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Abstract
Introduction. Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) allows in vivo characterization of
tumour vasculature. As such, it is applicable for monitoring the effects of treatments targeting vasculature. The aims of this
study were to evaluate the properties of tumour areas segmented-out by DCE-MRI parameters and to evaluate the changes
induced by the vascular disrupting agent (VDA) combretastatin A-4 disodium phosphate (CA4DP), a leading VDA in
clinical trials, in these areas. Material and Methods. Two tumour models previously shown to respond differently to CA4DP
were chosen. The C3H mammary carcinoma and the KHT sarcoma were grown in the right rear foot of CDF1 and C3H/km
mice, respectively, and treated when at 200 or 800 mm3 in size. DCE-MRI, using the contrast agent Gd-DTPA, was
performed on a 7 T spectroscopy/imaging system before and 3 hours after i.p. CA4DP administration at a dose of 100 mg/
kg. From the voxel concentration-time curves, the semiquantitative parameter of initial area under the curve (IAUC), the
model parameters transfer constant Ktrans, interstitial volume ve, and blood plasma volume vp, were calculated. Tumour
images were segmented into three groups based on the DCE-MRI model parameters using the K-means algorithm, and the
groups were ranked by IAUC. Results. The resulting voxels of the tumour segments were mainly spatially connected
structures. Initial DCE-MRI parameter values showed different dependencies on tumour model and size in the regions. For
all regions in all tumour groups, the treatment reduced IAUC by 36�51%, whereas the model parameters showed more
dependencies on tumour model and size. Discussion. This segmentation technique identifies tumour regions with different
microenvironmental characteristics responding differently to CA4DP and may be valuable in the optimization of combined
VDA with radiotherapy or chemotherapy. The method may also prove useful for optimization and monitoring of local
treatment such as radiotherapy.

Noninvasive imaging of tumours before and during

treatment is important for optimizing treatments for

individual tumour physiology and evaluation of

response. Dynamic contrast enhanced magnetic

resonance imaging (DCE-MRI) is an noninvasive

and nonionizing approach, which describes different

aspects of tumour vasculature and interstitial vo-

lume. It is used both preclinically and clinically to

assess tumour physiology and response to treatment

(for review see [1]). As DCE-MRI mainly describes

vasculature, it has very high value in monitoring

treatments targeting tumour vasculature.

The tubulin binding agent combretastatin A-4

disodium phosphate (CA4DP) is a leading vascular

disrupting agent (VDA) in clinical trials (for review

see [2]). It has cytotoxic and antiproliferative effects

against dividing endothelial cells and thereby in-

duces vascular damage and perfusion changes in

various tumour types. Its efficacy, however, varies

significantly among different types of tumour [3].

Despite the induced vascular damage, the drug has

only a small impact on tumour growth. It is general

for VDAs that a substantial effect is seen in central

tumour regions, whereas peripheral tumour cells

form a viable rim which get their nutrient supply

from the surrounding tissue’s physiological vessels

that are unaffected by the treatment [2]. As VDAs

do not typically induce tumour regressions, clini-

cally translatable noninvasive imaging methods are

being exploited. DCE-MRI has been used in both
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experimental and clinical evaluation of tumour

response to CA4DP [4�13]. For the full potential

of CA4DP as an anticancer agent to be achieved,

the drug must be combined with treatments that

affect the viable tumour rim. Radiation is one such

therapy, and several studies have shown that giving

VDAs with radiation is an effective combination [2].

Another combination is VDAs and chemotherapy,

and here DCE-MRI may also help optimizing

timing and doses. We have previously investigated

the effect of CA4DP on radiotherapy efficacy and

found a complex dose response relationship [13].

Additional studies suggest that the vasculature may

also be a target for radiation damage [14], an effect

we explored for different radiation schedules using

DCE-MRI [15].

DCE-MRI parameters have also been investigated

as predictors for outcome to radiotherapy (for review

see [16]). Besides the vascular parameters, which

relate to oxygenation, the parameter estimating

interstitial volume relates to cellularity, which is

important for radiotherapy. Different results have

been obtained, and more standardized data acquisi-

tion and analysis will improve the comparison of

such results. Thus, DCE-MRI provides information

regarding different aspects of the tumour microen-

vironment with high spatial resolution. We hypothe-

sized that the high spatial resolution can be used for

segmentation of tumours into regions with different

microenvironments by taking into account three

DCE-MRI parameters, and that these areas will

respond differently to CA4DP. Different segmenta-

tion methods are available, including the K-means

algorithm which minimizes the sum of the within-

group point to centre distances for voxel parameter

vaules. This approach is insensitive to the spatial

distribution of the voxels.

