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The aim of this study was to compare intratumoural heterogeneity and longitudinal changes assessed by dynamic
contrast-enhanced ultrasound (DCE-US) and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
in prostate tumour xenografts. In vivo DCE-US and DCE-MRI were obtained 24h pre- (day 0) and post- (day 2) radi-
ation treatment with a single dose of 7.5Gy. Characterization of the tumour vasculature was determined by Brix
pharmacokinetic analysis of the time–intensity curves. Histogram analysis of voxels showed significant changes (p
< 0.001) from day 0 to day 2 in both modalities for kep, the exchange rate constant from the extracellular extravas-
cular space to the plasma, and kel, the elimination rate constant of the contrast. In addition, kep and kel values from
DCE-US were significantly higher than those derived from DCE-MRI at day 0 (p < 0.0001) for both groups. At day 2,
kel followed the same tendency for both groups, whereas kep showed this tendency only for the treated group in
intermediate-enhancement regions. Regarding kep median values, longitudinal changes were not found for any
modality. However, at day 2, kep linked to DCE-US was correlated to MVD in high-enhancement areas for the treated
group (p = 0.05). In contrast, correlation to necrosis was detected for the control group in intermediate-enhancement
areas (p < 0.1). Intratumoural heterogeneity and longitudinal changes in tumour vasculature were assessed for both
modalities. Microvascular parameters derived from DCE-US seem to provide reliable biomarkers during radiother-
apy as validated by histology. Furthermore, DCE-US could be a stand-alone or a complementary technique.
Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Dynamic contrast-enhanced ultrasound (DCE-US) and dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) are
non-invasive, functional imaging techniques. These in vivo
methods reportedly allow the assessment of tumours’ microcir-
culation and may therefore be used to monitor the tumours’ re-
sponse to treatment (1,2).

DCE-US and DCE-MRI in combination with semi-quantitative
evaluation of time–intensity curves is widely applied. However,
information regarding the underlying pharmacokinetic nature
of the physiological processes is not known (3–6).

Quantitative analysis using pharmacokinetic models can pro-
vide information about the microvessel permeability, and the
volume fraction of the extravascular extracellular space (EES).
The evolution of the signal intensity over time can be studied
using bolus-tracking techniques in which the signal intensity of
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is injected intravenously. The derived microvascular parameters
can be used as biomarkers for treatment monitoring and, if pos-
sible, outcome (7,8).

DCE-MRI uses gadolinium-based contrast agents, which affect
the tissue relaxation rates, and increased signal intensity is ob-
served in T1-weighted MR images. After injection, the contrast
agent distributes through the blood plasma, and extravasates
to the EES, where the transfer rate and distribution depend on
the molecular size of the tracer and the vessel morphology (9).
DCE-MRI in combination with pharmacokinetic analysis is widely
used in clinical practice and has become increasingly significant
in tumour monitoring. Several oncological diseases have been
addressed using this technique, including tumours of the breast,
pelvis, musculoskeletal system, and head and neck (3). DCE-MRI
has also been used to monitor treatment such as radiochemo-
therapy and radiotherapy (10).

DCE-US, in contrast, requires gas-filled microbubbles, which
are intra-vascular agents, and do not leak into the interstitial
space in healthy tissue due to the size of the microbubbles
(11). Therefore, true perfusion estimation can be achieved with
higher accuracy. The DCE-US acquisition is fast, easily available,
and low cost in comparison with DCE-MRI. In principle, the same
pharmacokinetic models as used for DCE-MRI could be applied
to DCE-US. However, the use of the bolus-tracking technique,
which includes an estimation of the arterial input function
(AIF), has not been employed until recently (5,12,13). The mea-
surement of the AIF is especially challenging for ultrasound im-
ages due to the attenuation of the contrast agent in the artery,
movement artefacts, and the presence of speckle (12). There
are also issues regarding where to measure the AIF. A large ves-
sel is not always available in the vicinity of the tumour and the
distance adds additional delay and dispersion. Furthermore, to
avoid partial volume effects, the AIF has to be measured in an ar-
tery with a diameter larger than the intrinsic resolution of the
functional imaging technique used (14,15).

