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Cluster analysis of DCE-MRI data identifies
regional tracer-kinetic changes after tumor
treatment with high intensity focused
ultrasound
Igor Jacobsa*,†, Stefanie J. C. G. Hectorsa,b†, Matthias C. Schabelc,d,
Holger Grülla,e, Gustav J. Strijkersa,f and Klaas Nicolaya

Evaluation of high intensity focused ultrasound (HIFU) treatment with MRI is generally based on assessment of the
non-perfused volume from contrast-enhanced T1-weighted images. However, the vascular status of tissue surround-
ing the non-perfused volume has not been extensively investigated with MRI. In this study, cluster analysis of the
transfer constant Ktrans and extravascular extracellular volume fraction ve, derived from dynamic contrast-
enhanced MRI (DCE-MRI) data, was performed in tumor tissue surrounding the non-perfused volume to identify
tumor subregions with distinct contrast agent uptake kinetics.
DCE-MRI was performed in CT26.WT colon carcinoma-bearing BALB/c mice before (n = 12), directly after (n = 12)

and 3 days after (n = 6) partial tumor treatment with HIFU. In addition, a non-treated control group (n = 6) was in-
cluded. The non-perfused volume was identified based on the level of contrast enhancement. Quantitative compar-
ison between non-perfused tumor fractions and non-viable tumor fractions derived from NADH-diaphorase
histology showed a stronger agreement between these fractions 3 days after treatment (R2 to line of identity =
0.91) compared with directly after treatment (R2 = 0.74). Next, k-means clustering with four clusters was applied
to Ktrans and ve parameter values of all significantly enhanced pixels. The fraction of pixels within two clusters, char-
acterized by a low Ktrans and either a low or high ve, significantly increased after HIFU. Changes in composition of
these clusters were considered to be HIFU induced. Qualitative H&E histology showed that HIFU-induced alterations
in these clusters may be associated with hemorrhage and structural tissue disruption. Combined microvasculature
and hypoxia staining suggested that these tissue changes may affect blood vessel functionality and thereby tumor
oxygenation. In conclusion, it was demonstrated that, in addition to assessment of the non-perfused tumor volume,
the presented methodology gives further insight into HIFU-induced effects on tumor vascular status. This method
may aid in assessment of the consequences of vascular alterations for the fate of the tissue. Copyright © 2015 John
Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

High intensity focused ultrasound (HIFU) is an emerging tech-
nique for the non-invasive thermal treatment of tumors (1).
While routine clinical use of HIFU treatment is mainly restricted

to non-cancerous growths, such as uterine fibroids (2–4), its
application range is now being extended to malignant tumors,
such as breast (5,6), prostate (7–10) and liver cancer (11–13).
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Ultrasound-guided and MRI-guided HIFU (MR-HIFU) systems
have been developed that provide spatial guidance of the treat-
ment (1,14–16). In addition, an MR-HIFU system facilitates treat-
ment monitoring using MR thermometry and can be exploited
for assessment of treatment outcome (17–19).

Contrast-enhanced T1-weighted imaging is one of the most
commonly used MRI methods for the evaluation of HIFU treat-
ment (8,9,20). A lack of contrast enhancement is generally
observed in the central ablation volume, which is exposed to
temperatures of approximately 60 °C during treatment. The re-
gion with low contrast enhancement is referred to as the non-
perfused volume, and serves as an important readout parameter
for HIFU treatment evaluation (9,20–22). In the transition zone
between the central ablation volume and unaffected surround-
ing tissue, milder temperature elevations may result in indirect
heat-induced injury and more subtle vascular alterations. The
vascular changes in this peripheral zone are strongly dependent
on the exact temperature and/or thermal dose that is reached
during the HIFU intervention and can be transient in nature. Di-
rectly after HIFU, hyperthermic conditions in the peripheral zone
could (transiently) increase tumor blood flow and microvascular
permeability and increase tumor oxygenation (23,24). Within a
few days after treatment, the immune response may be
enhanced in the transition zone and inflammation-associated
hyperemia may be observed (8,20,25). At a later stage (approxi-
mately 7 days (26)) after treatment, fibrosis and revascularization
may also alter the tumor vascular status (26–28). On contrast-
enhanced T1-weighted images, an enhancing rim is often
reported in the region surrounding the central ablation zone,
which may be due to these vascular alterations or result from
residual unaffected tumor tissue in the case of incomplete abla-
tion (8,20). Since the observed contrast enhancement is almost
equal in regions of different vascular changes and in unaffected
residual tumor tissue, conventional contrast-enhanced MRI does
not have a high specificity for the identification of subtle vascular
effects after HIFU treatment.

It is however important to gain further insights into the vascu-
lar status of the peripheral tumor zone, since HIFU-induced
changes in the microvascular function of the tumor tissue in this
region may have substantial consequences for the microenviron-
ment and fate of the tumor. In addition, if residual tumor is pres-
ent after HIFU treatment, this may be treated with adjuvant
tumor therapies. The sensitivity of the tumor to these therapies
may also be affected by the vascular status (25).

Compared with conventional contrast-enhanced MRI, assess-
ment of changes in contrast-agent uptake kinetics by dynamic
contrast-enhanced MRI (DCE-MRI) may be a more suitable
method to gain insight into the altered vascular status in the tis-
sue around the coagulated lesion. Pharmacokinetic modeling of
DCE-MRI data can be applied to determine biomarkers that are
sensitive to vascular changes; e.g., with the widely employed
Tofts model the transfer constant Ktrans and the extravascular ex-
tracellular volume fraction ve can be determined (29). Hijnen
et al. have used these kinetic parameters for HIFU therapy assess-
ment in a rat tumor model (30). Cheng et al. have shown that
these parameters could give insight into regional changes in
the microvasculature after HIFU treatment of rabbit muscle tis-
sue (26,31). However, there are no studies in which the antici-
pated subtle changes in tumor vascular status around the HIFU
ablation volume have been investigated with pharmacokinetic
modeling of DCE-MRI data, while knowledge of changes in
DCE-MRI-derived kinetic parameters may provide a more refined

picture of the tumor vascular status after HIFU treatment com-
pared with conventional contrast-enhanced MRI.
To address this, in the present study, DCE-MRI was performed

before, directly after and 3 days after HIFU treatment of a murine
subcutaneous tumor model. Partial tumor treatment was per-
formed to allow for the presence of both HIFU-treated and resid-
ual tumor tissue after the HIFU procedure. Tracer-kinetic
modeling was performed on the tumor pixels outside the non-
perfused volume to assess HIFU-induced changes in contrast
agent uptake kinetics. Cluster analysis based on Ktrans and ve
was employed to identify subregions with different uptake kinet-
ics, and the regional distribution of these clusters within the
tumor was determined.

