative parameter of diffu-
sion-weighted MR imaging, ADC reflects
not only diffusion but also perfusion of
microvessels (24). A large range of b val-
ues (b � 0, 50, 100, 150, 200, 250, 300,
500, 750, and 1000 sec/mm2) was used to
calculate two different ADCs. Those with
low (0, 50, and 100 sec/mm2) and those
with high (500, 750, 1000 sec/mm2) b
values provide different information.
Previous studies have shown that for low
b values (b � 100 sec/mm2), perfusion
dominates diffusion by a factor of 10
(24,25). Thus, use of low and high b val-
ues in the same setting for calculation of
ADC reflects contributions from both dif-
fusion and perfusion effects, whereas a
set of low b values is more weighted to
the effects of perfusion. A set of high b
values reduces the influence of perfusion
and approximates true diffusion.

Early after treatment (1 and 6 hours), a
significant decrease in the mean ADC of
all tumors could be observed. This means
diffusion is restricted, which can be at-
tributed to early hemorrhage or isch-
emia—conditions that are not distin-
guishable on diffusion-weighted MR
images alone (26). When analyzing the
ADC of low and high b values separately,
however, the decrease of the ADC of the
low b values was more pronounced than
the decrease of the high b values, which
suggests a decrease mainly in perfusion
due to vascular shutdown and probably
consequent cell swelling. Furthermore,
our results suggest that the most dra-
matic effect of combretastatin A4 phos-
phate on the tumor vasculature occurs
within the first hour. Histologically,
these findings corresponded to vessel
constriction at 1 hour and vessel conges-
tion at 6 hours. The remaining hypoin-
tense rim on the ADC map reflects a high
cellular density, which represents the tu-
mor cells still present in the histologic
specimen. However, the contrast-en-
hanced T1-weighted images indicate al-
most complete disappearance of perfu-
sion in the periphery, with only a small
remaining rim suggesting peripheral ex-
tension of the necrotic area. Thus, the

Figure 4. The ADCs of the center and the periphery are shown for all b values and for the low and
the high b values separately. The ADC in the center does not change substantially in the early phase
(up to 6 hours after combretastatin A4 phosphate injection). The ADClow of the periphery, however,
decreases substantially within 1 hour, which indicates a decrease of blood perfusion. An increase of
the ADClow and ADChigh in the periphery after 2 days reflects increased necrosis and an increase in
perfused areas, which suggests early relapse in the periphery. The decrease of all ADCs from 2 to 9 days
is consistent with tumor relapse in the periphery. � � Significant change compared to the previous
time point. n.s. � No significant change compared to the previous time point.

Figure 5. The maximal enhancing rim sizes, which were measured on T1-weighted MR images
after administration of a large dose of gadodiamide, are given at different times before and after
injection of combretastatin A4 phosphate. The rim size decreases significantly (P � .001) 1 hour
after combretastatin A4 phosphate injection. There is still a decrease, although it is not statisti-
cally significant, during the next 5 hours. Significant regrowing of the rim is found 2 and 9 days
after combretastatin A4 phosphate injection (P � .017 and P � .001, respectively).
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conventional MR images provide an in-
complete assessment of the changes in
the tumor microenvironment.

A slightly progressive increase in cen-
tral hyperintensity on the T1-weighted
series from the images obtained at 1 and
6 hours could be seen. The corresponding
histologic specimen did not show hem-
orrhage. The central hyperintensity seen
on T1-weighted images was consistent
with contrast medium from the previous
studies trapped in the necrotic regions.
This interpretation could be substanti-
ated by a pilot study performed in tumor-
bearing rats without treatment (data not
shown).

Two days after combretastatin A4
phosphate injection, the conventional
contrast-enhanced T1-weighted images
showed the same extent of necrosis but
with a slightly thickened peripheral rim
when compared with the previous im-
ages. The corresponding ADC map and
values showed substantial changes,
which were suggestive of tumor cell
damage and consequent necrosis.

