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Regional heterogeneity changes in DCE-MRI as
response to isolated limb perfusion in
experimental soft-tissue sarcomas
L. Alica,b*, M. van Vlieta, P. A. Wielopolskia, T. L. M. ten Hagenc,
C. F. van Dijkea, W. J. Niessena,b,d and J. F. Veenlanda,b
ABSTRACT: Experimental evidence supports an association between heterogeneity in tumor perfusion and response
to chemotherapy/radiotherapy, disease progression and malignancy. Therefore, changes in tumor perfusion may be
used to assess early effects of tumor treatment. However, evaluating changes in tumor perfusion during treatment is
complicated by extensive changes in tumor type, size, shape and appearance. Therefore, this study assesses the
regional heterogeneity of tumors by dynamic contrast-enhanced MRI (DCE-MRI) and evaluates changes in response
to isolated limb perfusion (ILP) with tumor necrosis factor alpha and melphalan. Data were acquired in an
experimental cancer model, using a macromolecular contrast medium, albumin–(Gd–DTPA)45. Small fragments of
BN 175 (a soft-tissue sarcoma) were implanted in eight brown Norway rats. MRI of ﬁve drug-treated and three
sham-treated rats was performed at baseline and 1 h after ILP intervention. Properly co-registered baseline and
follow-up DCE-MRI were used to estimate the volume transfer constant (Ktrans) pharmacokinetic maps. The regional
heterogeneity was estimated in 16 tumor sectors and presented in cumulative map-volume histograms. On average,
ILP-treated tumors showed a decrease in regional heterogeneity on the histograms. This study shows that
heterogenic changes in regional tumor perfusion, estimated using DCE-MRI pharmacokinetic maps, can be measured
and used to assess the short-term effects of a potentially curative treatment on the tumor microvasculature in an
experimental soft-tissue sarcoma model. Copyright © 2013 John Wiley & Sons, Ltd.
Keywords: dynamic contrast-enhanced magnetic resonance imaging; isolated limb perfusion; tumor heterogeneity;
soft-tissue sarcoma treatment

1. INTRODUCTION

340

Increased use of current anti-angiogenic agents and development of novel ones for cancer treatment pose new challenges
to medical imaging technologies. In contrast to the systemic
effect of traditional cytotoxic drugs, these new agents selectively
target the endothelial cells of tumor neovasculature (1–3).
Although often costly, these treatments are potentially effective
and have become a priority for oncologists and pharmaceutical
companies.
Low local concentration of anti-tumor agents and doselimiting toxicity are often the cause of failure of chemotherapy.
In isolated limb perfusion (ILP), local drug concentrations are
increased while systemic exposure to the drug is minimal (4). By
utilizing ILP, tumors are exposed to concentrations up to 15–20
times higher than the maximum tolerated dose of tumor necrosis
factor alpha (TNF-a) without major side-effects. TNF-a also has an
indirect effect on endothelial cells and tumor-associated
vasculature (5–7). By combining TNF-a with a cytostatic drug
(e.g. melphalan), an immediate TNF-mediated tumor-selective
enhanced drug uptake can be realized (8,9). This effect
depends on the vascularization of the tumor and is followed
by a tumor-selective permeabilization and eradication of the
tumor-associated vasculature (10,11).
Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) enables the noninvasive characterization of tumors, and
has emerged as a valuable tool for monitoring pathophysiologic
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changes in various aspects of tumor vascular structure and
function (12,13). DCE-MRI with macromolecular contrast media
(MMCM) depicts microvessel permeability (14) and has been
shown in experimental models to express tumor perfusion solely
owing to malfunctioning tumor vessels (5,15).
Experimental evidence shows the association of tumor vascular
heterogeneity with disease progression and malignancy (3).
Heterogeneity of tumor blood supply results in the formation of
hypoxic voids associated with oxidative stress, promotion of
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survival factors and genomic instability (16). This indicates the
importance of tumor vascular heterogeneity for disease mechanism and possibly will lead to the discovery of novel treatment
strategies. A heterogeneous blood supply will also affect treatment
response owing to poor delivery of chemotherapeutic agents to
areas of low vascularity. The importance of neovascular heterogeneity for tumor treatment is well documented (3,17,18). Although
the use of tumor heterogeneity as a biomarker for treatment
response has been evaluated (19–21), these studies summarize
tumor heterogeneity across the whole tumor and thereby fail to
identify regional changes.
An alternative approach is to deal with intratumoral heterogeneity
at the sub-tumor level. This method partitions a tumor into
volumes of interest (VOI) based on certain tumor properties,
such as identifying regions with bulky enhancement, that is, the
‘hot-spot’. This has been performed either manually (22–24) or by
thresholding a parameter value or a ﬁt statistic (25,26). Another
approach, inspired by the strong peripheral tumor enhancement
common in solid tumors, involves tumor segmentation into
concentric bands (5,27–30). However, the number and size of
those bands is rather arbitrary, and these studies do not account
for the heterogeneity within such a concentric band.
The present preclinical study evaluates the potential of
heterogeneity, in DCE-MRI with MMCM, as a biomarker for the
early effect of a combined cancer treatment with TNF-a and
melphalan in an experimental model of soft-tissue sarcoma.
The changes in temporal pattern of signal enhancement owing
to MMCM are expected to reﬂect changes owing to treatment.
Following change in the tumor over time requires properly
co-registered baseline to follow-up pairs, which is complicated by
extensive changes in tumor size, tumor shape and DCE-MRI
appearance. This makes it difﬁcult to analyze tumors on a
complete voxel-wise level. Therefore, we assessed the regional
changes in DCE-MRI parametric maps that were co-registered to
facilitate such an analysis. To quantify tumor heterogeneity, we
introduce the cumulative map-volume (CMV) histogram. Although
hemorrhagic necrosis and destruction of the endothelial cells will
develop in time after TNF-a administration, we hypothesize that
the effect of ILP intervention will be evident 1 h after initiation.