The aims of this study were to evaluate the

properties of tumour areas segmented-out by

DCE-MRI parameters using the K-means algorithm

and to evaluate the effect of CA4DP by DCE-MRI

in the identified regions in two tumour models

previously shown to respond differently to CA4DP.

Material and methods

Animal and tumour model

C3H mammary carcinomas grown in female CDF1

mice and KHT sarcomas grown in female C3H/km

mice were used for all experiments. Derivation and

maintainance of the tumour models have been

described previously [17,18]. All tumours were

implanted into the right rear foot of the animals.

Experiments were performed when tumours had

reached 200 or 800 mm3 in size, which typically

occurred 3�4 weeks after inoculation. Tumour

volume was calculated from the formula D1�
D2�D3�p/6, where the D values represent the

three orthogonal diameters. All experiments were

performed under national and European Union-

approved guidelines for animal welfare.

Drug preparation

CA4DP was supplied by OXiGENE, Inc. (Waltham,

MA, USA). The drug was dissolved in saline

immediately prior to each experiment; it was kept

cold and protected from light. The stock solution

was further diluted in saline so that it could be given

as a single intraperitoneal (i.p.) injection at a

constant volume of 0.02 ml/g at a dose of 100 mg/

kg mouse body weight.

Dynamic contrast enhanced MRI

A 7 Tesla spectroscopy/imaging system (Varian, Palo

Alto, CA) was used for the DCE-MRI. The mice

were restrained in specially constructed lucite jigs.

The tumour-bearing legs were then exposed and

loosely attached to the jig with tape without impair-

ing the blood supply to the foot. The tail was

restrained by tape, and a cannula connected via a

0.38 mm inner diameter line to a syringe primed

with contrast agent solution was applied intrave-

nously (i.v.) in a tail vein. An i.p. line similar to the

i.v. line was connected to a syringe primed with

CA4DP solution. The jig was positioned in a cradle

containing an 11 mm surface coil and tuning box;

the tumour was located under the coil, and a warm

water tube was wrapped around the jig.

The imaging protocol included an inversion re-

covery sequence for T1 mapping with FOV�25�
25 mm, slice thickness�2 mm, matrix size�128�
64 reconstructed to 128�128, TR�2430 ms, TI�
100; 400; 800; 1600; 2400 ms, and TE�13 ms,

followed by dynamic image acquisition using a fast

spoiled gradient echo sequence with FOV�25�
25 mm, slice thickness�2 mm, matrix size�128�
100 reconstructed to 128�128, flip angle�708,
TR�60 ms, and TE�3 ms. This gave a time resolu-

tion of 6 s for the dynamic images. During the initial

4 s of the 6th image acquisition, Gd-DTPA (Magne-

vist, Schering, Berlin, Germany) was administered

i.v. at a dose of 0.1 mmol/kg and concentration of

0.02 mmol/ml. One hour after the Gd-DTPA

administration, CA4DP was administered i.p. The

imaging protocol was repeated with the dynamic

imaging acquisition starting 3 hours after the

CA4DP administration.

For each tumour, a region of interest (ROI)

containing the whole tumour was drawn by hand

1266 T. Nielsen et al.



for the data analysis. T1 maps were calculated from

the pre and post CA4DP inversion recovery se-

quence. We assumed a relaxivity r1�3980 M�1s�1

[19]. Signal intensity was related to R1 by the signal

equation for the T1-weighted fast spoiled gradient

echo sequence for voxel-by-voxel calculation of Gd-

DTPA concentration at each time point.

Voxel concentration-time curves were used to

calculate maps of vascular parameters. The semi-

quantitative parameter initial area under the curve

(IAUC) was calculated by trapezoidal integration of

the Gd-DTPA concentration over the first 90 s post

administration. Tumour voxels with a low initial

contrast agent uptake cannot be used for model

analysis and are assumed necrotic. Therefore voxels

with initial IAUC values less than 0.0005 Ms were

excluded from IAUC ROIs and the following

quantitative analysis for supporting consistency be-

tween IAUC and model ROIs.