The integrity of the cell membranes is
compromised by the lack of nutrients
with vascular shutdown, and the frac-
tional volume of the interstitial space in-
creases because of apoptotic body forma-
tion and cell loss. These changes increase
the mobility of free water in the damaged
tissue and are reflected by an increase in
the ADC. Thus, successful therapy is ex-
pected to lead to a concomitant increase
in ADC, a feature indeed observed in an-
imal and human studies (27,28).

A rim of viable cells at the periphery is
often observed after treatment with com-
bretastatin A4 phosphate (29). There is a
tendency of blood flow to recover more
quickly in the peripheral tumor regions
than in the central regions (13). The re-
sponse of the peripheral vessels to com-
bretastatin A4 phosphate treatment is re-
duced; the exact mechanism is unknown
(12). This limits the effectiveness of com-
bretastatin A4 phosphate administration
and results in rapid regrowth of tumors
after treatment (3).

The increase of ADClow 2 days after
treatment may reflect recovering blood
flow in the tumor periphery. This rim
can be targeted with adjuvant conven-
tional cytotoxic approaches or radia-
tion therapy (30–33).

The decrease of the entire tumor ADC
from 2-day follow-up to 9-day follow-up
after combretastatin A4 phosphate injec-
tion reflects tumor recurrence, a finding
that can also be observed on the contrast-
enhanced T1-weighted images with a
large enhancing rim in the tumor periph-

ery. This information cannot be obtained
with conventional imaging methods
without use of gadolinium.

Changes in ADC are more pronounced
in the tumor periphery than in the cen-
ter. Thus, the ADC of the entire tumor
can be used for follow-up to provide in-
formation on the microenvironment of
the entire tumor. The averaged values
comprised both the peripheral and the
central zone, and they are less discrimi-
nating over time; however, they still ap-
propriately reflect changes in the tumor.
Measuring ADC over the entire tumor
has the further advantage of being easier
to perform; also, selection bias of the in-
vestigator can be excluded when deter-
mining the different areas within the tu-
mor.

Our findings of rapid reduction of tu-
mor blood flow after combretastatin A4
phosphate injection corroborate findings
of several studies in which other tech-
niques were used (11,12,13,30,34); how-
ever, information pertaining to cellular
integrity is only provided by diffusion-
weighted MR imaging.

In contrast to most other experimental
studies (11,12,13,34) in which high-field
MR imaging is used, our experiments
were performed with a clinical 1.5-T MR
unit. As these machines allow parallel
imaging, the resulting shorter examina-
tion time may be helpful in clinical trials.

A potential shortcoming of this study
is the slight anatomic distortion present
in the diffusion-weighted MR images and
ADC maps when compared with the T1-
and T2-weighted spin-echo images, which
is caused by susceptibility effects in echo-
planar imaging. This may reduce apprecia-
tion of intratumoral tissue heterogeneity
with diffusion-weighted MR imaging. Also,
as the number of time points investigated
after injection of combretastatin A4 phos-
phate was limited, this study does not al-
low us to exactly determine the time point
at which the tumor tissue converts from
nonperfused but viable tissue to necrotic
tissue.

Practical application: Diffusion-weighted
MR imaging allows radiologists to de-
tect and quantify intratumoral changes
noninvasively after administration of a
vascular targeting agent. In addition to
basic relaxation-weighted MR imaging
and postgadolinium T1-weighted MR
imaging to promptly depict vascular
shutdown, diffusion-weighted MR im-
aging was used to discriminate between
nonperfused but viable tissue and ne-
crotic tumor tissue for early monitoring
of the therapeutic effects of a vascular
targeting agent. Thus, it is a promising

tool for monitoring the effects of such
an agent.

Improved specificity of tumor tissue
characterization would be a better guide
to the care of patients with malignant
tumors. It could potentially be used to
predict treatment outcome and help ra-
diologists make decisions about different
treatment options.
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