and less viable tumor parts (B). Tumor growth rates mirrored those
previously published (5,8), with an average post inoculation
growth period of two weeks to reach 15 mm in diameter.
Co-registered baseline and follow-up DCE-MRI were used to
estimate the pharmacokinetic maps of the volume transfer
constant (Ktrans). To estimate Ktrans (ml s1) accurately, we assessed
all components at baseline and follow-up separately. The voxelwise tumor native longitudinal relaxation time (T1,0) was estimated
prior to the administration of contrast agent. The vascular input
function (VIF) was estimated after the administration of contrast
agent. To quantify the effect of tumor treatment, we evaluated
the slope of the CMV histogram for the 16 tumor regions, only
considering the enhancing fraction. DCE-MRI-derived maps from
a tumor before (top row) and 1 h after the intervention (bottom
row) are shown in Fig. 2 for ILP intervention with TNF-a and
melphalan and in Fig. 3 for sham intervention. Panels A and D
(for both ﬁgures) show a maximum intensity projection (MIP) of
the late-stage enhanced image with arrows illustrating a VIF VOI
position. Consecutive columns (in both Figs 2 and 3) represent
the T1,0 map before contrast agent administration (B and E), and
the Ktrans map (C and F).
2.1.

For the VIF VOI, the average T1,0 = 1/R1,0 at baseline was equal to
1.44  0.13 s. The average T1,0 after the ILP intervention was
1.98  0.12 s for animals treated with TNF-a and melphalan,
and 1.30  0.06 s for animals treated with sham perfusion. For
all ﬁts, r2-values were within the range of 0.61–0.99 (mean
r2 = 0.88  0.14). These results are similar to previous measurements
in rat blood (5,31).
For the tumor VOI the average T1,0 = 1/R1,0 at baseline was
1.16  0.2 s. The T1,0 after the ILP intervention was 0.72  0.12 s
for animals treated with TNF-a and melphalan, and 1.07  0.15 s
for animals after sham perfusion. Figure 2 shows the T1,0 tumor
map at baseline (B) and at follow-up (E) for an animal after ILP
intervention with TNF-a and melphalan. Figure 3 shows the T1,0
tumor map at baseline (B) and at follow-up (E) for an animal after
sham intervention.
2.2.