EXPERIMENT

Ethics statement

All animal experiments were performed according to Directive
2010/63/EU of the European Parliament and approved by the
Animal Care and Use Committee of Maastricht University (proto-
cols 2010-097 and 2010-132).

Murine tumor model

10–12 week-old BALB/c mice (Charles River, Maastricht, The
Netherlands) were inoculated with 2 × 106 CT26.WT murine
colon carcinoma cells (American Type Culture Collection (ATCC),
CRL-2638; early passages (5–10)), subcutaneously in the right
hind limb. The tumors were grown in the hind limb to prevent
potential HIFU-induced damage to vital organs and respiration
artifacts in the MR measurements. Approximately 10 days after
inoculation, tumors became palpable in all animals.

Study design

MRI was performed 1 day before (n = 12), directly (2–3 h) after
(n = 12) and 3 days after HIFU treatment (n = 6). A control group
of non-treated animals (n = 6) was included that underwent MRI
at the same time points as the HIFU-treated animals. The time
points of the control animals are referred to as day �1, day 0
and day 3. Directly after the last MRI experiment the mice were
sacrificed, and the tumors were excised for histological analysis.
This study design led to three different groups for quantitative
histology: animals sacrificed after the MRI examination directly
after HIFU treatment (n = 6, referred to as “directly after HIFU”),
animals sacrificed after the MRI examination 3 days after HIFU
treatment (n = 6, referred to as “3 days after HIFU”) and non-
treated control animals (n = 6, referred to as “control”).

HIFU treatment

HIFU treatment was performed outside the MR scanner with the
preclinical Therapy Imaging Probe System (TIPS, Philips Re-
search, Briarcliff Manor, NY, USA) (32). Treatment was performed
under general anesthesia (1–2% isoflurane) and precautionary
analgesia (buprenorphine, 0.1 mg/kg s.c., administered at least
30 min before treatment). Control animals received an equal
dose of analgesia at the corresponding time point. Partial tumor
treatment was performed by definition of a square 4 × 4 mm2

treatment grid within the tumor area, consisting of 25 equally
spaced ablation volumes (1 × 1 × 9 mm3) that were placed
within the tumor under guidance of an ultrasound imaging
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system (HDI5000 imaging system combined with a P7-4 phased
array transducer, Philips Ultrasound, Bothell, WA, USA). This
resulted in the presence of both HIFU-treated and non-treated
tumor tissue after the HIFU procedure. A schematic drawing
of the HIFU treatment set-up is shown in Supplementary
Figure S1. Treatment settings were the following: frequency 1.4
MHz, pulse repetition frequency 20 Hz, acoustic power 12 W,
duty cycle 50%, and treatment time 30 s. A wait time of 120 s
was applied between sonication of consecutive treatment points
to allow for sufficient cooling of the treated tissue. A tempera-
ture increase to approximately 66 °C during HIFU treatment
was confirmed by insertion of a thermocouple into the tumor
in three pilot experiments, as previously described (33).

MRI measurements

MRI measurements were made with a 6.3 T horizontal-bore scan-
ner (Bruker BioSpin, Ettlingen, Germany) using a 3.2 cm diameter
quadrature birdcage RF coil (Rapid Biomedical, Rimpar,
Germany) under general anesthesia (1–2% isoflurane). The mice
were positioned in a custom-made cradle, equipped with a mask
for anesthetic gas. Respiration was monitored with a balloon
sensor. Body temperature was monitored and maintained with
a warm water pad. For reduction of susceptibility artifacts in
echo planar imaging (EPI), the tumor-bearing paw was covered
with degassed ultrasound gel (Aquasonic® 100, Parker Laborato-
ries, Fairfield, NJ, USA). Artifacts were further reduced by local
shimming.
A fat-suppressed T2-weighted spin-echo sequence (TE = 30 ms,

TR = 1000 ms, number of averages, NA = 1) was used for anatom-
ical reference.
Pre-contrast T1 mapping was performed using an inversion re-

covery Look–Locker EPI sequence (TE = 8 ms, TR = 10 000 ms, in-
version time = 30 ms, flip angle = 20°, pulse separation = 400 ms,
number of points = 15, NA = 2).
DCE-MRI measurements were made using a gradient-spoiled

dual gradient echo EPI sequence (TR = 1250 ms, TE1/TE2 = 7.5/
26.1 ms, NA = 2, number of segments = 2, flip angle = 80°, tem-
poral resolution = 5 s, number of repetitions = 100). At 1.5 min
after start of the acquisition, a bolus of 0.3 mmol/kg Gd-DOTA
(Dotarem; Guerbet, Villepinte, France) with a saline flush was
injected in 5 s via the tail vein using an infusion pump (Chemyx
Fusion 100, Stafford, TX, USA).
All images were acquired with a matrix size of 128 × 128, FOV

of 4 × 4 cm2 and 1 mm slice thickness. 12–16 slices were ac-
quired, covering the whole tumor volume.