The aim of this study was to compare tumour tissues with sim-
ilar functional parameters by means of DCE-MRI and DCE-US in
prostate tumour xenografts in two specific scenarios, pre- and
post-radiation treatment. The Brix pharmacokinetic model (16)
was selected, since the same method could be applied to both
modalities for tumour characterization according to the derived
microvascular parameters kep, kel, and A, defined as the ex-
change rate constant from the EES to plasma, the elimination
rate constant of the contrast agent from the plasma, and the am-
plitude of the contrast uptake, respectively. This model provides
an estimation of microvascular parameters without requiring an
AIF, and a more direct comparison can be obtained. In addition,
recent clinical studies have reported results that suggest that the
Brix model may have increased usage in this setting (8,17). Nev-
ertheless, it must be considered that ignoring the AIF leads to a
non-unique estimation of the microvascular parameters, which
can compromise the reproducibility of the method (12). The re-
sponse to radiotherapy was not within the main scope of this
study, and future reports that focus on this matter are planned.

2. MATERIALS AND METHODS

2.1. Animals

This study was approved by the Norwegian Animal Research
Authority (Oslo, Norway) in agreement with the European
Convention for the Protection of Vertebrate Animals used for

experiments and other scientific purposes (ETS 123). Experi-
ments were carried out in accordance with the approved
protocols.
Healthy male, sexually mature Hsd:Athymic Nude-Foxn1nu

mice (6weeks old, 21–28 g), purchased at Harlan Laboratories
(The Netherlands), were used in this study. The mice were hosted
under specific pathogen-free conditions at constant temperature
and humidity, before and during the experiment. Sterilized food
and water were provided ad libitum.
Approximately 2 × 2 × 2mm3 of tissue from the CWR22 hu-

man androgen-sensitive xenograft (18,19) was subcutaneously
implanted into the flank of each mouse according to procedures
previously reported (20).
The mice were included in the experiment when their shortest

tumour diameter reached 8mm. Twelve mice were randomly al-
located to the control (six) and the treated (six) group. In order to
assess early response to treatment, DCE-US and DCE-MRI acqui-
sition were performed 24 h before (inclusion day/day 0) and
24 h after radiation treatment (day 2). All mice were euthanized
and the tumour tissue was excised on the last imaging day.

2.2. Tumour volume

Tumour volumes were estimated three times per week from cal-

liper measurements using the formula a2b
2 , a being the shortest

diameter along the tumour and b the corresponding perpendic-
ular diameter.

2.3. Anaesthesia and tail vein cannulation

The mice were anaesthetized with isoflurane (Isoba vet,
Schering-Plough Animal Health, Boxmeer, The Netherlands), in
50% O2 and 50% air (induction 4%, maintenance 1.5–2%). Respi-
ratory rate and body temperature were monitored continuously
during the image acquisitions.
Gas anaesthesia was not available during radiation treatment.

Therefore, injectable anaesthesia was used instead. A mixture of
Ketalar (75mg/kg), Domitor (0.1mg/kg) and saline was adminis-
tered subcutaneously using a dose of 0.1mL/kg body weight. In
order to inject the contrast agents, a tail vein was cannulated
using a 30G (12mm) insulin needle connected to a 26G
(20mm) catheter tube (BD Vasculon Plus IV, Medinor).

2.4. Radiation treatment

At day 1, the animals were anaesthetized and transported to the
Department of Oncology and Medical Physics at Haukeland
University Hospital for radiation treatment. All treated mice were
positioned within the radiation field minimizing the exposure to
vital organs. Subsequently, a single dose of 7.5 Gy was delivered
using a Varian Clinac 600C linear accelerator (6 MV x-rays).
During the irradiation, the control mice were located outside
the treatment vault approximately 5m away from the source.