2. RESULTS
When implanted subcutaneously in the hind limb, the fragments
of the syngenic BN175 soft-tissue sarcoma grew into tumors that
appeared as masses composed of several lobes. Figure 1 shows
the features of a lobular carcinoma with viable tumor parts (A)

Longitudinal Relaxation Rate R1,0

Pharmacokinetics

Regardless of the treatment category (i.e. treated or control), the
intervention signiﬁcantly decreases the enhancing fraction of
the tumor from 78.02  11.46% at baseline to 42.71  23.32%
at follow-up. There was no signiﬁcant difference, in enhancing
fraction, at baseline and at follow-up between the treatment
categories or between the regions. Similar effects were observed
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Figure 1. Morphology of syngenic BN175 soft-tissue sarcoma showing viable parts (A) and less viable parts (B) with good developed nuclei
(white arrow) and pyknotic nuclei (red arrow).

L. ALIC ET AL.

Figure 2. A tumor before (top row) and after (bottom row) isolated limb perfusion (ILP) intervention with tumor necrosis factor alpha (TNF-a) and
melphalan. First column (A and D) shows a maximum intensity projection (MIP) of the late stage enhanced image with arrows illustrating position
of a VIF VOI. Consecutive columns represent T10 map before contrast agent administration (B and E), and Ktrans map (C and F).

Figure 3. A tumor before (top row) and after (bottom row) sham intervention. First column (A and D) shows a maximum intensity projection (MIP) of
the late stage enhanced image with arrows illustrating a position of vascular input function (VIF) voxel of interest (VOI). Consecutive columns represent
T10 map before contrast agent administration (B and E), and Ktrans map (C and F).
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in the tumor core (79.24  15.04 at baseline and 40.76  26.87 at
follow-up), the tumor periphery (77.43  11.28 at baseline and
43.12  22.63 at follow-up) and the tumor rim (73.53  9.63 at
baseline and 48.09  18.66 at follow-up).
Table 1 presents the results for the mean estimated Ktrans for different VOIs, before and after intervention. Figure 2 (ILP intervention
with TNF-a and melphalan) and Fig. 3 (sham intervention) show the
Ktrans tumor map before (C) and after (E) the intervention. The
Mann–Whitney U-test was used to assess signiﬁcant differences
in parametric maps between the response categories (treated
and sham) as measured before and after the intervention separately. For all VOIs, the mean Ktrans at baseline showed no

wileyonlinelibrary.com/journal/cmmi

signiﬁcant difference between treatment and sham intervention.
On the other hand, the mean Ktrans at follow-up showed a signiﬁcant difference between treatment and sham intervention
(p = 0.036). In addition, the difference in parametric maps at
baseline and follow-up was assessed using the Wilcoxon signed
rank test for the treatment and sham groups. The mean Ktrans at
follow-up was signiﬁcantly different from baseline for treatment
intervention (p = 0.04), but not signiﬁcantly different for sham
intervention. For animals treated with TNF-a and melphalan, Ktrans
decreased in all VOIs. Figure 4 shows the box plots of Ktrans at
baseline and follow-up for both categories: that is, treated (TNF-a
and melphalan) and sham.

Copyright © 2013 John Wiley & Sons, Ltd.
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Table 1. Mean Ktrans before and after isolated limb perfusion intervention for both treatment categories (TNF-a and melphalan,
and sham)
Ktrans mean
Tumor
Tumor
Tumor
Tumor

whole
rim
core
periphery

Treated
Baseline
1.59  0.43
1.53  0.37
1.56  0.48
1.60  0.41

Sham
Follow-up
0.62  0.17*}
0.61  0.17*}
0.62  0.17*}
0.62  0.17*}

Baseline
1.84  0.98
1.66  0.88
1.94  0.87
1.80  1.00

Follow-up
1.85  0.94
1.96  0.90
1.69  1.16
1.91  0.89

*Signiﬁcantly different from baseline value, and }signiﬁcantly different from control group. Statistical signiﬁcance was set at
p < 0.05.

Figure 4. The box plots of Ktrans at baseline and follow-up examinations for both categories; that is, treated (TNF-a and melphalan) and sham. Treated
group showed statistically signiﬁcant difference between baseline and follow-up (Wilcoxon signed rank test, p < 0.05) or all four VOIs; that is, tumor
whole, tumor rim, tumor core and tumor periphery.

2.3.