DCE-MRI data processing

Image analysis was performed in Mathematica 8.0 (Wolfram
Research, Champaign, IL, USA) and MATLAB R2013a (MathWorks,
Natick, MA, USA). Regions of interest (ROIs) were defined on
the T2-weighted images by manually drawing contours around
the tumor tissue on each slice. From these ROIs the tumor
volumes at the different experimental time points were deter-
mined. Pre-contrast T1 maps were generated as described
previously (34).
A T2* correction was performed on the dynamic signal intensi-

ties to account for the T2* changes caused by contrast agent in-
flux (35,36). The dynamic T2* values in the tumor pixels were
determined based on the ratio of the signal intensities at the
two echo times. Dynamic T1 values were calculated from the

signal equation for a spoiled gradient-echo sequence using the
T2*-corrected dynamic signal intensities and the pre-contrast T1
values. A B1 correction was applied to the flip angle used in the
dynamic acquisition, using a B1 map acquired with the same RF
coil in a 2% agarose/0.05 mM CuSO4 phantom. Dynamic T1
values were converted to dynamic contrast agent concentra-
tions ([CA]) using the Dotarem plasma relaxivity at 7 T and 37 °C
(3.53 mM�1 s�1 (37)).

Pharmacokinetic analysis of DCE-MRI data

Pharmacokinetic analysis of the DCE-MRI data was performed
with a custom-written MATLAB tool. For determination of Ktrans

and ve in each tumor pixel, the standard Tofts model (29,38)
was used, in which the dynamic CA concentration in the tumor
tissue is defined as

Ct tð Þ ¼ K trans∫t0Cp τð Þe�kep t�τð Þdτ [1]

in which Ct and Cp are the CA concentrations in the tumor tissue
and the blood plasma, respectively, and kep is the rate constant
(kep = Ktrans/ve). A delay term (td) was included in the model to
allow for a delay between bolus arrival in the blood and the tis-
sue response. A literature-based bi-exponential arterial input
function (AIF), measured in the mouse iliac artery upon injection
of a similar dose of Dotarem (39), was used and modified to
match our data. The bi-exponential AIF is described by

Cp tð Þ ¼ 0 t < ti

a1e�m1t þ a2e�m2t t ≥ ti

�
[2]

in which ti is the injection time.
The peak amplitude of the AIF was adapted based on the

injected dose and the mouse plasma volume. In addition,
the second exponent of the AIF, describing the AIF tail, was
adapted based on blood kinetics data of Dotarem from five
separate CT26.WT tumor-bearing BALB/c mice. For this pur-
pose, the gadolinium concentration of blood plasma samples
acquired at different time points after CA injection was deter-
mined by means of inductively coupled plasma-atomic emis-
sion spectrometry or inductively coupled plasma-mass
spectrometry. These adaptations resulted in the following bi-
exponential AIF parameters: a1 = 5.36 (mM), m1 = 11.20 (min�1),
a2 = 1.27(mM), m2 = 0.0655 (min�1).

The standard Tofts model was fitted to the dynamic [CA]
curves using the MATLAB function lsqcurvefit, with constraints
Ktrans ≥ 0 min�1, kep ≥ 0 min�1 and 0 ≤ td ≤ 7 repetitions.

Identification of non-perfused tumor volume

Non-perfused pixels were selected based on the level of contrast
enhancement. Pixels were considered non-perfused if the me-
dian [CA] after injection was lower than five times the standard
deviation (SD) of the data points in the dynamic [CA] curve be-
fore injection. The non-perfused pixels were not included in
the subsequent histogram and cluster analyses. The other tumor
pixels are for reasons of simplicity referred to as perfused pixels.
It should however be noted that the significant contrast
enhancement in these pixels does not necessarily reflect sub-
stantial perfusion, since it may also be caused by an enhanced
vascular permeability.

CLUSTERING OF DCE-MRI DATA TO ASSESS TRACER-KINETIC CHANGES AFTER HIFU

NMR Biomed. 2015; 28: 1443–1454 Copyright © 2015 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm

1445



Selection of pixels for cluster analysis

A number of criteria were defined to select the perfused tumor
pixels that were included in the cluster analysis. Pixels in which
the dynamic T1 became shorter than 250 ms or the dynamic
T2* became shorter than the first echo time (7.5 ms) were
excluded from further analysis, since such low T1 and T2* values
could not be accurately determined with the present DCE-MRI
acquisition settings. Furthermore, pixels for which the fitted
curves had a goodness-of-fit (R2) value lower than 0.8 were
excluded from analysis. In addition, pixels with non-physiological
ve values higher than 1 were omitted.

Cluster analysis

k-means clustering with two, three, four, five and six clusters was
performed on the combined Ktrans and ve data of the selected
perfused pixels of all (HIFU-treated and non-treated) animals at
all time points simultaneously with a custom-written
Mathematica function. Prior to clustering, data were normalized
(mean = 0, SD = 1) to remove scaling differences between Ktrans

and ve. Changes in the fraction of pixels in the different clusters
were defined as treatment associated if the fraction of pixels
assigned to the particular cluster increased significantly (one-
sided paired t-test, p < 0.05) after HIFU treatment (either directly
or 3 days after HIFU) compared with before HIFU treatment.

Regional distribution of clusters

To assess the spatial distribution of the different clusters with re-
spect to the non-perfused volume, the distance from each pixel
in each cluster to the non-perfused volume was determined. For
each pixel in a particular cluster, the distances between that pixel
and all non-perfused pixels in the same MRI slice were deter-
mined. The minimum of these distances was taken as a measure
for the distance between the particular pixel and the non-
perfused volume. Histograms (six bins, bin width 1 pixel, range
1–7 pixels) of these minimal distances to the non-perfused vol-
ume were made for each cluster at each time point after HIFU
treatment to visualize the regional distribution of the different
clusters with respect to the non-perfused volume. In addition,
the median minimal distance from each cluster to the non-
perfused volume was calculated for each HIFU-treated mouse
at both time points after HIFU treatment.