2.5. Contrast agents

The gadolinium-based contrast agent Gadomer 17 (invivoCon-
trast, Berlin, Germany), has an approximate molecular diameter
of 2 nm, and leaks into the tumour and muscle tissue, although
to a lesser degree than conventional low-molecular-weight MRI
contrast agents (21). This contrast agent has been used previ-
ously to estimate microvessel permeability in striated muscle
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tissue (22) and in rat brain tumour (23). Gadomer 17 is excreted
mainly via glomerular filtration (24).
The microbubbles (MicroMarker, Fujifilm VisualSonics, To-

ronto, Canada) used in this study have a mean diameter ranging
from 2.3 to 2.9μm (25), while conventional microbubbles pres-
ent a mean distribution between 1 and 10μm (26,27). The gas
content of the microbubbles is exhaled via the lungs, and the
shell is metabolized or filtered by the kidney and eliminated by
the liver (26).

2.6. DCE-US acquisition

Initially, nonlinear contrast perfusion was performed using a
Vevo2100 ultrasound scanner (Toronto, Ontario, Canada). The
mice were positioned on the ultrasound examination table in
prone position with limbs extended over the ECG electrodes.
Temperature and heart rate were stabilized before starting the
imaging procedure.
The MS250 probe was connected using the following settings:

18MHz, 4% transmit power, standard beamwidth, 20 dB contrast
gain, 45 dB dynamic range and frame rate 1 per second. A B-
mode acquisition was performed to identify the tumour and to
optimize the probe position. The central slice of the tumour, in
the sagittal plane, was imaged to approximately match the sub-
sequently acquired DCE-MRI slice. Non-linear contrast mode
scanning was started and, after a 10 s baseline, a 50μL bolus injec-
tion (approximately 108 microbubbles according to the vendor)
was administered carefully over approximately 2 s to minimize
bubble destruction. The transmit focus was kept constant across
all acquisitions, which lasted approximately 5–6min depending
on the tumour size.
Video data (uncompressed AVI) from DCE-US was used for the

quantification instead of raw RF data. As previously reported (28),
quantification is equivalent if gain settings are adjusted to pre-
vent data truncation and a high-dynamic-range log-compression
(≥45 dB) is used.

2.7. DCE-MRI acquisition

After the DCE-US acquisition, the mouse under investigation was
detached from the DCE-US examination table, transported, and
positioned in the MRI bed while anaesthetized.
MRI of the tumour was acquired using a small animal, horizon-

tal bore 7.0 T PharmaScan (Bruker BioSpin MRI, Ettlingen,
Germany) with a loop coil, a standard circular mouse body RF
coil, and the Paravision Version 5.1 software system. Gadomer
17 was administered at a dose of 0.1mmol/kg body weight dur-
ing a period of 10 s after the acquisition of 30 baseline images.
The T1-weighted FLASH (fast low angle shot) dynamic se-

quence (echo time TE = 2.7ms, repetition time TR = 16ms, flip
angle FA = 17 °, echo train length ETL = 1ms, pixel bandwidth
PB = 351.9, image matrix = 128 × 128, field of view FOV =
3 cm, slice thickness = 1mm, number of averages = 1), with a re-
constructed voxel size of 0.23 × 0.23 × 1mm3 and a sampling in-
terval Δt = 0.7ms, was recorded before, during, and after bolus
administration. Only one central slice of the tumour was imaged
in order to keep the TR as low as possible. The dynamic acquisi-
tion lasted roughly 15min.
The overall time spam between the DCE-US and the DCE-MRI

acquisitions was approximately 25min, since several MR se-
quences were acquired prior to the dynamic one. For instance,
a pre-contrast T1-weighted axial RARE sequence (TE = 7.5ms,

TR = 1008ms, ETL = 4, PB = 325.5, image matrix = 256 × 256,
FOV = 4 cm, slice thickness = 1mm, number of averages = 5)
was acquired for qualitative morphologic interpretation.