Sector Results

Contrast Media Mol. Imaging 2013, 8 340–349

the voxels belonging to the enhancing fraction. For the TNF-a
and melphalan-treated animals, a clear decrease in Ktrans variance owing to treatment. For the sham-treated animals, the variance seems to increase. The average CMV histogram of the Ktrans
parametric map is plotted in Fig. 6 for TNF-a and melphalan-
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Figure 5 clearly shows the distinction between animals treated
with TNF-a and melphalan, and animals treated with sham perfusion. This scatter plot shows the mean Ktrans per sector, at baseline and at follow-up, for all tumors. The mean was computed for

L. ALIC ET AL.
treated animals (blue), and for sham-treated animals (red). Each
of the 16 sectors was used to create 16 CMV histograms which
were averaged afterwards. The dotted lines represent the
standard deviation pooled over all sectors and all rats.

Figure 5. Scatter plot showing mean Ktrans per sector (estimated for the
voxels belonging to the enhancing fraction) at baseline and follow-up
for both categories: TNF-a and melphalan-treated (blue) and shamtreated (red).

The CMV histogram values (Table 2) were ﬁtted linearly as a
function of Ktrans, in a least squares sense, for three Ktrans
categories. The Mann–Whitney U-test was used to assess differences in the slope of the CMV histogram between the response
categories (treated and sham) as measured before and after the
intervention separately. At baseline, the slopes showed no
signiﬁcant difference between treatment and sham intervention.
At follow-up, on the other hand, the slopes for all Ktrans categories
showed signiﬁcant differences between treatment and sham intervention. For the follow-up examination, the difference in the slope
of the CMV histogram at baseline and follow-up was assessed
using the Wilcoxon signed rank test for the two separate groups,
that is treatment and sham. For all Ktrans categories, the slopes of
the CMV histogram were signiﬁcantly different from baseline for
treatment intervention but not signiﬁcantly different for sham
intervention. The variance in the slopes over the regions is a
measure for tumor heterogeneity. The standard deviation between
the sectors, for the Ktrans values ranging from 1–5 ml s1, decreases
owing to treatment (Table 2). This is also illustrated in Fig. 6: the
variance between the sectors for the drug-treated rats decreased
after treatment whereas the variance of the sham-treated rats is
similar to the variance before treatment. This implies the treatment
induced homogenization of all tumor sectors with respect to Ktrans
values higher than 1 ml s1.

3. DISCUSSION AND CONCLUSIONS

Figure 6. Cumulative map-volume (CMV) histogram representing the
3D-map distribution of Ktrans for the whole tumor enhancing voxels as
averaged over 16 predeﬁned sectors. Blue line demonstrates averaged
CMV histogram (solid line) and its deviation (dotted line) for all treated
animals and all 16 sectors. Red line demonstrates the same information
as blue line but for all sham animals. On the left are the results at baseline
and on the right are the results at follow-up.

Experimental evidence shows that, for several treatment alternatives,
perfusion heterogeneity is associated with cancer treatment outcome (3,29). The present preclinical study evaluates the short-term
effects of ILP intervention, that is, 1 h after the intervention. This
allows assessment of the almost immediate effects of ILP on the
microvasculature. Data from this pilot study indicate that
the effects of ILP treatment can be successfully monitored by
DCE-MRI 1 h after the intervention: in the treatment group the
volume transfer constant (Ktrans) decreased signiﬁcantly after
treatment with TNF-a and melphalan, whereas in the sham group
no decrease in Ktrans was observed.
To assess tumor heterogeneity we separated the tumor in several
different VOIs; that is, tumor rim, tumor core, tumor periphery.
Tumor core and periphery were each subdivided, using three
orthogonal planes, into eight sectors. The 16 sectors, as such,

Table 2. The ﬁrst order statistics for the slope of the cumulative map-volume (CMV) histogram over the 16 different sectors,
before and after isolated limb perfusion intervention for both categories (TNF-a and melphalan-treated, and sham-treated)
CMV histogram slope
Mean (sectors)
(0 < Ktrans < 1)
(1 < Ktrans < 2)
(2 < Ktrans < 5)
Standard deviation (sectors)
(0 < Ktrans < 1)
(1 < Ktrans < 2)
(2 < Ktrans < 5)