Histological analysis

Dissected tumors were snap-frozen in isopentane and stored at
�80 °C. Tumors were cut into 5 μm thick sections with a distance
of approximately 300 μm between the sections. The cryo-
sections were briefly air-dried and subsequently stained for
nicotinamide adenine dinucleotide (NADH) diaphorase activity
to assess cell viability. Sections were incubated at 37 °C for 1 h
in Gomori-Tris-HCl buffer (pH 7.4) containing β-NAD reduced
disodium salt hydrate (Sigma-Aldrich, St. Louis, MO, USA,
0.71 mg/ml buffer solution) and nitro blue tetrazolium (Sigma-
Aldrich, 0.29 mg/ml buffer solution). Brightfield microscopy
was performed on all sections and consisted of mosaic acquisition
of the entire section at 5× magnification. Analysis of the micros-
copy images was performed in Mathematica 7.0. ROIs were manu-
ally drawn around the pale non-viable tumor tissue and the entire
tumor tissue on all sections of each tumor. From the ratio between
the ROI areas of non-viable tumor tissue and entire tumor tissue on

all tumor sections, a histology-derived non-viable tumor volume
fraction was determined for each tumor. Subsequently, the
MRI-derived non-perfused tumor fractions were compared with
the histology-derived non-viable tumor fractions.
Apart from the NADH-diaphorase staining, hematoxylin and

eosin (H&E) staining was performed on paraffin sections of a
separate CT26.WT tumor that was treated with the same HIFU
settings. This tumor was excised at ~2.5 h after HIFU treatment.
Brightfield microscopy was performed to inspect morphological
changes in the tumor tissue after treatment.
In order to further interrogate the causes and consequences of

HIFU-induced changes in CA uptake kinetics, a dual vascular en-
dothelium and hypoxia staining was performed on tumor cryo-
sections of the mice sacrificed 3 days after HIFU. For each mouse,
two sections were selected that were located either close to (sec-
tion with the largest non-viable tumor fraction) or far from (sec-
tion with the lowest non-viable tumor fraction) the HIFU-treated
non-viable tumor region. After acetone fixation, a fluorescent
dual staining was performed using an anti-mouse glucose trans-
porter 1 (glut-1) antibody conjugated with a DyLight 650 fluores-
cent label (4 h, room temperature, 1:150 dilution, Novus
Biologicals, Littleton, CO, USA) as an intrinsic marker for hypoxia
(40) and rat anti-mouse CD31 antibody (overnight, 4 °C, 1:250
dilution, clone mec 13.3, BioLegend, San Diego, CA, USA) and
secondary goat anti-rat Alexa-488 antibody (1 h, room tempera-
ture, 1:500 dilution, BioLegend) for vascular endothelium stain-
ing. Fluorescence microscopy images of the entire tumor
sections were acquired with a Pannoramic MIDI digital slide
scanner (3DHistech, Budapest, Hungary) at 31× magnification
with optimal settings for each staining and equal settings for
all sections. An additional fluorescence microscopy image, at
the same channel as for CD31 detection, was acquired with a
longer exposure time to assess autofluorescence in the sections.
ROIs were manually drawn to segment the non-viable and viable
tumor, based on the level of autofluorescence, which has been
reported as a reliable method to accurately identify heat-fixed
non-viable cells (41). Adjacent NADH-diaphorase stained
sections were used as a visual reference, to confirm the correct
delineation of the non-viable tumor area. Only the viable tumor
tissue was used for further analysis, since the cluster analysis
was also only performed on perfused, likely viable, tumor pixels.
The viable tumor tissue in the section with the largest non-
viable fraction was referred to as “Near non-viable” and the
viable tumor tissue in the mostly viable remote section was
referred to as “Remote”.
The vascular surface fraction in the viable tumor region was

calculated by division of the total number of CD31-positive pixels
by the total number of viable tumor pixels. The level of glut-1
expression was assessed by determination of the mean glut-1
intensity in the viable tumor tissue.

Statistical analysis

Data are presented as mean ± SD. At all experimental time
points, the relative tumor sizes of the HIFU-treated and non-
treated tumors were statistically compared using a two-sided
t-test assuming equal variances. The non-perfused tumor volumes
at the different experimental time points were compared for statis-
tical significance with a two-sided paired t-test. Correlation analysis
between the MRI-derived non-perfused tumor fractions and
histology-derived non-viable tumor fractions was performed for
all groups by calculation of the Pearson correlation coefficient. In
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addition, the one-to-one correspondence between the non-viable
and non-perfused tumor fractions was determined by calculation
of the R2 of the data points to the line of identity. The difference
between non-viable tumor fractions of the HIFU-treated and
non-treated control tumors at the last experimental time point
was tested for significance with a two-sided t-test assuming equal
variances. A one-sided paired t-test was performed for each cluster
to assess if the fraction of pixels in that cluster was increased after
HIFU. The median minimal distances to the non-perfused
volume of the different clusters were statistically compared
using a two-sided paired t-test. Histological differences in vascu-
lar surface fraction and mean glut-1 intensity were tested for
significance with a two-sided paired t-test. For all tests, the level
of significance was set to α = 0.05.

RESULTS

Partial tumor ablation with HIFU resulted in a significantly lower
relative tumor size on day 3 compared with the control mice
(Fig. 1). Representative pharmacokinetic parameter maps in the
tumor tissue before and at both time points after HIFU treatment
are shown in Figure 2(A) (for the same animal). Before HIFU treat-
ment, the tumor vasculature was characterized by higher Ktrans

values in the tumor rim than in the tumor center. Furthermore,
a small region of low Ktrans was observed in the tumor core.
The ve values were also generally higher in the tumor rim than
in the center. Directly after partial HIFU treatment of the tumors,
a large area of decreased Ktrans emerged. Such an area of de-
creased Ktrans was also present 3 days after HIFU treatment. At
both time points after HIFU treatment, the area of decreased
Ktrans corresponded to regions with low ve and small subregions
of high ve. No substantial differences in Ktrans or ve were detected
for the non-treated control animals between measurement day
�1 and day 0, although a reduction in Ktrans was observed on
day 3 (Fig. 2(B)).
To assess the effect of partial ablation on tumor perfusion,

non-perfused tumor volumes were determined first, based on
the level of contrast enhancement in the tumor pixels. The

average non-perfused tumor volumes of the HIFU-treated and
control animals at the different experimental time points are
displayed in Figure 3(A) and (B), respectively. Directly after HIFU
treatment, the non-perfused tumor volume significantly in-
creased compared with before HIFU treatment. No significant
difference between the non-perfused tumor volume 3 days after
HIFU compared with either before or directly after HIFU was
observed. For the control animals, the non-perfused tumor
volume remained constant between measurement days �1
and 0, whereas the non-perfused tumor volume was significantly
increased on day 3.

