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Purpose: Combretastatin A4 phosphate (CA4P) is a novel
vascular targeting agent. Dynamic contrast enhanced mag-
netic resonance imaging (DCE-MRI) studies were performed
to examine changes in parameters related to blood flow
and vascular permeability in tumor and normal tissue after
CA4P treatment.

Materials and Methods: Changes in kinetic DCE-MRI pa-
rameters (transfer constant [Ktrans] and area under contrast
medium-time curve [AUC]) over 24 hours after treatment
with CA4P were measured in 18 patients in a phase I trial
and compared with those obtained in the rat P22 carcino-
sarcoma model, using the same imaging technique. Rats
were treated with 30 mg/kg of CA4P; patients received
escalating doses from 5 to 114 mg/m2.

Results: A similar pattern and time course of change in
tumor and normal tissue parameters was seen in rats and
humans. Rat tumor Ktrans was reduced by 64% 6 hours after

treatment with CA4P (30 mg/kg). No significant reductions
in kidney or muscle parameters were seen. Significant re-
ductions were seen in tumor Ktrans in six of 16 patients
treated at > 52 mg/m2, with a significant group mean
reduction of 37% and 29% at 4 and 24 hours, respectively,
after treatment. The mean reduction in tumor initial area
under the gadolinium–diethylenetriamine pentaacetic acid
concentration-time curve (AUC) was 33% and 18%, respec-
tively, at these times. No reduction was seen in muscle Ktrans

or in kidney AUC in group analysis of the clinical data.
Conclusion: CA4P acutely reduces Ktrans in human as

well as rat tumors at well-tolerated doses, with no signifi-
cant changes in kidney or muscle, providing proof of prin-
ciple that this drug has tumor antivascular activity in rats
and humans.

J Clin Oncol 21:2831-2842. © 2003 by American
Society of Clinical Oncology.

THE COMBRETASTATINS are a group of compounds
isolated from the South African tree, Combretum caffrum.1

They have a similar structure to that of colchicine, and bind to
the colchicine-binding site on tubulin,2 causing depolymeriza-
tion of microtubules. Combretastatin A4 (CA4) is one of the
most potent of these compounds,3 and its disodium phosphate is
a more water-soluble prodrug,4 which is rapidly converted by
nonspecific endogenous phosphatases into combretastatin A4
phosphate (CA4P). Its selective tumor vascular targeting action
has been demonstrated in vivo and in an ex vivo isolated tumor
perfusion system.5,6 In P22 carcinosarcomas in rats, a 100-fold
decrease in tumor blood flow was seen at 6 hours after a high
dose of CA4P (100 mg/kg), with a much smaller reduction in
blood flow to spleen, skin, skeletal muscle, and brain. No
significant reduction was observed in heart, kidney, and small
intestine.6 Similar effects were found in the rat soon after
administration of lower CA4P doses (10 and 30 mg/kg), but
recovery of tumor blood flow occurred after 24 hours.7

The Cancer Research United Kingdom phase I trial of CA4P
commenced in November 1998.8 An integral part of this trial
was an assessment of tumor microcirculation and blood flow
using dynamic contrast medium enhanced magnetic resonance
imaging (DCE-MRI) studies at Mount Vernon Hospital (Mid-
dlesex, United Kingdom) and positron emission tomography
(PET) imaging with oxygen-15 (15O)–labeled water at the
Hammersmith Hospital (London, United Kingdom).9 DCE-MRI
is a noninvasive technique during which the tissue concentration
of the paramagnetic contrast agent, gadolinium–diethylenetri-
amine pentaacetic acid (Gd-DTPA), is measured over several

minutes from a series of T1-weighted images.10 The change in
Gd-DTPA concentration with time can be analyzed using phar-
macokinetic models.11 Gd-DTPA is neither freely diffusible nor
a pure blood pool agent, and therefore the rate constant for the
transfer of Gd-DTPA from the plasma into the extracellular
space (transfer constant [Ktrans]) will be affected by permeability
changes as well as blood flow changes, although in highly
permeable vessels such as those in tumors it approximates to the
plasma flow per unit volume of tissue.11 DCE-MRI techniques
are able to characterize the microvascular response of tumors to
a variety of physical and pharmaceutical treatments including
chemotherapy, radiotherapy, and embolization.12-16 We previ-
ously compared the DCE-MRI technique with tumor blood flow
rate measurements using the uptake of radiolabeled iodoan-
tipyrine (IAP) in the rat P22 carcinosarcoma model.17 The
time-course of changes in Ktrans and area under the Gd-DTPA
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concentration-time curve (AUC) as measured by DCE-MRI, and
tumor blood flow rate as measured by IAP uptake after treatment
with CA4P were similar, although the changes in Ktrans and AUC
were smaller than those in blood flow rate. Thus, the use of
DCE-MRI as a marker of change in tumor blood flow after
CA4P leads to a relative underestimate of the size of the effect
on blood flow rate, probably because of the contribution of
changes in permeability to the values of Ktrans and AUC.

In this study, we measured the serial changes in DCE-MRI
parameters in tumor, kidney, and muscle of cancer patients in the
setting of a phase I clinical trial of CA4P. For comparison, we
have carried out a similar study in rats that bear the P22
carcinosarcoma. In contrast to our previous rat study,17 the
magnetic resonance protocol used here was designed specifically
to match closely that used in the clinical study. In particular,
repeat examinations of individual animals were carried out and
normal tissues, as well as tumors, were imaged. The purpose of
the study was two-fold. First, we aimed to determine whether
CA4P produces a measurable change in DCE-MRI parameters in
human tumors and normal tissues, and examined the time-course
of any changes. Second, because in vivo testing is a necessary
and important step in preclinical development of vascular-
targeted drugs, we aimed to evaluate the usefulness of the rat P22
carcinosarcoma in this regard.

MATERIALS AND METHODS

Animal Studies

Tumor model. Male rats bearing subcutaneously implanted P22 carci-
nosarcomas18 on the flank were studied when the tumor diameter was
approximately 16 mm. Animals were treated with CA4P in saline (30 mg/kg;
OXiGENE, Inc, Watertown, MA) by intraperitoneal injection at approxi-
mately 3 mL/kg. Control rats received saline alone. MRI examination was
carried out at 1, 6, and 24 hours after CA4P treatment, with serial
measurements on individual animals. At least five rats were examined for
each combination of treatment group and time point. Rats were anesthetized
for tail vessel cannulation and MRI procedures using intraperitoneal injection
of fentanyl citrate (0.32 mg/kg), fluanisone (10 mg/kg; both from Hypnorm,
Janssen Animal Health, High Wycombe, United Kingdom), and midazolam
(5 mg/kg; Hypnovel, Roche, Welwyn Garden City, United Kingdom).
Additional anesthesia was used as required. Rat body temperature was
maintained in the MRI apparatus using a recirculating warm water system.