Treated

Sham

Baseline

Follow-up

Baseline

Follow-up

 33.70  25.45
39.76  8.20
8.52  5.79

109.57  9.37*}
6.14  5.37*}
0.66  0.64*}

30.75  45.33
30.86  13.92
13.49  11.74

33.29  26.23
37.76  21.02
9.99  12.87

16.13 10.28
12.04  4.65
4.26  3.40

13.55  6.92
4.83  3.69*}
0.66 0.56*

7.98  8.80
9.64  4.59
4.09  3.40

16.78 10.43
15.74  5.83
2.61  2.28
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*Signiﬁcantly different from baseline value, and }signiﬁcantly different from control group. Statistical signiﬁcance was set at
p < 0.05.
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In summary, the present preclinical study suggests that
heterogeneity in DCE-MRI pharmacokinetic maps can be used
as a potential biomarker to quantify short-term effects of ILP
intervention on tumor microvasculature in an experimental
model of soft-tissue sarcoma. This provides reliable assessment
of tumor treatment effect within 1 h after the ILP intervention.
Further assessment of treatment effects requires comparative
studies of ILP over different time points using registered DCE-MRI
pharmacokinetic maps to histological sections.

4.
4.1.

MATERIAL AND METHODS
Animal and Tumor Model

Eight male inbred BN strain rats (Harlan-CPB, Austerlitz, the
Netherlands), with a mean body weight of 300 g were implanted
subcutaneously, in the hind limb, with 4 mm fragments of the
syngenic BN175 soft-tissue sarcoma. The animals were inspected
daily for tumor growth and general appearance. The tumors
were imaged by MRI when they reached approximately 15 mm
in diameter. Prior to MRI, the animals were randomly assigned
to the drug-treated group (ﬁve) or sham-treated group (three).
They were anesthetized with subcutaneous injection of 150 ml of
a 1: 1 (v: v) mixture of ketamine (Alfasan, Woerden, The
Netherlands) and xylazine (Bayer AG, Leverkusen, Germany). A
25-gage butterﬂy cannula was inserted into a tail vein for
injection of contrast medium. The study was conducted with
the approval of the local Committee for Animal Research.
4.2.

Magnetic Resonance Contrast Media

Albumin–(Gd–DTPA)45 is a water-soluble MMCM with a molecular
weight of 92 kDa which corresponds to about 45 molecules of Gd–
DTPA covalently bound to each albumin molecule. It was
synthesized following the method of Ogan et al. (32). This contrast
agent has a distribution volume of 0.05 l kg1 and a plasma half-life
of 3 h in rats. Albumin–(Gd–DTPA)45 was injected at a dose of
0.03 mMGd kg1. The size of the MMCM molecule prevents
leakage through properly matured vessels outside the tumor,
resulting in a prolonged period of intravascular retention of the
contrast agent. Only newly formed, hyper-permeable tumor
vessels contribute to contrast extravasation. When evaluated with
DCE-MRI, MMCM demonstrates in vivo imaging properties that
correlate with histological features of angiogenesis (35).
4.3.

Magnetic Resonance Imaging

MRI was performed using a clinical 1.5 T MRI scanner (Signa CVi,
GE Healthcare, Milwaukee, WI, USA). A custom-made dedicated
single-loop surface coil with an internal diameter of 1.7 cm was
constructed speciﬁcally to create a high signal-to-noise ratio.
The imaging protocol consisted of two consecutive sequences,
a calibration and a dynamic scan. To estimate the T1,0 of blood
prior to contrast injection, a ﬂow-compensated gradient echo
inversion recovery echo planar imaging (IR GE-EPI) sequence
(36) with 25 inversion time (TI) values (start: step: end = 100:
50: 1200 ms) was performed using a repetition time/echo time
(TR/TE) of 15 000/24.3 ms, matrix of 128  128 with an in-plane resolution of 0.55  0.55 mm and slice thickness of 0.8 mm covering
the entire tumor (30 slices, scan time 11 min). Dynamic images
were acquired using a 3D T1-weighted RF spoiled gradient echo
sequence with imaging parameters TR/TE 12.37/2.95 ms, ﬂip angle
18º and readout bandwidth 81 Hz per pixel. The matrix selected