2.8. Image quantification

DCE-US and DCE-MRI analysis were performed using in-house
developed software using MATLAB R2011b (MathWorks, Natick,
MA, USA) (29). A region of interest (ROI) was delineated around
the entire tumour using an image with maximum signal intensity
in the MRI dynamic sequence (T1-weighted images). Surrounding
skin and connective tissue were excluded from the delineation.
Similarly, an ROI containing the tumour was delineated in the ul-
trasound images.

In both cases, contrast-enhancement curves were converted
to relative signal intensities (RSIs) according to

RSI tð Þ ¼ SI tð Þ � SI 0ð Þ
SI 0ð Þ

where SI(0) denotes pre-contrast and SI(t) post-contrast signal in-
tensity in a voxel at time t. Voxel-by-voxel quantification was
generated by fitting RSI(t) to the Brix model (16) using the
Levenberg–Marquardt least-squares minimization method in
the following equation:

RSI tð Þ ¼ A·kep
kel � kep

· e�kept � e�kelt
� �

:

Estimates of the microvascular parameters kep, kel, and A were
provided. In the Brix model, kep reflects the efficiency of diffusion
from the EES to the plasma, which is related to permeability and
interstitial space volume (17). kel is related to the elimination rate
of the contrast agent from the plasma. The amplitude A reflects
the vascular and the EES filling, which is affected by vascular in-
flow, vessel density, and interstitial space (17).

The three parameters were allowed to vary freely in the fitting
procedure, although no negative values were accepted. Unfitted
voxels were set to zero and included in the calculations.

2.9. Immunohistochemistry

5μm paraffin embedded sections were deparaffinized using xy-
lene and rehydrated using a series of graded ethanol (99%,
95%, 70%, and 50%). Antigen retrieval was performed in sodium
citrate buffer (10mM sodium citrate, 0.05% Tween, pH 6.0) at
100 °C for 20min using a water bath. Then the sections were
cooled down to room temperature and permeabilized with
0.25% Triton X-100 and 5% goat serum (GS) in PBS for 10min.
The sections were subsequently incubated at 4 °C overnight with
rabbit polyclonal anti-human/mouse CD31 antibodies (Abcam)
in PBS with 5% GS followed by incubation with goat-anti rabbit
IgG (H+L) secondary antibodies conjugated to Alexa Fluor 546
(Invitrogen) for 1 h. The stained sections were preserved in
Fluoroshield mounting medium containing DAPI (Abcam).

The sections were examined at ×40 magnification (total magni-
fication ×100) on an LSM 700 confocal microscope (Carl Zeiss,
Germany) using tile scanning with stitching using the software
Zen 2012. The quantification of microvessel density (MVD) was
done according to previous publications by other authors (30,31).
The number of CD31 positive structures per 0.5mm2 were counted
in five randomly selected non-overlapping areas, fromnon-necrotic
parts of tumours, by a blinded investigator and then averaged.

The necrotic areas were characterized by granular morphol-
ogy, DAPI negative staining, and reduced autofluorescence
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staining as previously described (32). The percentage of necrosis
was calculated in the entire image using software developed in-
house in MATLAB (29). Briefly, colour-based segmentation was
performed using K-means clustering. The regions with highly
CD31 positive areas were dilated using a disc shape structuring
element in order to avoid false positives from the dark areas
around the vessels. Subsequently, these areas were subtracted
from the corresponding DAPI stained image. Thus, the percent-
age of necrotic tissue was assessed as the ratio of the number
of black pixels (non-stained regions) in the final image to the
total number of pixels per sampling area.