MRI. Animals were examined in a 4.7-T, 30-cm-diameter, horizontal-
bore magnet of an Inova MR spectroscopy imaging system (Varian, Palo
Alto, CA). Rats were placed inside a 6.0-cm-diameter quadrature birdcage
coil that was used as both transmitter and receiver. Animals were examined
at either 30 minutes before injection of CA4P or saline and 24 hours after
treatment, or at 30 minutes before and 1 and 6 hours after treatment.

Precontrast T1 values were determined using an inversion recovery
sequence. The sequence consisted of a 180° sync pulse followed by a
variable interval, time of inversion period (150, 450, 1,000, or 2,500 ms), and
then a spin echo period (time of echo period [TE], 10 ms) with 1-ms gaussian
pulses. Other parameters included repetition time (TR), 2550 ms; slice
thickness, 2 mm; field of view, 60 � 65 mm; and matrix size, 256 � 64
pixels. A set of four inversion recovery images was obtained for each tumor
just before each injection of Gd-DTPA.

A set of 60 DCE gradient echo images were obtained with time resolution
of 6.0 seconds per image. Five images were obtained before and the
remainder after administration of contrast agent. The contrast agent, Gd-
DTPA (Magnevist, Schering Health Care Ltd, Burgess Hill, United King-
dom), was administered at a dose of 0.1 mmol/kg in a volume of 1.0 mL/kg
over 5 seconds via an infusion pump connected to a cannulated tail vein.

MRI parameters used were TR, 60 ms; TE, 2.2 ms; flip angle 70°; slice
thickness, 2 mm for three slices; field of view, 60 � 65 mm; and matrix size,
256 � 100 pixels (giving 0.24 � 0.65 mm in-plane resolution).

Data analysis. Animal MRI data were analyzed using a similar
approach to that previously described for tumors in rats.17,19 The analysis
was made up of the following stages. (1) Tumor, muscle, and kidney regions
of interest (ROIs) were outlined. (2) Segmentation of each ROI into up to
eight subregions was performed on the basis of the signal intensity time
course in individual pixels using an unsupervised neural network ap-
proach.17,19 The subregions consist of clusters of pixels that have similar
patterns of contrast agent kinetics. (3) T1 values immediately before each
injection of contrast agent were calculated for each tissue. (4) Gd-DTPA
concentrations were estimated for each pixel on the basis of these T1 values
and the signal intensity values obtained during the dynamic MRI sequence.
(5) The AUC for Gd-DTPA concentration-time for 0 to 90 seconds was
calculated for individual pixels. Differential effects on tumor AUC were
evaluated by calculating mean values for pixels in the periphery (� 2.0 mm
from the edge) and from the center (� 5.0 mm from the edge). (6) The time
course values of Gd-DTPA, Ct(t), were fit to a model function that assumed
a fixed arterial input function (AIF), Ca(t),

20 for each cluster and for the
entire ROI.

C��t� � Ktrans � Ca�t� � exp� � kep � t� (1)

where Ktrans is the transfer constant from the plasma to the extravascular
extracellular space (EES), V is convolution, and kep is the rate constant from
the EES into plasma. (7) The leakage space, ve, or volume of EES per unit
volume of tissue was calculated from

ve � Ktrans/kep (2)

Mathematical modeling of the kidney data to equation 1 gave poor fits
because this model does not account for a vascular compartment. The
parameter AUC was therefore used for these ROIs, and model parameters are
not presented. Mean changes in parameters after treatment were compared
with baseline using Student’s paired t test.

Clinical Studies

The local ethics committee approved the trial protocol, and all patients
participating in this study gave written informed consent. CA4P was made up
to 100 mL in normal saline, and delivered intravenously over 10 minutes via
an infusion pump once a week for three doses, followed by a 1-week interval
(three doses in 4 weeks comprised one cycle). A minimum of three patients
was treated at each dose level. Initially, intrapatient dose escalation was
allowed with dose doubling until at least grade 2 toxicity was seen.
Subsequent dose escalations were 1.3-fold. At least one patient at each dose
level was required to undergo DCE-MRI examination. Patients for DCE-
MRI examination were selected on the basis of assessable disease at sites of
little physiologic motion. DCE-MRI examinations were performed before
treatment and at 24 hours after the first treatment at each dose level for the
initial intrapatient escalation phase and 13 days after the third dose. The
protocol was modified once intrapatient dose escalation was completed.
Animal DCE-MRI data prompted an earlier MRI examination at 4 to 6 hours
after the first dose of each cycle of three doses. An extra pretreatment MRI
examination was added to determine the reproducibility of the technique.
Blood pressure and heart rate were monitored every 30 minutes for the first
4 hours after each dose of CA4P.

MRI. The MRI methods have been reported previously and are
summarized below.21 The MRI studies were performed on a 1.5 T System,
Magnetom Symphony (Siemens Medical Systems, Erlangen, Germany)
using a body coil. At each scanning session, diagnostic images required for
disease assessment were first obtained. A marker lesion (� 2 cm in size) was
chosen for the DCE-MRI. An experienced radiographer repositioned the
patient on serial visits, using internal bony landmarks such as disk spaces to
minimize positioning errors. Between three and five slices were chosen up to
8 cm apart (with one slice through the center of the marker lesion), and the
other slices were positioned to enable evaluation of kidney and skeletal
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muscle, where possible. When tumors grew during the period of the
examination, the same slice location was chosen and a note of a change in
tumor size and configuration was made.