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/cmmi

345

have no pathophysiological meaning; they are a tool to study the
heterogeneity in the tumor. The tumor rim was used since the
rim is, generally, the most vascularized region of a solid tumor (5).
The tumor VOIs are selected after careful co-registration of
pharmacokinetic maps, before and after the intervention. Therefore, we were able to pinpoint the region-based tumor treatment
changes. To neatly summarize the gray value distribution of the
estimated pharmacokinetic map, we exploited the CMV histogram by estimating its slope for three different Ktrans categories,
and for all 16 regions. The variance in the slopes over the regions
is a measure for tumor heterogeneity. Our results show that the
heterogeneity between the sectors for the Ktrans values, ranging
from 1 to 5 ml s1, decreases owing to treatment. This implies
that the treatment induces tumor homogenization with respect
to Ktrans values higher than 1 ml s1. This regional analysis could
be a helpful tool in evaluating local treatment effect. When part
of the tumor ‘escapes’ from treatment, this can be detrimental
for the whole treatment effect. With a regional analysis this
‘escape’ could be spotted within hours after start of treatment.
The ILP intervention is generally applied for the treatment of
limb-threatening sarcomas and melanomas. During treatment,
the limb is isolated from the systemic circulation. After perfusion
the physiological limb perfusion is restored. The results show
that, owing to the intervention, in both the drug-treated and
the sham group, the enhancing fraction is decreased. The
strength of this intervention is a combined effect of tumor necrosis factor alpha (TNF-a) and an alkylating agent (melphalan)
intended to kill tumor cells. TNF-a augments the drug levels,
within the tumor, via an increase of the melphalan concentration
by six times (8,32,33). This strong effect increases the tumor cell
eradication. TNF-a increases the vascular permeability of the
tumor vessels already early during the perfusion while the
quiescent vasculature of the healthy tissue is not affected. TNF-a
may also induce hemodynamic changes. Both agents induce a
cascade of effects in the tumor microenvironment. However,
which combination of biological effects cause the decrease in Ktrans
is not clear. For instance, vessel disintegration or increased
interstitial pressure could play a role.
For an accurate Ktrans computation, a reliable T1,0 estimation is
a prerequisite. In vivo estimation of blood T1,0, and thereby also
VIF, is a nontrivial problem as it is susceptible for motion, system
imperfections, in-ﬂow effects and partial volume effects. To
estimate Ktrans as accurately as possible, we accounted for these
problems as follows. The inoculation location, the hind limb, was
chosen in order to minimize tumor movement during scanning.
To estimate T1,0, we selected a ﬂow compensated inversion
recovery gradient echo planar imaging sequence (IR-GE EPI). The
IR technique is relatively immune for the system imperfections
such as radio frequency (RF) power and slice imperfections (34).
With GE EPI, a shorter acquisition time was possible compared with
standard IR scans (GE or SE). We have selected a VOI far from a big
artery with the consequence that the remaining blood ﬂow in this
VOI is slow enough to prohibit signal dephasing. The geometric
distortions, owing to GE-EPI readout, were corrected for in the
carefully performed co-registration procedure.
Even though a limited number of animals was examined, the
data from this study support the hypothesis that the tumor
heterogeneity patterns in the volume transfer constant as
measured with CMV are an appropriate measure of tumor
changes in response to ILP intervention. Therefore, the CMVs at
can serve as noninvasive early outcome predictors in treatment
monitoring and may guide therapy adaptation.

L. ALIC ET AL.
was 256  256  64 with a ﬁeld-of-view of 30  26 mm2 leading to
true voxel resolution of 0.12  0.14  0.50 mm3. The temporal
resolution was 3.1 min per 3D volume. The ﬁrst 10 time points were
acquired at a temporal resolution of 3.1 min. To sample the time
frame efﬁciently, after the ﬁrst 10 acquisitions, time gaps of
15 min were applied and after each gap two series were acquired.
The total scan was acquired in approximately 90 min covering
16 time points.

4.4.

Experimental Protocol

MRI was performed at baseline and 1 h after ILP (4). ILP intervention
allows the delivery of high doses of cytostatic drugs by isolating
the tumor-bearing limb from the systemic circulation. Brieﬂy, the
animals were anesthetized with ketamine and xylazine, and
50 units heparin were injected intravenously. The femoral artery
and vein of anesthetized rats were cannulated with silastic tubing.
Collaterals were occluded by groin tourniquet and perfusion was
started after the tourniquet was tightened. An oxygenation
reservoir and a roller pump were included in the circuit. The
animals were randomly assigned to either the drug treatment or
the control group and perfused with 5 ml Haemaccel (Behring
Pharma, Amsterdam, The Netherlands) with hemoglobin of
0.9 mmol per l.50 g. In the drug treatment group, 50 mg TNF-a
(Boehringer, Ingelheim, Germany) and 40 mg melphalan (Alkeran,
Wellcome, Beckenham, UK) were added to the perfusate. In the
control group no drugs were added to the perfusate. Perfusion
was maintained for 30 min at a ﬂow rate of 1.8 ml min1, and