The average histology-derived non-viable tumor fraction at
the last experimental time point was higher for the HIFU-treated
animals than for the control animals, although this difference
was not significant (Fig. 3(C)). For the HIFU-treated animals
sacrificed directly after HIFU, a high, significant correlation (r =
0.866) was observed between the MRI-derived non-perfused
and histology-derived non-viable tumor fractions (Fig. 3(D)).
However, the non-perfused tumor fractions were generally
higher than the non-viable tumor fractions at that time point
after HIFU treatment, resulting in a relatively low one-to-one
correspondence (R2 to line of identity = 0.74). At 3 days after
HIFU treatment, a high correlation (r = 0.933) was also observed
between the non-perfused and non-viable tumor fractions. At
this time point after HIFU treatment, a good one-to-one corre-
spondence between the non-perfused and non-viable tumor
fractions was observed (R2 = 0.91). For the control animals,
both the correlation (r = 0.242) and one-to-one correspon-
dence (R2 = 0.57) between the non-perfused and non-viable
tumor volume fractions were low.

In addition to the above measurements of non-perfused
tumor fractions and volumes, a detailed analysis of the phar-
macokinetic parameters in the perfused tumor surrounding
the non-perfused ablation volume was performed. Average
distributions of Ktrans and ve in the perfused pixels of the dif-
ferent experimental groups are shown in the supplementary
information (Fig. S2).

Cluster analysis was performed on the perfused pixels of all tu-
mors and all time points to identify subregions with different CA
uptake kinetics. Four appeared to be the minimal number of
clusters with which the most prominent vascular changes could
be identified, and was therefore considered as the optimal num-
ber of clusters (supplementary information Fig. S3). In Figure 4
the results of the cluster analysis with four clusters are overlaid
on the tumor pixels of the same slice from the same animal as
shown in Figure 2. After HIFU treatment, the number of pixels
assigned to the blue and green clusters strongly decreased.
The DCE-MRI curves in these clusters were characterized by a
rapid upslope, a clear wash-out and substantial CA influx. At both
time points after HIFU, a large region of non-perfused tissue
(white pixels) emerged. Curves in the non-perfused tumor area,
shown on the right of the figure, were characterized by a lack
of CA inflow. The area around the non-perfused volume
consisted mostly of pixels assigned to the red and yellow clus-
ters. Contrast agent uptake in pixels assigned to the red cluster
was low and relatively slow. The curves in the yellow cluster
typically indicated slow uptake kinetics, but pronounced CA
influx. The area of non-perfused pixels visually corresponded
well to the area of non-viable tissue on the NADH-diaphorase
stained section obtained 3 days after HIFU treatment at approx-
imately the same location in the tumor, in agreement with the
data presented in Figure 3(D).

Figure 1. Tumor growth. Mean ± SD relative tumor size, based on ROIs
drawn on the anatomical MRI images, at the different experimental time
points for the HIFU-treated and the control animals. For the HIFU-treated
animals day 0 corresponds to the day of treatment. * Significant differ-
ence in relative tumor size between the HIFU-treated and control animals
on measurement day 3 (two-sided t-test, p < 0.05).
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In Figure 5 the average fraction of pixels assigned to the four
clusters is shown for the HIFU-treated animals at the different
time points. Directly after HIFU treatment, the fraction of pixels
in the yellow and red clusters was significantly increased com-
pared with before HIFU. 3 days after HIFU treatment, the fraction
of pixels in these clusters was not significantly higher than be-
fore HIFU. Because of the HIFU-induced increase in the fraction
of pixels in the yellow and red clusters, changes in these clusters
were considered as treatment associated.

In Table 1 the Ktrans and ve parameter values in the different
clusters are displayed. In the clusters with a treatment-associated
increase in fraction of pixels (yellow and red clusters), Ktrans was
lower than in the other (green and blue) clusters. ve in these clus-
ters was either higher (yellow cluster) or lower (red cluster) than
in the other clusters.

To gain insight into the regional distribution of the different
clusters with respect to the non-perfused volume, the minimal
distance from each perfused pixel in each cluster to the closest
non-perfused pixel was determined. The histograms in Figure 6
show the distribution of these minimal distances for all clusters

at the two time points after HIFU treatment, and provide infor-
mation on the proximity of the different clusters to the non-
perfused volume. Both directly and 3 days after HIFU treatment,
the red cluster was located closest to the non-perfused volume.
The yellow cluster was located closer to the non-perfused
volume than the green and blue clusters, but further away from
the non-perfused volume than the red cluster. The median
minimal distances between the four clusters and the non-
perfused volume, averaged for all HIFU-treated animals, are
given in Table 2 for both time points after treatment. Directly
after HIFU, the average distance to the non-perfused volume
was significantly smaller for the red cluster compared with all
other clusters. Furthermore, a significantly smaller distance to
the non-perfused volume was observed for the yellow cluster
compared with the blue cluster. At 3 days after HIFU treatment,
the red cluster was still significantly closer to the non-perfused
volume than the blue cluster.
Representative microscopy images of H&E-stained sections of

a tumor excised at ~2.5 h after HIFU treatment are shown in
Figure 7. A region of viable tumor tissue was observed, which