Proton density-weighted spoiled-gradient echo fast low angle shot
(FLASH) images (TR, 350 ms; TE, 9.8 ms; flip angle, 20°; slice thickness,
10 mm; field of view 350 mm � 350 mm; and matrix size, 192 � 256 pixels)
were then acquired at the same slice positions to enable the calculation of
tissue Gd-DTPA concentration.22 A dynamic series of 30 T1-weighted
FLASH images was acquired for the same slice positions, with three images
before a manual bolus intravenous injection of 0.1 mmol/kg Gd-DTPA,
given over 10 to 12 seconds using a standardized injection protocol. Images
were acquired consecutively with no time gaps. Each set of images took 11.9
seconds to acquire, and the whole sequence took 6 minutes. The imaging
parameters for the T1-weighted FLASH sequence were TR, 80 ms; TE, 9 to
10 ms; flip angle, 70°; slice thickness, 10 mm; field of view 350 mm � 350
mm; and matrix size, 192 � 256 pixels. System gain and scaling factors were
maintained between acquisition of the proton density and T1-weighted
dynamic series of images.

Images were transferred to a Sun workstation (Sparc 10, Sun Microsys-
tems, Mountain View, CA) and analyzed using Analyze software (Mayo
Foundation, Rochester, MN). Information from anatomic T1- or T2-
weighted images and postcontrast T1 images was used to draw ROIs
carefully around the tumor edges, including the whole tumor where possible,
but excluding pulsatility artifacts from blood vessels and susceptibility
artifacts from adjacent bowel or bone. ROIs were also drawn for areas of
skeletal muscle (usually paraspinal muscle) and around the renal cortex.
Identical ROIs were used for each pretreatment examination and for
posttreatment examinations at 4 and 24 hours after the first dose of CA4P.
For patients in whom the tumor had changed in size on later examinations,
a new ROI was drawn to encompass the entire tumor. Sizes of ROIs in
normal tissues were unchanged. Errors relating to ROI placement were
minimized by evaluating anatomic images by consensus review, by perform-
ing pre- and posttreatment kinetic analysis at the same sitting (thus reducing
intraobserver variability), and by recording the exact sites of the ROIs.

Quantitative analysis required conversion of the MRI signal intensities to
Gd-DTPA concentrations.22 First, the longitudinal relaxation rate (T1) of the
water protons at each time point in the dynamic T1-weighted sequence was
obtained from the ratio of each T1-weighted image to the baseline proton
density-weighted image in conjunction with data from a calibration experi-
ment that involved phantoms with known T1 relaxation time values.22 Initial
measurements of T1 values of tissues in vivo using this protocol are
consistent with T1 values at 1.5 T in the literature.23 Gd-DTPA concentra-
tion, Ct(t), was then inferred from the tissue T1 using the following equation:

C��t� � �1/T1�t� � 1/T10/rl (3)

where T10 is the tissue T1 without contrast and r1 is the longitudinal
relaxivity of protons in vivo as a result of Gd-DTPA (taken to be 4.5
L/s/mmol at 1.5 T).24 Quantitative modeling parameters including trans-
fer constant (Ktrans), rate constant (kep), and leakage space (ve) were
calculated by fitting a multicompartment model to the tissue contrast
agent concentration-time curve11,25 for each pixel in the ROI, and the
results were presented as parametric pixel images. This model uses the
same equation 1 as that used in the rat studies. An assumed AIF was used
for the modeling procedure,26 as described previously.21 Nonenhancing
pixels were defined as those in which there was no discernible Gd-DTPA
measured above the baseline noise level, and includes pixels with Ktrans

values lower than 0.001 mL/mL/min. These were assumed to represent
nonviable (necrotic or fibrotic) areas. The percentage of nonenhancing
pixels in each ROI was recorded.

In tissues with a large vascular volume fraction, such as kidney, the
assumptions of our model that the contribution of intravascular Gd-DTPA
to signal intensity is insignificant is not appropriate. Furthermore, there is
active excretion of contrast medium. Therefore, for kidney, the AUC for
Gd-DTPA concentration-time over the first 90 seconds was used.25 The
physiologic meaning of this parameter is less clear than that of Ktrans,
although the time course and extent of change in AUC were similar to those
of Ktrans in our previous study,17 and a good correspondence between Ktrans and

AUC when mathematical simulations were used over a variety of AIFs has been
reported elsewhere.25 Tumor AUC values (using the same ROI as for Ktrans

calculations) were also obtained for the purposes of comparison with kidney
AUC results.

Although the tumor tissue response was frequently heterogeneous, a single
global value for the entire region was obtained by taking the median of all the
individual pixel parameters (including nonenhancing pixels). The median
rather than the mean was used because the distributions of the parameters
were skewed. In muscle and kidney, tissue enhancement analysis was
only done on a whole ROI basis. Two experienced observers working in
consensus evaluated the patterns of enhancement within each tumor ROI
by inspecting subtraction images obtained 90 seconds after injection and
by reviewing transfer constant pixel maps (Fig 1). The patterns of
enhancement changes at 4 and 24 hours after treatment were compared
with the pretreatment patterns. The images were assessed for a visible
reduction in enhancement within the center of tumors compared with that
seen at the periphery.

Data analysis. When patients had two pretreatment DCE-MRI exami-
nations, the mean value of each parameter was taken as the pretreatment
value. The absolute difference and relative (percent) change in parameter
values from this pretreatment value were calculated for all subsequent
DCE-MRI examinations. In our reproducibility study,21 we calculated the
size of changes needed for statistical significance in individuals and in groups
of patients. Two statistics from that study have been applied here: the
repeatability or individual 95% limit of change gives the value of the
absolute change in a parameter that might occur in an individual patient
spontaneously. Any change greater than this value in an individual patient is
considered to be statistically significant. The 95% limit of change for a group

Fig 1. Serial Ktrans parametric maps overlain on transverse T1-weighted
images for patient 6, a 58-year-old female with metastatic leiomyosarcoma
involving para-aortic lymph nodes, treated at 88 mg/m2. The scale on the left of
each image gives the values of Ktrans in mL/mL/min, which correspond to the
colors displayed in each pixel. (Bottom) Corresponding T2-weighted anatomic
image. Mean tumor Ktrans at baseline was 0.101 mL/mL/min and changed by
�66%, �34%, �28%, and �72% at 4 hours after first dose, 24 hours after first
dose, 13 days after third dose, and 13 days after sixth dose, respectively.
Nonenhancing pixels formed 27% of tumor region of interest at baseline, and
88%, 27%, 14%, and 63% at the subsequent time points, respectively.
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of n patients can be determined from the value of the mean squared
differences (dsd) derived from the reproducibility data set using the follow-
ing formula:

1.96 � dsd

�n
(4)

The dsd values for log10Ktrans, kep, ve, and AUC were 0.14 mL/mL/min, 0.40
mL/mL/min, 3.89 mL/mL%, and 0.05 M � min, respectively, for tumor and
0.31 mL/mL/min, 0.65 mL/mL/min, 2.97 mL/mL%, and 0.04 M � min,
respectively, for muscle.21 Ktrans values were logarithmically transformed
because the variability in this parameter was dependent on the mean
parameter value.27 The mean difference in parameter values was compared
with the 95% limit of change for groups established from these data. In
addition, a paired Student’s t test was performed to compare mean changes.