2.10. Statistical analysis

Statistical analysis was performed in R (33) using in-house devel-
oped software. Histograms for the microvascular parameters
were grouped by technique (DCE-MRI and DCE-US) and imaging
day (day 0 and day 2), as well as group (treated and untreated
control). Each histogram was subsequently segmented, using
the first and third quartile values, into regions of low (0 ≤ values
≤ first quartile), intermediate (first quartile ≤ values ≤ third quar-
tile), and high enhancement (values ≥ third quartile). The median
value of each enhancement region for each tumour was also
used for the statistical analysis. The Mann–Whitney–Wilcoxon
(MWW) test was used to determine differences between groups.
If significant, the provided approximation to the Z value is re-
ported, which indicates the number of standard deviations that
separates the data from the mean. Pearson’s correlation test
was employed to assess correlation between parameters derived
from DCE-US and DCE-MRI, as well as between treated and
control groups, at day 0 and at day 2. Correlations between the
microvascular parameters and histological parameters were also
assessed at day 2. The Bonferroni adjustment method (34) was
employed as correction for multiple testing. Results are pre-
sented as median and median absolute deviation. A significance
level of 5% was considered.

3. RESULTS

Tumour volumes calculated from calliper measurements were
highly variable, and no statistically significant intra- and inter-
group differences were observed pre- or post-treatment. Typical
time–intensity curves for DCE-US and DCE-MRI with the corre-
sponding fitting are available as supplementary content (Fig. S1).

Figure 1 shows the B-mode images with illustration of the
tumour delineation, pre- and post-treatment, for one treated tu-
mour. Parametric maps, derived from DCE-US, corresponding to
the microvascular parameters kep and kel are also displayed. The
existence of a feeding vessel on the upper part of the tumour
was confirmed by power Doppler imaging, as demonstrated in
Fig. 2. This vessel appears in the parametric maps for kep as a
dark blue region, and it has been marked with a red arrow
(Fig. 1(G)). Figure 3 presents the corresponding DCE-MRI analysis
of the same treated tumour as shown in Fig. 1.

3.1. Histogram analysis

Histograms for each tumour in the experiment were produced
for each microvascular parameter. Subsequently, the histograms
were segmented according to the enhancement into low-,
intermediate-, and high-enhancement regions, denoted by the
superscript L, I, and H, respectively. Finally, all the voxels

associated with each enhancement region were merged to-
gether. Figures 4 and 5 show the probability density function
(PDF) resulting from these histograms, at day 0 and day 2, for
each microvascular parameter as derived from DCE-US and
DCE-MRI, respectively, and associated with the above mentioned
enhancement regions. Changes in tumour heterogeneity related
to each microvascular parameter can be observed according to
the shape of the probability density curves. These curves showed
a defined trimodal/bimodal distribution at day 2 as compared
with day 0, predominantly for kep. The distribution for the treated
and control mice at day 2 can be interpreted as an effect of the
treatment and the tumour development, respectively. The curves
associated with the treated and the control group are particularly
distinguishable for high-enhancement areas in DCE-US. In
contrast, for DCE-MRI, the same trend is observed for low-
enhancement areas.
Longitudinal changes from day 0 to day 2 were observed for kep

and kel in both techniques independently of the enhancement re-
gion. The distribution of values derived from DCE-US varied signifi-
cantly for the treated (p < 0.0001; Z(kep

L) = 6.7, Z(kep
I) = 6.5, Z(kep

H)
= 8.1; Z(kel

L,I,H) = 8.1) and control group (p < 0.0001; Z(kep
L,I,H) =

8.1; Z(kel
L,I,H) = 8.1). Large variability was detected for the values asso-

ciatedwith DCE-MRI for the treated (p< 0.0001; Z(kep
L) = 6.4, Z(kep

I,H)
= 8.1; Z(kel

L,I,H) = 8.1) and control groups (p < 0.0001; Z(kep
L) = 6.3,

Z(kep
I,H) = 8.1; Z(kel

L) = 6.0, Z(kel
I,H) = 8.1).

kep and kel derived from DCE-US were significantly higher than
those derived from DCE-MRI at day 0 (p < 0.0001; Z(kep