Figure 2. Pharmacokinetic parameter maps. (A) Representative pharmacokinetic parameter maps overlaid on the tumor pixels of an axial T2-weighted
image of a tumor-bearing paw before, directly after and 3 days after HIFU treatment. (B) Representative pharmacokinetic parameter maps for a control
animal at the corresponding experimental time points. The parameters were scaled according to the color bar shown on the right-hand side of the
figure. The corresponding parameter range for this scale bar is indicated on the left-hand side of the parameter maps.
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was structurally intact (Fig. 7(A)). The cells in the viable tu-
mor tissue were densely packed and cell nuclei had a nor-
mal appearance. In addition, a zone of coagulated tissue
was observed, surrounded by a region characterized by
structural disruption (Fig. 7(B)). The nuclei of the cells in
the coagulated zone were typically dark and shrunken. Gaps
between the tumor cells were visible in the structurally
disrupted tumor tissue (Fig. 7(B), (C)). Disrupted tumor
blood vessels and the presence of red blood cells in the
extravascular space were observed, indicative of hemor-
rhages (Fig. 7(B), (D)). These hemorrhages were mainly lo-
cated close to the coagulated areas.
Analysisofmicrovascular functionality,byacombinedCD31and

glut-1 staining, was focused on the viable tumor tissue of tumors
excised 3 days after HIFU. The good agreement between non-
perfused and non-viable tumor fractions at that time point
(Fig. 3(D)) allowed for comparison of the cluster results of the per-
fused pixels with changes in CD31 and glut-1 staining in the viable
tumor tissue. Representative CD31 and glut-1 microscopy images
of a tumor excised 3 days after HIFU are shown in Figure 8(B),
with the corresponding NADH-diaphorase staining shown in
Figure 8(A). Generally, a larger number of CD31-positive tumor
pixels and a higher glut-1 intensity were observed in the “Near
non-viable” tumor tissue than in the “Remote” tumor tissue.
Quantitative analysis (Fig. 8(C)) showed that the average vascular
surface fraction was slightly higher in the “Near non-viable” tumor
tissue than in the “Remote” tumor, although these differences
were not significant (p = 0.32). The mean glut-1 intensity was

higher (not significantly, p = 0.16) in the “Near non-viable” tumor
tissue compared with the “Remote” tumor tissue.

DISCUSSION

In this study, pharmacokinetic analysis of DCE-MRI data was per-
formed to identify tumor regions with different CA uptake kinetics
longitudinally after HIFU treatment. In addition to the commonly
performed assessment of non-perfused volumes, cluster analysis
of pharmacokinetic parameterswasperformed togain insight into
more subtle underlying changes in vascular status in the area sur-
rounding the non-perfused central ablation volume.

A significant increase in the non-perfused tumor volume
was observed directly after HIFU treatment (Fig. 3(A)). At this
time point, the non-perfused tumor fractions were generally
higher than the histology derived non-viable tumor fractions
(Fig. 3(D)). This finding is possibly caused by HIFU-induced de-
struction of tumor vasculature in the zone surrounding the ablated
region, which could lead to delayed cell death (23,25,27,42). This
delayed cell death may explain the better agreement between
the non-viable and non-perfused tumor fractions 3 days after treat-
ment. Temporary HIFU-induced vascular constriction (43) could
also have contributed to the higher non-perfused fraction directly
after treatment, although this contribution is probably minor since
the non-perfused tumor volume 3 days after HIFU was not signifi-
cantly lower than directly after HIFU (Fig. 3(A)). The correlation
between non-viable and non-perfused tumor fractions for the

Figure 3. Non-perfused tumor volumes. (A) Mean ± SD non-perfused tumor volumes before, directly after and 3 days after HIFU treatment. ** Signif-
icant increase in the non-perfused tumor volume directly after HIFU compared with before HIFU (two-sided paired t-test, p< 0.001). (B) Mean ± SD non-
perfused tumor volumes on measurement days �1, 0 and 3 for the control animals.* Significant increase in the non-perfused tumor volumes between
measurement days �1 and 3 (two-sided paired t-test, p < 0.05). (C) Mean ± SD histology-derived non-viable tumor fractions of the control and HIFU-
treated animals on measurement day 3. (D) Correlation plots of MRI-derived non-perfused tumor fractions versus histology-derived non-viable tumor
fractions for the three different experimental groups. The line of identity is shown as a visual reference. The correlation coefficient and the R2 to the line
of identity are displayed in the bottom right corner of each panel.
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non-treated control animals was low, in contrast to the treated
animals (Fig. 3(D)). For the control animals, the non-perfused
tumor fraction was generally higher than the non-viable tumor
fraction. Likely, some of the non-perfused pixels represented
hypoxic, yet viable, tumor tissue, which is also known to be
poorly perfused (44,45). This hypoxic tissue may become
necrotic at a later stage of tumor progression. Therefore, non-
perfused pixels do not necessarily represent necrosis, leading
to a disagreement between the non-viable and non-perfused
tumor fractions. This complicates the classification of tumor as
non-viable solely based on the lack of contrast enhancement
after HIFU in a setting in which tumors were already relatively
non-perfused before treatment.
Nevertheless, pharmacokinetic analysis can still give additional

insights into uptake kinetics and thereby provide information on
changes in the underlying vascular status in the zone peripheral
to the central ablation volume. Histogram and cluster analysis
(Figures S2, 4 and 5) of the pharmacokinetic parameters in the
perfused pixels showed that there were subtle yet significant
HIFU-induced changes in the pharmacokinetic parameter values
in the areas surrounding the non-perfused volume. Since in two
clusters the fraction of pixels significantly increased directly after
HIFU treatment (Fig. 5), these alterations were assumed to be
treatment associated. The composition of the clusters was very
similar directly and 3 days after HIFU treatment, which indicated
that there were no apparent changes in CA uptake kinetics in the
perfused tumor tissue between these time points. One of the
treatment-associated clusters was characterized by a low Ktrans

Figure 5. Cluster composition at the different experimental time points.
Mean ± SD fraction of pixels assigned to the four different clusters be-
fore, directly after and 3 days after HIFU treatment. * Significant increase
in the fraction of pixels directly after HIFU compared with before HIFU
(p < 0.05, one-sided paired t-test).