RESULTS

Rat Studies

The effects of CA4P or saline treatment on AUC values are
shown in Figure 2 for tumor, muscle, and kidney. There was a
large and statistically significant reduction in mean AUC at 1 and
6 hours in the tumor of 90% and 95%, respectively, after
injection of CA4P 30 mg/kg compared with pretreatment values
at these time points. Only minor recovery was observed at 24
hours and no reductions were seen in animals treated with saline.
No significant changes were observed in muscle AUC. Although
there was an indication of a reduction in kidney AUC at 6 hours
after CA4P, this was not significant and a similar pattern was
observed for the control group. The mean initial tumor Ktrans

value was 0.17 mL/mL/min (standard deviation [SD], 0.11
mL/mL/min), and mean ve was 68 mL/mL% (SD, 60 mL/mL%).
Ktrans was reduced by 73% and 64% at 1 and 6 hours, respec-
tively, in tumor, with no significant changes in muscle (data not
shown). ve was also reduced by 81% and 69% at 1 and 6 hours,
respectively, in tumor. There were no significant changes in kep

values in tumor or muscle.
Figure 3 shows the effect of CA4P treatment on the ratio

(central AUC):(peripheral AUC). Central AUC was calculated
from pixels more than 5.0 mm from the tumor edge; peripheral
AUC was calculated from pixels less than 2.0 mm from the edge.
The initial ratio is approximately 1, but decreases significantly at
1 and 6 hours after CA4P injection (P � .05, paired t test)
because of a larger vascular effect in the tumor center compared
with that in the periphery. Nevertheless, significant decreases in
AUC were observed in the tumor periphery (two- to four-fold),
which compared with 10- to 20-fold AUC decreases in the
center. No significant changes were seen in central tumor AUC,
peripheral AUC, or their ratio for saline-treated animals (Fig 3).

Fig 2. Effect of saline (E) or combretastatin A4 phosphate 30 mg/kg (�) on
area under the curve at 90 minutes (AUC90) in (A) tumor, (B) kidney, and (C)
muscle. Data are shown as mean � SEM.

Fig 3. Effect of saline (E) or combret-
astatin A4 phosphate 30 mg/kg (�) on
tumor area under the curve at 90 sec-
onds (AUC90) shown as the ratio of
central AUC:periphery AUC. Central
pixels are more than 5.0 mm and pe-
ripheral pixels are less than 2.0 mm
from the tumor edge. Data obtained
from rats and shown as mean � SEM.
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Clinical Studies

Treatment received. Twenty-one patients underwent DCE-
MRI examinations and were treated at CA4P doses from 5 to 114
mg/m2. The data for the first two patients were rejected for
technical reasons (poor signal-to-noise ratio). The subsequent 19
patients were examined using the DCE-MRI protocol described
above. Table 1 lists the patient characteristics. The range of
tumor types is typical for patients in phase I clinical trials,
although most of the tumors were large. Eleven of these patients
form part of the reproducibility data set described in our previous
study.21 One patient had DCE-MRI examinations at 20 and 40
mg/m2 dose levels, and another patient had examinations at 52,
68, and 88 mg/m2 dose levels. The remaining 17 patients had
DCE-MRI examinations at one dose level only. Of these, five
patients had a second cycle of three infusions and one patient had
a series of eight cycles (24 infusions). One patient (patient 15)
treated at 52 mg/m2 was subsequently excluded. She had an
ovarian carcinoma with abdominal ascites. This required drain-
age between the pretreatment examinations and twice during the
first cycle of treatment. The accumulation and drainage of fluid
caused changes in the appearance of the tumor such that
adequate registration of posttreatment images with pretreatment
images was impossible. Thus, 18 patients had DCE-MRI data
that were used for the final analysis.

Toxicities

Toxicities seen in this trial are fully reported in the accompa-
nying article8 and 68 mg/m2 was established as the maximum-
tolerated dose (MTD). Changes in vital signs were seen after
CA4P treatment.8 There were no significant changes in the group
treated at 5 to 40 mg/m2. At 52 to 114 mg/m2, blood pressure
was significantly increased by a mean of 11 mmHg systolic (8%)

and 8 mmHg diastolic (10%) 30 minutes to 1 hour after
treatment, and was associated with a 15% decrease in heart rate.
Four hours after treatment systolic and diastolic blood pressure
were significantly decreased compared with baseline by a mean
of 8 and 6 mmHg (6% and 7%), respectively, and heart rate was
increased by 15% to 98 beats/min. After 24 hours there was no
significant difference in heart rate (84 beats/min) or blood
pressure (132/78 mmHg) compared with baseline measurements
(85 beats/min and 132/80 mmHg).

DCE-MRI Results: Tumor

The mean initial tumor Ktrans value was 0.68 mL/mL/min (SD,
0.64 mL/mL/min) and mean ve was 31.8 mL/mL% (SD, 14.2
mL/mL%). These values are comparable with those in the
literature for human tumors.28,29 The absolute change in each
parameter, 4 hours and 24 hours after the first dose of CA4P, is
shown in Figure 4, which shows evidence of a dose effect. No
significant change in log10Ktrans is seen in those patients treated
at doses up to 40 mg/m2, but six of 16 patients treated at � 52
mg/m2 had significant reductions in log10Ktrans at either 4 or 24
hours, and several others had reductions that did not quite reach
significance. The relative reduction in Ktrans ranged from 44% to
77% in these six patients. Additional evidence for this dose
effect is given by a significant correlation (R � 0.48; P � .03)
between the concentration of CA4 AUC derived from plasma
pharmacokinetic studies with maximum relative reduction in
Ktrans after the first dose of CA4P (Fig 5).