The standard DCE-MRI model including a vas-

cular term (three-parameter model) was fitted to the

curves for quantitative estimation of the transfer

constant, Ktrans, the rate constant, kep, the extra-

vascular extracellular space, ve�Ktrans/kep, and the

plasma volume fraction, vp [20]:

Ct(t)�Ktrans g
t

0

Cp(t)e
�kep(t�t)dt�vpCp(t) (1)

where Ct(t) was the tissue concentration of Gd-

DTPA and Cp(t) was the plasma concentration of

Gd-DTPA. The same model without the vascular

term (two-parameter model) was also applied.

Tracer plasma concentration Cp(t)�D(a1e�m1t�
a2e�m2t) was based on measurements by Furman-

Haran et al. [21] and adapted in this experiment.

The published m1�0.00717 s�1, m2�
0.00095 s�1, and a1/a2�1.3437 were used along

with the current dose D�0.0001 mol/kg and mass

per plasma a1�a2�30.17 kg/l, assuming a blood

volume of 65 ml/kg and a previously measured

hematocrit of 0.49 [22].

All data analysis was performed in MATLAB 7.4

(The MathWorks, Inc., Natick, MA, USA). Fitting

was performed using nonlinear least squares mini-

mization, and both models were fitted for each voxel

in the IAUC ROI in which voxels with low contrast

uptake were excluded. The criteria for an acceptable

fit were positive parameter values and a mean fit

point distance to the measured points larger than or

equal to 0.5 M. Voxels not satisfying these criteria

were excluded from the model ROIs. In voxels where

a two-parameter fit was superior to a three-para-

meter fit, this was most likely due to low plasma

volume. Therefore the values of the two-parameter

model were adopted into the three-parameter model

with vp set to zero. When voxels showed an

acceptable fit pre treatment only, this was most

likely due to complete vascular shutdown post

treatment making model parameter estimation im-

possible. However, exclusion of these voxels would

underestimate the drug effect. Therefore such voxels

were included with post treatment Ktrans, kep, and vp

set to 0. However, the model parameter ve�Ktrans/

kep was then indeterminate post treatment in these

voxels, and therefore we compared pre and post

treatment ve by ROIs, in which only voxels having

satisfying model fits at both time points were

included.

Segmentation was performed by the K-means

algorithm using the squared euclidean distance

measure. Outlier points strongly influenced the

resulting region size (data not shown). Therefore,

parameter values which differed from the median by

more than 9 times the interquartile range were

removed before the segmentation. Following this,

the parameter values were divided by their standard

deviations such that these were normalized. Based

on the model parameters Ktrans, ve, and vp, each

tumour was segmented into three regions, which

were ranked by their IAUC median value.

Pre and post treatment parameter maps were then

compared with respect to median values of identical

ROIs by one-way ANOVA with pB0.05 considered

significant.

Results

Figure 1 shows the voxel segmentation of an

example tumour. From this view, the differently

coloured groups are visually separated. The red

group has the highest IAUC, and the blue group

has the lowest.

In Figure 2 are shown the spatial distribution of

the regions resulting from the segmentation for all

eight 200 mm3 KHT tumours in this study. Gen-

erally, the grouped voxels form connected structures,

and there is a trend that the highst perfused areas are

close to the tumour edge. The blue areas, which have

the lowest degree of vascularization, make up the

largest part of the tumours.

The mean (91 s.e.) for the estimated parameters

in each region are shown in Figure 3. The initial

DCE-MRI parameters showed different dependen-

cies on tumour model and size in the three regions.

In region a, having the highest IAUC, vp was

significantly higher in the C3H tumour than in the

KHT tumour (pB0.01), and Ktrans was significantly

higher in the KHT tumour than in the C3H tumour

(pB0.05). These parameters were more homoge-

neous in region b, and in region c the C3H tumour

showed size dependent IAUC (pB0.01) and Ktrans

Segmentation of DCE-MRI data 1267



(pB0.01), and the C3H tumour showed size

dependent vp (pB0.05). In region c, vp was highest

in the C3H tumour (pB0.01), and Ktrans is highest

in the KHT tumour (pB0.01).

For all regions in all tumour groups, the treatment

reduced IAUC by 36�51%, whereas the model

parameters showed more dependencies on tumour

model and size. In general, the vascular parameters

were reduced following treatment, but not all para-

meters for all tumour groups in each region showed

significance. ve showed an increase or no change. In

regions a and b, ve change was tumour model

dependent (pB0.05), and in region b, Ktrans change

was tumour size dependent (pB0.05).