ﬁnalized by washout with 5 ml oxygenated Haemaccel. To restore
physiological limb perfusion, the femoral artery was decannulated
and sutured. During the ILP intervention and MRI imaging, the rat’s
temperature was maintained at 38–39  C by means of a warm
water mattress.
4.5.

Motion Correction and Co-Registration

Spatial correspondence between MRI sequences is not always
guaranteed; in particular, baseline and follow-up scans may not
be aligned. In addition, the long MRI acquisition time
complicates the co-registration problems. To perform a proper
quantitative analysis the spatial relation between the sequences
needs to be established. Therefore, we co-register the images
before and after the intervention. Figure 7 shows the registration
procedure. First, the intra-sequence motion correction was
performed for both sequences separately. Second, the separate
sequences were co-registered. Third, the late-stage enhanced
image for follow-up was registered to the baseline image to
ensure the spatial correspondence before and after treatment.
All registration steps were performed using Elastix (37), ﬁrst
rigidly and then as an afﬁne transformation.
4.6.

Pharmacokinetic Modeling

The tumor contrast agent transport through the capillary plasma
compartment was modeled by the Tofts model (38,39). The
pharmacokinetic analysis of DCE-MRI requires estimates of the
contrast concentration, C(t). To estimate C(t), a ﬂow compensated
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Figure 7. Overview of the registration steps at baseline (left-hand side) and follow-up (right-hand side) performed previous to pharmacokinetic analysis.

wileyonlinelibrary.com/journal/cmmi

Copyright © 2013 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2013, 8 340–349

DCE-MRI HETEROGENEITY AFTER CANCER TREATMENT
inversion recovery gradient echo planar imaging (IR-GE EPI)
sequence was acquired prior to contrast injection. For each animal,
longitudinal relaxation time (T1,0) was estimated voxelwise by a
nonlinear least-square ﬁt of the acquired signal intensities S(TIn)
against inversion times (40)

T 
 In
SðTIn Þ ¼ c  1  2e T1

(1)

To account for the incomplete clearance of the contrast agent
after the intervention owing to the prolonged retention of
MMCM in the intravascular space, pre-contrast T1,0 is estimated
at follow-up acquisitions as well.
The estimated T1,0 was used in calculation of plasma contrast
concentration over time, Cp(t), and the tumor contrast concentration over time, Ct(t). For both concentration curves, the molar
concentration over time is deﬁned by eqn (2) (41):
C ðtÞ ¼

1
 ½R1 ðr Þ  R1 ð0Þ
r1

(2)

where R1,0 (= 1/T1,0) and R1,t represent the longitudinal relaxation
rate of the tissue prior to and at different time points after the contrast agent injection; r1 is the T1 relaxivity of albumin–(Gd–DTPA)45
at 1.5 T [0.273 M1 s1 (42)].
Expressing the enhancement of MRI signal intensity, for a GRE
sequence (43), after the contrast agent injection and separating
parameter A offers the molar concentration of the contrast agent
over time [eqn (3)]:
A¼



1  eTR =T10
Sðt Þ

S0 ð1  cosae-TR =R10 Þ





1 1
ð1  A cosaÞ
1

 ln
C ðt Þ ¼
r1 T R
ð1  AÞ
T10

(3)

For the plasma contrast concentration, often referred to as a
VIF, we outlined manually a major tumor-feeding vessel in the
latest contrast concentration image by using a VOI. By applying
this VOI to all time points and spatial averaging, we created a
contrast plasma concentration curve, Cp(t). Subsequently, by
assuming a bi-exponentially decaying VIF (44), we ﬁtted Cp(t)
using the following function:
Cp ðtÞ ¼ a1 e-m1 t þ a2 e1-m2 t

(4)

is, Ktrans, was presented as parametric maps before and after the
intervention by ILP. DCE-MRI data analysis was performed using
in-house developed software based on MATLAB (MathWorks,
Natick, MA, USA). All steps were performed voxel-wise after
motion correction and co-registration.
4.7.