Most patients had the greatest reduction of log10Ktrans at 4
hours, with just one patient having a significant reduction only at
24 hours. At the DCE-MRI examinations 24 hours after the first
dose or 13 days after the last dose of CA4P, five of eight patients
treated at � 88 mg/m2 had significant decreases in ve greater than

Table 1. Patient Characteristics

Age (years) Sex Patient No. Tumor Type Tumor Site Tumor Size (cm)

50 F 1* Ovarian serous cystadenocarcinoma Pelvis 13 � 11
64 F 2* Ovarian serous cystadenocarcinoma Pelvic mass 7 � 7
45 M 3 Non–small-cell lung cancer Axilla 5 � 4
59 F 4 Renal spindle cell carcinoma Renal bed 13.5 � 10.5
61 M 5 Melanoma Groin node 9 � 6.5
58 F 6 Leiomyosarcoma Para-aortic lymph node 8 � 8
69 F 7 Ovarian serous cystadenocarcinoma Para-aortic node 9 � 6
62 F 8 Leiomyosarcoma Chest 19 � 17
57 F 9 Ovarian serous cystadenocarcinoma Inguinal lymph node 6 � 5.5
44 F 10 Renal cell carcinoma Renal bed 5 � 5
60 F 11 Renal cell carcinoma Kidney 13 � 13
41 M 12 Renal cell carcinoma Para-aortic node 4.5 � 3
47 F 13 Adrenocortical carcinoma Liver 5 � 3.5
55 F 14 Colonic adenocarcinoma Spleen 8 � 5
40 F 15* Peritoneal carcinoma Pelvis 6.5 � 5.5
46 F 16 Breast adenocarcinoma Pelvis 9 � 7
63 F 17 Leiomyosarcoma Pelvis 17 � 9
48 M 18 Leiomyosarcoma Chest 18 � 16
69 F 19 Leiomyosarcoma Pelvis 17 � 14
57 F 20 Peritoneal carcinoma Pelvis 3 � 2
62 M 21 Spindle cell sarcoma Suprarenal mass 15 � 13

Abbreviations: M, male; F, female.
*Patient excluded from final analysis.
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6.9 mL/mL%. Of these, four patients had an associated increase
in the number of completely nonenhancing pixels (Table 2). This
is illustrated in Figure 1, in which parameter maps for Ktrans

before treatment and at several points after treatment for a
patient (patient 6) treated at 88 mg/m2 are shown. The hetero-
geneity within the tumor is seen on the pretreatment map. After

treatment there is a marked reduction in Ktrans values, particu-
larly in the center of the tumor, with some sparing of the tumor
rim. This pattern is similar to the pattern of post-CA4P changes
observed in the rat tumors (Fig 3). The patient whose data are
shown in Fig 1 had a total of six doses of CA4P. There was a
marked increase in nonenhancing (black) pixels within the tumor
ROI after treatment from 20% pretreatment to 64% 13 days after
the last dose of CA4P. A reduction in Ktrans levels was visible on
the parameter maps in 14 of 18 patients at either the 4- or
24-hour time points. In six of these 14 patients (patients 5, 6, 8,
9, 11, and 20), a greater reduction in the center than at the edge
of marker lesions was seen (marked central reduction in four
patients), as illustrated in Figure 1.

Because there was no evidence of consistent reductions in
DCE-MRI parameters at 20 to 40 mg/m2, mean changes after
treatment were calculated for all 16 patients treated at or above
52 mg/m2. Because 68 mg/m2 was established as the MTD,8

mean reductions were also calculated in the nine patients treated
in the well-tolerated dose range of 52 to 68 mg/m2 who had
DCE-MRI examinations. Mean log10Ktrans was reduced by 0.20
mL/mL/min (37%) at 4 hours (P � .002, paired t test) and by
0.15 (29%) at 24 hours after the first dose (P � .003). Both of
these reductions were greater than the 95% limits of change
determined from the reproducibility data set (0.068 and 0.064
mL/mL/min calculated for a group of 14 and 16 patients,

Fig 4. Absolute change in tumor log10 Ktrans 4 and 24 hours after the first dose
of combretastatin A4 phosphate for patients in the phase I trial. (*) Patients treated
at more than one dose level. The 95% limit of change is explained in Data Analysis.

Fig 5. Linear regression plot of max-
imum change in Ktrans versus exposure
of the active combretastatin A4 (CA4;
area under the concentration-time curve
[AUC] of CA4).
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respectively). ve was also significantly reduced at 4 and 24 hours;
values were 7.0 mL/mL% (21%) at 4 hours (P � .005) and 3.7
mL/mL% (11%) at 24 hours (P � .03), but at the end of the cycle
there was no significant difference from pretreatment. These
reductions are also greater than the 95% limits of change (1.85
and 1.73 mL/mL% for groups of 14 and 16 patients, respective-
ly). The mean reduction in log10Ktrans and ve in tumor ROIs for
all patients treated at � 52 mg/m2 4 hours and 24 hours after the
first dose of CA4P, and 13 days after the third dose are shown in
Figure 6.

If the patients treated at dose levels above the MTD are
excluded from this analysis (leaving the nine patients treated at
52 and 68 mg/m2), the mean reduction in log10Ktrans was 0.17
(32%; P � .03) and 0.13 mL/mL/min (25%; P � .01) at 4 and
24 hours, respectively. These reductions are still greater than the
95% limits of change (0.090 and 0.085 for groups of eight and
nine patients, respectively). The mean reduction in ve for this
group was 6.1 mL/mL% (16%; P � .04) and 1.8 mL/mL% (5%;
P � .02) at 4 and 24 hours, respectively (95% limits were 2.45
and 2.31 mL/mL%, respectively). Tumor AUC followed a
similar pattern as that described for Ktrans, with six patients
having significant reductions at 4 or 24 hours. There was a
significant mean reduction in patients treated at � 52 mg/m2

of 33% (P � .004) and 18% (P � .006) at 4 and 24 hours,
respectively. These reductions are also greater than the 95%
limits of change (13% and 12% for groups of 14 and 16
patients, respectively).

DCE-MRI Results: Normal Tissues

In contrast to the changes seen in tumors, the changes in
parameters seen in muscle appeared to be random. There were no

significant group changes observed at any time point (Fig 6).
One patient (patient 14) treated at 68 mg/m2 had a significant
reduction in kidney AUC of 53% at 24 hours, which had
recovered by the next DCE-MRI examination 13 days after the
third dose of CA4P, and was not associated with symptoms or
with an increase in serum urea or creatinine. There was no
significant mean reduction in kidney AUC at any time point; the
AUC at 4 and 24 hours was reduced by 2% and 0.5%,
respectively, compared with the pretreatment value.