Table 1. Ktrans and ve values (mean ± SD) in the four clusters

Cluster Ktrans [min�1] ve [—]

Yellow 0.066 ± 0.054 0.495 ± 0.170
Green 0.356 ± 0.107 0.223 ± 0.098
Red 0.039 ± 0.026 0.095 ± 0.061
Blue 0.150 ± 0.044 0.138 ± 0.067

Figure 4. Clustering of pharmacokinetic parameter values. Representative clustering results overlaid on the tumor pixels of the T2-weighted image of
the tumor-bearing paw of the same animal as shown in Figure 2 before, directly after and 3 days after HIFU treatment. The four clusters are represented
by the different colors (yellow, green, red and blue). The non-perfused pixels, which were excluded from cluster analysis, are represented by the white
color. An NADH-diaphorase stained tumor section obtained at approximately the same location as the MRI slice 3 days after HIFU treatment is shown in
the top right corner of the figure. A clear pale, non-viable tumor region was observed next to NADH-diaphorase-positive, viable tumor tissue. The me-
dian dynamic [CA] curves of all pixels in each of the four clusters (shown by the different colors) and the non-perfused pixels are shown at the bottom
of the figure (top to bottom, left to right: green cluster, yellow cluster, non-perfused pixels, blue cluster and red cluster). The bands around the curves
represent the range between the 25th and 75th percentiles.
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and high ve (yellow cluster) and the other by a low Ktrans and low
ve (red cluster) combination (Table 1). The uptake kinetics (Fig. 4)
characterizing the region with low Ktrans and high ve could be
explained by a more difficult CA access due to HIFU-induced
vascular congestion and hemorrhage, but a higher capacity for
accumulation due to the presence of vacuolation and structural
disruption in the extravascular tissue space. The low Ktrans and
low ve in the other cluster with a treatment-associated increase
in fraction of pixels (red cluster) was likely caused by more severe
vascular damage, which may include vascular disruption, con-
gestion and hemorrhage. Regions with these types of vascular
characteristic around the central region of coagulative necrosis
were previously also identified with DCE-MRI analysis and con-
firmed by extensive histological evaluation in a study on HIFU
treatment of rabbit thigh muscle (31).

Pixels in the clusters with treatment-associated changes (yel-
low and red clusters) were located closer to the non-perfused

Figure 6. Spatial distribution of clusters with respect to non-perfused volume. Distribution of the minimal distance from the pixels in each of the four
different clusters to the closest non-perfused pixel directly after and 3 days after HIFU treatment. The yellow, green, red and blue lines represent the
different clusters. The dashed lines represent the clusters with a treatment-associated increase in the fraction of pixels (yellow and red clusters) and the
solid lines represent the other (blue and green) clusters.

Table 2. Distances from clusters to the non-perfused vol-
ume. Median minimal distance from the different clusters to
the non-perfused volume averaged for all HIFU-treated ani-
mals, at both time points after HIFU treatment. Data are pre-
sented as mean ± SD. #, ## Significantly smaller distance from
a cluster to the non-perfused volume compared with the
cluster(s) indicated between the parentheses, with p < 0.05
and p < 0.001, respectively.

Cluster Distance directly
after HIFU [pixels]

Distance 3 days
after HIFU [pixels]

Yellow 2.31 ± 0.67 #(blue) 2.51 ± 0.34
Green 2.79 ± 1.67 3.67 ± 1.78
Red 1.52 ± 0.51 #(green, blue) ##(yellow) 2.15 ± 0.68 #(blue)

Blue 3.13 ± 1.50 3.41 ± 1.25

Figure 7. H&E microscopy. Representative brightfield microscopy images of H&E-stained sections of a HIFU-treated CT26.WT tumor excised at ~2.5 h
after treatment. (A) Viable tumor tissue at 20× magnification. (B) Border zone of coagulated tumor tissue surrounded by structurally disrupted tumor
tissue at 20× magnification. (C) Structurally disrupted tumor tissue at 100× magnification. (D) Region with hemorrhage at 100× magnification.
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pixels than pixels in the other clusters (Fig. 6). In addition, H&E
staining confirmed the presence of tumor regions with structural
disruption and hemorrhage after HIFU (Fig. 7). Vascular endothe-
lium (CD31) and hypoxia (glut-1) dual staining was performed to
gain more insight into the cause and consequences of the
treatment-associated changes in the perfused tumor pixels.
Since the pixels in the clusters with treatment-associated
changes (yellow and red clusters) were located closer to the
non-perfused pixels than pixels in the other clusters (Fig. 6), a
section close to the non-perfused tumor and a remote section
were selected for these histological analyses. No decreased vas-
cular density could be observed in the “Near non-viable” tumor
tissue compared with the “Remote” tumor tissue (Fig. 8). This
suggested that the increased fraction of pixels in the red and yel-
low clusters, both characterized by a low Ktrans, was mainly a re-
sult of a decreased vascular function rather than a reduction of
microvascular density. The decreased vascular function was also
suggested by the higher glut-1 intensity in these regions. These
findings were in agreement with the observed structural disrup-
tion and hemorrhage on H&E staining (Fig. 7). Furthermore, the
higher glut-1 intensity indicated that the observed treatment-
associated changes in vascular status may have consequences
for tumor oxygenation. Association of low Ktrans and ve values
in non-necrotic tumor regions with hypoxic tumor tissue has
been previously shown by Egeland et al. (46).