Discussion

DCE-MRI provides parameters, which describe

different aspects of tumour vasculature and inter-

stitial volume. This in vivo method is noninvasive,

nonionizing, and generally available in both precli-

nical and clinical settings. Another MRI method

providing microenvironmental information is diffu-

sion weighted MRI, which can provide apparent

diffusion coefficient (ADC) maps. This method is

sensitive to edema and necrosis, and a comparison

with DCE-MRI in evaluating CA4DP induced

microenvironmental changes showed that ADC

had a good reproducibility [23]. However, DCE-

MRI provides several different parameters related to

different aspects of the microenvironment. In this

study, an attempt was made to objectively segment

murine tumours into regions of common microen-

vironmental properties by three DCE-MRI para-

metric maps. The spatial location of the segmented

voxels tended to produce connected structues in-

dicating that relatively large tumour areas have

common microenvironmental characteristics. The

post treatment values were estimated in the exact

same regions because the animals were restrained

Figure 1. Voxels of a 200 mm3 KHT tumour divided into three regions with different DCE-MRI model parameter characteristics by the

K-means algorithm.

Figure 2. Regions with different vascular characteristics defined

in the eight 200 mm3 KHT tumours. Red, green, and blue areas

are regions with initially high, medium, and low IAUC, respec-

tively.
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during the whole experiment. In a clinical setting,

repositioning becomes an issue, but here the use of

landmarks and multislice imaging can help overcome

such a problem.

Before the K-means algorithm was applied on the

parameter values, outlier parameters were excluded

as they influenced the region sizes strongly. Rather

than absolute thresholding of parameter values,

distance measured as interquartile range from the

median value was chosen and gave a good perfor-

mance. Still, one striking issue is that one region

constitutes the majority of the tumour.

The identified regions showed different depen-

dencies of the DCE-MRI parameters on tumour

model and size. Also, the response to CA4DP was

different in the three regions. This indicates that

regions of certain microvascular characteristics have

been identified. We have previously found complex

CA4DP dose dependencies in the optimization of

CA4DP and radiotherapy [13], and regional tumour

responses may in part be responsible for this.

Therefore segmentation may be useful in the opti-

mization of combined VDA and radiotherapy or

chemotherapy where regional responses play a role.

The region characteristics are not based on

absolute values of the physiologically interpretable

DCE-MRI parameters, but results of individual

tumour segmentation by a method which minimizes

the sum of the within-group point to centre dis-

tances. Strict interpretations of common vascularity

or cellularity in a group may therefore not apply.

Still, validation of physiological properties of the

tumour regions may be obtained by comparison with

histology in future studies. The fact that the regions

make up connected areas rather than spread-voxels

facilitates this, and clinically the region size could

allow optimization and monitoring of local treatment

such as radiotherapy. Potential predictive informa-

tion in this kind of segmentation can be obtained

from clinical DCE-MRI studies.

Conclusions

The demonstrated segmentation technique identifies

tumour regions with different microenvironmental

characteristics. These respond differently to CA4DP,

and the method may therefore be valuable in the

optimization of combined VDA and radiotherapy or

chemotherapy. The method is also potentially useful

in in vivo tumour characterization for radiotherapy

treatment planning and monitoring. This segmenta-

tion technique identifies tumour regions with differ-

ent microenvironmental characteristics responding

differently to CA4DP and may be valuable in the

optimization of combined VDA with radiotherapy or

chemotherapy. The method may also prove useful

Figure 3. Initial parameter values and relative parameter change

measured three hours after CA4DP treatment (mean91 s.e.) in

200 or 800 mm3 C3H mammary carcinomas or KHT sarcomas.

Parameters are shown for three tumour regions, which are sorted

by the initial IAUC. Regions a, b, and c show results for initially

high, medium, and low IAUC, respectively. The parameters

shown are IAUC (black), 20�Ktrans (blue), ve/10 (green), and

vp/2 (red). The scaling fits the initial parameters into the same

scale for visualization. IAUC describes general vascularization,

Ktrans depends on perfusion and vascular permeability, ve is

interstitial volume fraction, and vp is blood plasma volume

fraction.
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for optimization and monitoring of local treatment

such as radiotherapy.
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