DISCUSSION

The effects of CA4P on the vasculature of tumors in mice and
rats have been demonstrated by the use of radioactive tracer
uptake methods,5-7 histologic assessment of functional vascular
volume,5 and the noninvasive technique DCE-MRI.17,19,30-32 In
particular, Prise et al7 showed 87% and 98% reductions in blood
flow for the P22 tumor 1 and 6 hours, respectively, after
administration of 30 mg/kg CA4P. Changes observed in this
study for P22 tumors in DCE-MRI parameters, especially
Gd-DTPA AUC (95% reduction at 6 hours) and, to a lesser
extent Ktrans and ve, were comparable to those observed in our
study. The plasma exposure to the active agent (CA4) in rats
at this dose level was 12.8 �mol h L�1 (AUC7) which is
higher than the range seen in patients.8 However, even at 10
mg/kg (corresponding to a CA4 exposure of 3.76 �mol h
L�1), Prise et al observed a substantial blood flow reduction
(92% at 6 hours) and histologic changes including hemor-
rhage and the development of moderate central necrosis.

To interpret the results of DCE-MRI studies, it is helpful to
consider the physiologic parameters, which determine the be-
havior in tissues of low molecular weight contrast media such as

Table 2. Dynamic Contrast Enhanced Magnetic Resonance Imaging Parameters in Tumor Regions of Interest at Baseline and Change in Parameters at 4 and 24
Hours After the First Dose of CA4P

Patient
No.

CA4P Dose
(mg/m2)

Baseline Values: Tumor 4 Hours After CA4P: Tumor 24 Hours After CA4P: Tumor

%
Nonenhancing

Pixels

Transfer
Constant

(mL/mL/min)

Leakage
Space

(mL/mL %)
AUC

(M � min)

%
Nonenhancing
Pixels Change

Transfer
Constant

Change (%)

Leakage
Space

Change (%)

AUC
Change

(%)

%
Nonenhancing
Pixels Change

Transfer
Constant

Change (%)

Leakage
Space

Change (%)

AUC
Change

(%)

3 20 0 0.61 36 0.30 0 �5 �24 �20
3 40 0 0.54 31 0.22 0 140 4 41
4 40 23 0.17 10 0.07 �11 94 26 47
5 52 17 0.18 8 0.07 �1 1 34 20

17 52 1 0.88 48 0.40 �1 20 7 2 �1 �12 �4 �4
19 52 0 0.42 31 0.22 0 �16 �4 �23 0 �13 �7 �20
20 52 0 0.43 35 0.25 1 �68 �33 �59 0 �37 �10 �20
21 52 13 0.65 44 0.34 �5 �30 7 �12 �5 �6 5 �9
5 68 24 0.31 9 0.08 �8 �52 �11 �18

13 68 0 2.34 58 0.66 0 �31 �21 �19 0 �59 �8 �22
14 68 0 2.16 50 0.60 0 �44 �43 �59 0 �26 �2 �10
16 68 1 0.42 39 0.25 	6 �32 �15 �27 	6 �9 �9 �16
18 68 2 0.35 26 0.20 0 �20 �12 �17 	1 �12 �9 �16
5 88 27 0.33 7 0.07 �5 �40 27 �16
6 88 20 0.10 16 0.07 	68 �66 �8 �72 	7 �35 �11 �33
7 88 0 0.29 19 0.13 	1 �3 �19 �7 	18 �34 �15 �15
8 88 8 0.98 40 0.35 	10 �75 �41 �56 	30 �77 �69 �72
9 114 2 0.21 35 0.13 �2 �29 �40 �26 �2 �7 �29 �12

10 114 0 1.13 34 0.34 0 �21 �34 �32 0 7 �14 �15
11 114 45 0.15 12 0.08 	12 �40 �27 �38
12 114 0 0.68 34 0.29 0 �22 �5 �13 0 �5 17 1

Abbreviations: CA4P, combretastatin A4 phosphate; AUC, area under the curve.
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Gd-DTPA. In a tissue with highly permeable blood vessels, the
rate at which Gd-DTPA enters the EES is limited by the tissue
blood flow rate rather than extravasation rate, and in this
situation the parameter Ktrans is equivalent to the blood plasma
flow per unit volume of tissue.11 In a tissue such as brain with a
tight blood-brain barrier, the rate at which Gd-DTPA enters the
EES is limited by its extravasation rate, and in this situation,
Ktrans is equivalent to the product of the permeability and surface
area. In tumors, vessels are generally more permeable than
normal tissues, but the permeability is heterogeneous across the
tumor. Whole tumor ROI estimates of Ktrans will therefore reflect
a combination of vascular permeability, vessel surface area, and
perfusion. In necrotic regions with a poor blood supply, low
Ktrans values may be observed despite high vessel permeability.33

Therefore, nonenhancing pixels were considered to represent
areas of necrosis. It should also be noted that the decrease in ve

for both human and rat tumors is not consistent with the expected
changes in EES after CA4P treatment because an increase in this
physical space may be expected as a result of edema or necrosis
(or both). It may be better to describe ve as the EES of the
well-perfused tumor fraction. The pretreatment values of ve in rat
tumors are also unexpectedly high, but this could be the result of
uncertainties in scaling between rat tissue Gd-DTPA concentra-
tions and the assumed rat AIF.

There are uncertainties in the accuracy of kinetic parameter
estimates derived from the application of tracer kinetic models in

clinical DCE-MRI experiments. These derive from model-based
assumptions and from assumptions made for the determination
of tissue Gd-DTPA concentrations. For the Tofts’ model used in
this study, a standard AIF was used,26 and it is assumed that the
supply of contrast medium is not perfusion limited and that
tissue blood volume contributes negligible signal compared with
that arising from contrast medium in the interstitial space.34

Buckley suggested that the application of commonly accepted
models and their respective model-based assumptions to DCE-
MRI data leads to systematic overestimation of the transfer
constant in tumors.35 It is also important to note that in
DCE-MRI experiments, the contrast medium is detected only
indirectly by its effect on the water signal. In tissues, contrast
media are confined to the extracellular space, whereas the bulk of
the water is intracellular. As a result, transmembrane water
exchange can affect the accuracy of the tissue contrast agent
concentration estimate.36,37

Another important factor in determining the contrast agent
concentration is extracellular macromolecular content.38 The
experimental conditions that we used in the dynamic component
of the examinations should minimize these effects, and our
estimate of error in ignoring transmembrane water exchange is
likely to be small (probably � 10%). As a result, it is difficult to
be certain about how accurately model-based kinetic parameter
estimates compare with the physiologic parameter that they
purport to measure. This is a difficult factor to determine

Table 3. Dynamic Contrast Enhanced Magnetic Resonance Imaging Parameters in Muscle and Kidney Regions of Interest at Baseline and Change in Parameters at
4 and 24 Hours After the First Dose of CA4P

Patient
No.