In our analyses, the non-perfused volume was defined based
on the level of signal enhancement, and subsequently these
non-perfused pixels were excluded from clustering. This ap-
proach was employed since tracer-kinetic parameter estimation
could typically not be reliably performed for dynamic [CA] curves
within this region. For these curves, model regressions were

often characterized by low R2 and tracer-kinetic parameters with
non-physiological values, which has been commonly observed
(47). Inclusion of such data in the clustering would negatively af-
fect the accuracy of the clustering procedure. A potential draw-
back of the exclusion of the non-perfused volume could be
that it may affect the voxel population that is selected for cluster-
ing at the different experimental time points. It is expected that
this would mostly influence the absolute number of pixels within
the different clusters and that the existence of areas with the de-
scribed low Ktrans and low ve, or low Ktrans and high ve, combina-
tion in areas surrounding the non-perfused volume after HIFU
remains consistent. Similarly, whereas the absolute average dis-
tance from the clusters to the non-perfused volume may be
slightly affected by the definition of the non-perfused volume,
it only has minor influence on the relative differences in these
distances between the clusters. Therefore, the clustering can
be regarded as a useful tool to identify regions with specific up-
take kinetics surrounding the non-perfused volume and to deter-
mine the regional distribution of these regions in the tumor.
A potential drawback of k-means clustering is that it requires

the a priori specification of the number of clusters to be used.
This number was optimized by investigating which was the min-
imum number of clusters to identify the most prominent
changes in tracer-kinetic parameters after HIFU. Figure S3 dem-
onstrates that the average tracer-kinetic parameter values within
each cluster, as well as the significance of changes in a cluster
population after treatment, are partly influenced by the number
of clusters that is used in the analysis. Nevertheless, the general
increase in regions with a low Ktrans and low ve, or low Ktrans

and high ve, combination could be observed for various values
of k (i.e., k = 4–6). Although the observed changes in the

Figure 8. Microvascular endothelium (CD31) and hypoxia (glut-1) immunohistochemistry. (A) NADH-diaphorase staining for cell viability of a section
with a large non-viable tumor fraction (with “Near non-viable” tumor tissue) and a distant section with a low non-viable tumor fraction (with “Remote”
tumor tissue). Both sections originate from the same tumor, excised 3 days after HIFU. (B) Representative CD31 and glut-1 fluorescence microscopy
images of adjacent tumor sections. The non-viable and entire tumor tissue are delineated in white and blue, respectively. The analysis was performed
on the viable (either “Remote” or “Near non-viable”) tumor tissue. (C) Quantification of the mean ± SD microvascular density and mean ± SD glut-1
intensity in the “Remote” and “Near non-viable” tumor tissue of the “3 days after HIFU” animals.
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fractions of pixels in the different clusters were induced by HIFU
treatment and histology provided information on the causes and
consequences of these changes, the kinetic uptake characteris-
tics of the red and yellow clusters cannot be regarded as specific
for HIFU-treated tumor based on the presented results. The rela-
tively high fraction of pixels in the red cluster before treatment
(Fig. 5) indicates that pixels with these characteristics can be nat-
urally present in this tumor model. This could be explained by
the fact that for this tumor model perfusion was relatively low
in the tumor center. Therefore, most likely hypoxic regions with
an impaired perfusion are naturally present. The large extent of
poorly perfused tumor tissue in the non-treated tumors was
rather unexpected, because it has been previously described
that subcutaneous CT26 tumors are generally well vascularized
(48) with limited necrosis (49). The overall lower perfusion
observed in the present study could be caused by the difference
in inoculation site (hind limb in our study versus back in the
referred studies). Application of the cluster analysis in better per-
fused tumor models could potentially allow for the detection of
more pronounced HIFU-induced changes in CA uptake kinetics
and clusters that are more specific for HIFU-induced vascular
alterations.
Additional histological analysis, in which the clusters with

specific vascular characteristics are spatially compared with
histological features, could give further insights into the underly-
ing effects causing the observed vascular changes. The use of
MRI-visible and histology-visible fiducial markers or tissue-marking
dyes could aid in retrieving the MRI slice orientation on histology
and thereby enable more direct histological validation of the
cluster results (50).
Furthermore, the histological analysis could be extended in

order to allow for a more complete assessment of vascular status
after HIFU treatment. The combined glut-1 and CD31 staining
represents a relatively indirect evaluation of vascular function
and is therefore probably not sensitive enough to spatially differ-
entiate between the different clusters. Infusion of the fluorescent
vascular perfusion marker Hoechst (51), or vascular permeability
marker Evans Blue (52), would allow for a more direct and com-
plete assessment of the tumor vascular characteristics and
altered tumor vascular status after HIFU treatment.
HIFU treatment was performed outside the MR system, since

the preclinical therapeutic ultrasound transducer is not MR com-
patible. In a HIFU set-up with MRI guidance, temperature maps
could be acquired during the treatment, allowing changes in
the pharmacokinetic parameters to be compared with the
applied thermal dose (31). This information would also allow
for a better definition of the danger zones around the central
ablation volumes and a more detailed comparison between
applied thermal dose, temperature-dependent changes in
uptake kinetics and histological appearance of these regions.
Measurements made longitudinally during a longer time

period after HIFU treatment would give further insight into the
dynamic response of tumor tissue to HIFU treatment. The
DCE-MRI data in the current study were acquired up to 3 days
after treatment. At a later time point after HIFU, repair processes
such as regeneration, fibrosis and revascularization are expected,
which could alter the pharmacokinetic parameter values (26). In
addition, it would be of interest whether early changes in CA
uptake kinetics can be of prognostic value for the ultimate fate
of the tissue.
In conclusion, it was demonstrated that analysis of DCE-MRI data

by means of cluster analysis on pharmacokinetic parameters can be

used to identify regions with different CA uptake kinetics after
HIFU treatment, which may be reflective of their vascular sta-
tus. In addition to the commonly performed analysis of non-
perfused tumor volume after HIFU treatment, the presented
methodology gives additional insight into uptake kinetics in
the transition zone adjacent to central ablation volume. This
method could aid in assessment of the consequences of the
different vascular alterations after HIFU for the microenviron-
ment and fate of the tissue and the sensitivity of the tumor
to additional therapies.
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