L,I,H) = 8.1;
Z(kel

L,I,H) = 8.1). At day 2, the same tendency was observed for kep
associated with intermediate-enhancement regions in the
treated group (p < 0.0001; Z(kep

I) = 2.9) but not in the control
one. This is, no significant differences were found between the
values derived from DCE-US and DCE-MRI for kep linked to low-
and high-enhancement regions. kel values associated with DCE-
US were also increased in comparison to DCE-MRI independently
of the enhancement region in the treated and control groups
(p < 0.0001; Z(kel

L,I,H) = 8.1). Although significant correlations
were observed between the microvascular parameters derived
from DCE-US and DCE-MRI, they were weak at day 0 (p <
0.001, r < ±0.1) and at day 2 (p < 0.05, r < ±0.08). When con-
sidering treated and control groups separately, a moderate
positive correlation was detected for kel in the control group
at day 2 for high-enhancement regions (p < 0.0001, r = 0.4).

3.2. Median analysis

No significant longitudinal changes were observed for kep from
day 0 to day 2 with any of the techniques. In both scenarios, at
day 0 and day 2, significant increased kep median values associ-
ated with high-enhancement areas were observed for DCE-US as
compared with DCE-MRI (p < 0.05, ZDAY 0 = ZDAY 2 = 2.5 ). At day
0 the median values for kep were 7.4 ± 2.4 for DCE-US and 5.6 ±
1.8 for DCE-MRI, while at day 2 the median values were 8.5 ± 2.1
and 6.0 ± 1.3, respectively. These differences were not found
when separately considering treated and control mice.
Significant longitudinal changes were observed for kel derived

from DCE-US for treated and control mice in all the enhancement
regions (p < 0.001; Z(kel

L) = 3.4, Z(kel
I,H) = 3.6). However, signifi-

cant changes from day 0 to day 2 were not found for DCE-MRI.
The median values for the parameter kel were significantly higher
for DCE-US as compared with DCE-MRI independently of the en-
hancement region at day 0 (p< 0.0001, Z(kel

L,I) = 4.7, Z(kel
H) = 3.9).

At day 2 the same trend was observed for the treated group
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(p< 0.05, Z(kel
L) = 2.5, Z(kel

I,H) = 2.7). The control group presented
increased median values for intermediate- and high-enhan-
cement regions (p < 0.01, Z(kel

I,H) = 2.7).
No significant correlations were detected between the median

values of the microvascular parameters derived from DCE-US
and DCE-MRI at any day.

3.3. Immunohistochemistry of MVD and necrosis

Median values for kep derived from DCE-US were plotted against
necrosis and MVD for the treated and the control group (Fig. 6).
The corresponding figure for DCE-MRI is provided as supplemen-
tary data (Fig. S2).
The assessment of histological parameters at day 2 did not re-

veal significant differences between the treated and control
groups. The median values for kep derived from DCE-US were
strongly correlated to MVD for high-enhancement areas in the

treated group (p = 0.05, r = 0.9). Figure 7 shows two representative
tumour samples from the treated group with high and low MVD
that are positively associated with kep values linked to DCE-US
but not those derived from DCE-MRI. Similarly, kep median values
were correlated to necrosis for intermediate-enhancement areas
in the control group at a lower significance level (p < 0.1, r =
0.9). It should be mentioned that histological parameters for one
sample in the treated groupwere not available. Therefore, only five
points can be observed in Fig. 6. No correlations were found be-
tween the histological parameters and kel associated with DCE-
US. Similarly, no correlations were observed between necrosis
and MVD for the microvascular parameters derived from DCE-MRI.

4. DISCUSSION

The Brix pharmacokinetic model has been applied to character-
ize tumour vasculature voxelwise, as assessed by DCE-US and

Figure 1. DCE-US analysis for one treated tumour prostate xenograft: B-mode images (A, E), illustration of tumour delineation (B, F), and the paramet-
ric maps associated to the microvascular parameters kep (C, G) and kel (D, H), at day 0 and day 2, respectively. The red arrow in panel (G) shows the blood
vessel detected.