CA4P Dose
(mg/m2)

Baseline Values: Muscle 4 Hours After CA4P: Muscle 24 Hours After CA4P: Muscle
Baseline AUC
Values: Kidney

(%)

AUC 4 Hours
After CA4P:
Kidney (%)

AUC Change
24 Hours After
CA4P: Kidney

(%)
Transfer Constant

(mL/mL/min)
Leakage Space

(mL/mL %)
Transfer Constant

Change (%)
Leakage Space

Change (%)
Transfer Constant

Change (%)
Leakage Space

Change (%)

3 20 0.07 8 �50 �21
3 40 0.04 10 76 �22
4 40 0.03 10
5 52 0.17 7 6 3

17 52 0.28 20 �17 �30.20 �59 �36 0.572 14.2 14.5
19 52 0.30 13 260 67.44 532 69 0.532 40.7 6.5
20 52 0.20 21 8 41.23 �27 15 0.806 27.6 24.4
21 52 0.08 17 35 �35.26 103 �38 0.604 �5.8 7.4
5 52 0.17 7 6 3

17 52 0.28 20 �17 �30.20 �59 �36 0.572 14.2 14.5
19 52 0.30 13 260 67.44 532 69 0.532 40.7 6.5
20 52 0.20 21 8 41.23 �27 15 0.806 27.6 24.4
21 52 0.08 17 35 �35.26 103 �38 0.604 �5.8 7.4
5 68 0.11 6 64 8

13 68 0.07 10 20 �13.91 9 17 0.676 �3.7 2.5
14 68 0.18 14 �37 �9.49 111 �8 0.615 �22.3 �52.7
16 68 0.60 17 40 �18.13 �35 �11 0.550 �26.2 �5.4
18 68 0.12 10 �19 �12.50 32 105 0.671 �23.0 �3.8
5 88 0.14 7 �26 �2
6 88 0.05 4 �41 1.09 �29 66 0.610 10.6 34.3
7 88 0.08 8 �40 �20.02 �51 11
8 88 0.14 9 �57 13.59 �66 �52 0.442 �11.2 �19.9
9 114 0.04 20 125 �26.59 �34 67 1.046 8.7 11.7

10 114 0.07 11 �68 �83.36 9 �8 0.447 �35.9 �18.6
11 114 0.07 11 9 �9 0.581 �2.3 �11.2
12 114 0.10 11 �41 2.18 �28 �11 0.688 �15.5 �17.8

Abbreviations: CA4P, combretastatin A4 phosphate; AUC, area under the curve.
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accurately because of the lack of a reliable clinical gold standard.
In addition, because the slice positioning from visit to visit will
not be identical, despite the rigorous efforts made there is a
potential for errors caused by positional artifacts. An addi-
tional limitation is the use of a generalized rather than
individual AIF. As Rijpkema et al39 have shown, the use of a
generalized AIF significantly affects reproducibility. If the
data they reported for kep in 11 patients are used to calculate
95% limits of change, these limits increase from 11% with
individual AIFs to 19% using a generalized AIF. A 50%
change in the peak value of the AIF produced a 10% change
in the kep value. Despite these limitations, in the context of
this study, changes in Ktrans (as opposed to absolute values)
are likely to be meaningful for two reasons.

First, we have established the reproducibility of the tech-
nique.21 The mean 37% reduction in Ktrans seen in patients
treated at 52 mg/m2 and higher in this study was considerably
greater than the 95% limit of change (14% reduction) established
in the same study. This limit includes errors caused by the use of
a generalized rather than individual AIF. The potential reposi-
tioning errors are also applicable to that study, and the 95%
limits include such errors. Significant reductions in ve and
increases in numbers of nonenhancing pixels within tumors
indicate local vascular shutdown within the tissue as the mech-
anism of action, rather than global reduction in blood flow.

Second, we previously showed that the pattern of reduction of
blood flow measured by IAP in a rat carcinosarcoma model after

administration of CA4P is similar in time course and extent to
the reduction in kinetic parameters measured by DCE-MRI in
the same model system.17 This animal study was designed as a
follow-up to the initial work and, in contrast to that work, used
serial imaging of individual animals to parallel the clinical study.

Furthermore, if one accepts that there are outstanding issues
with regard to model-based assumptions and the measurement of
tissue contrast agent concentration, quantitative techniques such
as those used in this study do enable a comparison of data
acquired serially in patients and in different patients examined at
the same or different scanning sites; these assumptions indicate
an important, practical drug development and evaluation issue.
Although a reduction in the semiquantitative parameter gradient
was seen in six of seven patients at 60 mg/m2 in another phase
I trial of CA4P,40 the extent of reduction is difficult to relate to
preclinical models and to data from other sites because the
change in signal intensity seen is dependent on the initial tissue
T1 value as well as on machine and scaling factors.