Tumor Features

The whole tumor was outlined manually by an experienced
radiologist (C.F.v.D.) in the ﬁnal DCE-MRI image. Using the whole
tumor mask, we generated automatically the following masks
(Fig. 8): tumor rim, tumor core, tumor periphery. The tumor rim
was deﬁned as the peripheral 10% of the tumor volume. The
tumor core was deﬁned as the 50% of the tumor diameter
covering the tumor core. The tumor periphery was deﬁned as
the outer 50% of the tumor. Tumor core and periphery were
automatically each subdivided into eight tumor sectors. Figure 8
shows the position of the various VOIs within a tumor. For whole
tumor, tumor rim, tumor core, tumor periphery and for all 16 tumor
sectors, we calculated ﬁrst-order statistics (e.g. mean, median,
standard deviation) of Ktrans.
4.8.

Cumulative Map-Volume Histogram

Cumulative dose-volume histograms have been used in radiotherapy
to graphically summarize three-dimensional (3D) dose-distribution
in two-dimensional graphs (45). This concept has been expanded
to cumulative dose-[functioning]-mass histogram (D[F]MH) (46,47).
To describe the 3D map distribution of a pharmacokinetic map,
we propose a CMV histogram. Besides the origin of the information
that it summarizes, the CMV histogram is identical to D[F]MH. The
pharmacokinetic map is ﬁrst divided into 50 equal bins (rather an
arbitrary number). As we are primarily interested in the enhancing
fraction, only the voxels belonging to this fraction were used for
further analysis. The CMV histogram plots Ktrans on the x-axis and
percentage volume of the tumor (with Ktrans ≥ that speciﬁc value)
on the y-axis. The CMV always slopes from north-west to
south-east and is usually a sigmoid shaped function. The slope
of this function reﬂects the distribution of the Ktrans, and was
estimated (by a least squares ﬁtting) for three categories of
Ktrans values (0 < Ktrans ≤ 1), (1 < Ktrans ≤ 2) and (2 < Ktrans ≤ 5).
The distribution of all estimated slopes was captured per tumor
as mean and standard deviation over all 16 sectors. The variance
(or standard deviation) of slopes, between the regions, is a
measure for tumor heterogeneity. To report the group trends
for both distribution parameters, we computed the mean and

To compute Ktrans, the estimated parameters a1, a2, m1 and m2
were used. The tumor contrast concentration curve Ct(t) was
ﬁtted voxel-wise, by a nonlinear least-square ﬁt, using eqn (5):
Ct ðt Þ ¼ DK trans

2
X

 mi t

ai
e
 ekep t
m  kep
n¼1 i

(5)
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Figure 8. The tumour regions of interest (left-hand side) showing
tumour periphery, tumour core and ﬁrst eight tumour sectors. The
tumour rim is shown on the right-hand side.

Copyright © 2013 John Wiley & Sons, Ltd.
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The ﬁtting procedure resulted in a voxel-wise Ktrans value and
a coefﬁcient of determination r2. This coefﬁcient summarizes the
resemblance between observed values and the values expected
under the Tofts model (38,39). The inherent image noise will
mask low signal enhancement, resulting in low r2. We excluded
all voxels with r2 < 0.75 from further analysis, since these voxels
do not follow the Tofts model properly. Voxels with r2 > 0.75
were identiﬁed as enhancing. The volume transfer constant, that

L. ALIC ET AL.
standard deviation over all animals belonging to a speciﬁc
category (treated, sham, before treatment and after treatment).
The slopes of the CMV histogram at baseline and follow-up are
summarized in Table 2.
4.9.

Statistical Analysis

11.

12.

Statistical analysis was performed using SPSS (SPSS for Windows,
Version 17.0, SPSS Inc., Chicago, IL, USA). Two categories were
deﬁned: treated and sham. The Mann–Whitney U-test was used
to assess differences between the two response categories
based on the Ktrans parametric map acquired before and after
treatment. For the follow-up examination, the Wilcoxon signed
rank test was used to assess the differences between the two
response categories based on the Ktrans parametric maps. A p-value
of <0.05 was considered statistically signiﬁcant.
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