The changes in Ktrans and AUC seen in patients treated in this
phase I trial of CA4P therefore demonstrate that CA4P has
antivascular activity in tumors at doses at and below the
dose-limiting toxicity. No significant changes were seen in the
patients treated at 20 and 40 mg/m2, which indicates that there
may be a threshold dose level below which effects on the
microvasculature are not seen. If we consider the group of
patients treated at 52 mg/m2 and above as a whole, the time
course of the changes is similar to that seen in rats; that is, the

Fig 6. Mean changes in tumor, muscle, and kidney (A) Ktrans, (B)
ve, and (C) area under the curve (AUC) at 4 hours and 24 hours after
the first dose of combretastatin A4 phosphate, and 13 days after the
third dose in patients treated at > 52 mg/m2. Data are shown as
mean � SEM. (*) Significant change (P < .05).
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effect at 4 hours tended to be greater than that seen at 24 hours.
However, the opposite was found for a few individuals after the
first dose. This may reflect differences in tumor vasculature
because CA4 has a short half-life, with more than 95% cleared
in the first 4 hours,8 so the changes seen at 24 hours do not reflect
continuing drug exposure, but continuing consequences of
events initiated by drug exposure. Indeed there was no corre-
sponding prolongation of the clearance of CA4 from the plasma
in those patients with significant DCE-MRI changes at 24
hours (data not shown). A more prolonged reduction in blood
flow might be expected to cause increased tumor cell death,
although reperfusion injuries after shorter duration ischemia41

and neutrophil infiltration42 also influence tumor-cell kill.
This cohort of patients is too small to correlate temporal
pattern of blood flow response with clinical effect, although
the patient (patient 13) who had a 50% reduction in tumor size
after 12 doses of CA4P had a greater reduction in tumor Ktrans

at 24 hours than at 4 hours.
The DCE-MRI data in both rats and human patients indicate

that at 4 to 6 hours after administration of CA4P there is a
relatively selective effect on tumor, with no significant reduction
in mean kinetic parameters in muscle or kidney. Perfusion PET
imaging was performed in this trial 30 minutes after administra-
tion of CA4P and there was a mean reduction in spleen blood
flow of 35%, but no significant change in kidney blood flow.9 A
significant mean reduction in cardiac output of 9% was seen at
30 minutes after treatment with CA4P in the PET study, which
coincided with the peak increase in blood pressure and decrease
in heart rate. At the time of the 4-hour MRI examination, blood
pressure was reduced and heart rate increased. The effects on
cardiac output at the examination times in the PET and DCE-
MRI studies may therefore be different. Indeed, there was no
reduction in stroke volume seen in the PET study, indicating that
the observed changes in heart rate were reflected in the cardiac
output changes. The changes observed in blood pressure and
heart rate follow a similar pattern to those seen in rats bearing
P22 carcinosarcomas, although the percentage increase in blood
pressure was greater7 in rats at 1 hour than in humans 30 minutes
after treatment. As in humans, hypertension in the rat was
associated with a relative bradycardia. By 6 hours after treat-
ment, blood pressure in the rat had returned to baseline but heart
rate was increased, as seen in the clinical studies.

The change in tumor blood flow after administration of CA4P
is greater than that seen with drugs affecting systemic hemody-
namics. Limited changes in tumor blood flow in rats have been
seen with hypertensive agents such as angiotensin II,18 but only
at doses that caused much larger changes in blood pressure and
heart rate than observed in either this study or after CA4P
treatment in rats.6 Larger reductions were seen in normal tissue
blood flow. Other studies have shown an increase in tumor blood
flow with angiotensin II relative to that in normal tissues.43,44

Reduced tumor blood flow has also been observed in experimen-
tal models after treatment with higher doses of the vasodilator
hydralazine,45,46 which also reduced blood pressure by 50%. The
changes in blood pressure seen in this study are therefore much
smaller than those needed to produce significant reductions in

tumor blood flow in the above-described studies. This indicates
that the changes seen in patients treated with CA4P are due to a
direct effect on local tumor vasculature rather than solely to a
systemic effect such as a change in blood pressure or cardiac
output. The blood pressure and cardiac output changes are more
likely to be a reflection of increased vascular resistance to a
variable degree in a range of tissues including tumors.

CA4 depolymerizes microtubules and this leads to a rapid and
marked shape change in proliferating human endothelial
cells.47,48 The time course of the endothelial cell shape change
and a corresponding increase in endothelial cell monolayer
permeability49 are similar to that for the reduction in tumor blood
flow,48 and also for an early increase in tumor vascular perme-
ability in vivo.50 Thus, CA4P may produce an additional
increase in the abnormally high interstitial fluid pressure in
tumors,51-53 and thereby lead to vascular collapse.54,55 The
combination of proliferating endothelium and increased intersti-
tial fluid pressure in tumors may explain some of the tumor
selectivity shown by CA4P. However, as discussed above,
changes in blood flow have also been observed in some normal
tissues, and these observations raise questions about the precise
mechanism of action of CA4P. Although greater shape change
effects were seen in proliferating cells, at the concentrations
achieved in plasma in patients, some effects were seen in
quiescent confluent endothelial cells.21,50 These may be suffi-
cient to cause increased vascular permeability in normal tissues.
Endothelial cells also have major roles in the secretion of local
vasoconstricting and vasodilating agents such as endothelin and
nitric oxide. Microtubules are involved in the intracellular
positioning and transport of organelles, which may be important
in the secretion of these agents.56-59 Disruption of this network is
therefore likely to have effects on the balance of vasoconstricting
versus dilating factors, and may have different effects in differ-
ent tissues. Additional studies are required to investigate these
hypotheses further.

The clear difference between the response to CA4P of central
and peripheral regions of the P22 rat tumor detected here is
compatible with relative (but not absolute) sparing of blood
vessels near the tumor edge. Peripheral sparing has not always
been observed in animal models and was not found in our
previous MRI study of the P22 tumor.17 This possibly was
because of the use of a surface coil (which had a heterogeneous
response throughout the tumor slice) or the lack of repeat
measurements in individual tumors in that study design. Like-
wise, the evidence for this phenomenon from IAP uptake
measurement of blood flow in the P22 tumor is ambiguous.6,7

Visual inspection of parametric images, which demonstrate the
heterogeneity of change in Ktrans and ve across the tumors in
patients, provides preliminary evidence for selectivity of CA4P
for the tumor center in some but not all human tumors.
Additional studies are required to clarify the relationship be-
tween tumor blood flow changes and the clear sparing of the
tumor periphery, in terms of necrosis induction, which occurs
even after the most effective doses of CA4P in animal models.5

In conclusion, we have shown that treatment with CA4P at
well-tolerated doses produces significant reductions in human tu-
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mor Ktrans and other DCE-MRI parameters, which are greater
than those expected spontaneously, with no significant mean
change in muscle or kidney. The time course of changes in rat
and human tumors was similar, which demonstrates the utility
of this animal model for preclinical studies of tumor vascular
targeting agents. In humans, there was some recovery by 24

hours in most patients, which is consistent with published
data for animals at equivalent exposures. These data demon-
strate proof of principle that CA4P has tumor antivascular
activity in humans, and provide support for additional clinical
development of this agent, particularly in combination with
conventional anticancer therapies.
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