Figure 2. Power Doppler imaging of a prostate tumour xenograft in mouse. A feeding vessel on the left part of the tumour shown in blue and marked
with a red arrow can also be seen in the parametric map shown in Figure 1(G).
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DCE-MRI, in two scenarios, pre- (day 0) and post- (day 2) radia-
tion treatment using a murine subcutaneous model of human
prostate cancer xenograft. Subsequently, similar regions of tu-
mour tissue segmented according to voxel enhancement in each
technique have been compared with histological parameters
such as MVD and necrosis.

To our knowledge, there are no previous studies using the Brix
model for quantification in DCE-US, although DCE-MRI and
contrast-enhanced ultrasonography (CEUS) were combined ear-
lier in preclinical studies (5,35). In those studies the dynamic in-
formation provided by CEUS was limited to semi-quantitative
perfusion parameters extracted from the time–intensity curves,

Figure 3. DCE-MRI analysis for the treated tumour prostate xenograft showing the anatomic T1-weighted images (A,E), dynamic T1-weighted images
with illustration of tumour delineation (B, F), and parametric maps associated to the microvascular parameters kep (C, G) and kel (D, H) at day 0 and day 2,
respectively.

Figure 4. Probability density function (PDF) linked to the normalized histograms corresponding to the microvascular parameters kep derived from
DCE-US and associated to (A) low-, (B) intermediate-, and (C) high-enhancement regions. The corresponding figures for DCE-MRI, connected to regions
of (D) low, (E) intermediate and (F) high enhancement are also displayed. The solid lines correspond to the pre-treatment curves (day 0). The dashed
and dotted lines represent the post-treatment curves (day 2) for control and treated group, respectively.
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such as time to peak intensity, area under the curve, and slope,
among others. A more advanced quantitative approach for the
two modalities reported a strong and significant relationship be-
tween the estimates of tumour perfusion (36). Furthermore, a
coregistration technique was employed to compare the distribu-
tion of vascular endothelial growth factor receptor 2 in a breast
tumour model (37).
Intratumoral heterogeneity of large structures has been dem-

onstrated, and according to the histogram analysis longitudinal
changes, from pre- to post-treatment, were found for kep and
kel in both techniques independently of the enhancement re-
gion for the treated and the control group. The microvascular pa-
rameters derived from DCE-US were significantly increased
compared with those derived from DCE-MRI at day 0. The distri-
bution of the parameters showed broader spectra for DCE-US,
which may explain these increased values. At day 2, this effect
was only found for kep associated with intermediate-
enhancement regions for the treated group. The same trend ob-
served for kel at day 0 was found at day 2 for all enhancement
regions. Whether these changes in the contrast uptake are an ef-
fect of the treatment or not remains to be demonstrated.
The median values were not a suitable choice to characterize

the microvascular parameters, since they were affected by tu-
mour heterogeneity, as demonstrated in the trimodal/bimodal
distributions. Therefore, it is understandable that no significant
differences were found for kep from day 0 to day 2 for any of
the techniques. Furthermore, no differences were detected be-
tween the kep values derived from DCE-US and DCE-MRI when

considering separately the treated and the control group. Inter-
estingly, kep median values derived from DCE-US for the treated
group were significantly and strongly correlated to MVD for
high-enhancement regions. The control group presented a
strong positive correlation to necrosis at a lesser significance
level. The same trend as observed in the histogram analysis
was found for kel median values in the treated group, in which
median values were significantly higher for DCE-US as compared
with DCE-MRI at day 0 and day 2 in all enhancement areas. This
tendency was not observed for the control group in low-
enhancement regions.

These results show the potential of DCE-US and subsequent
analysis using the Brix model as a stand-alone modality to pro-
vide reliable biomarkers during radiotherapy, which would be
of great advantage as a more accessible and inexpensive tech-
nique than DCE-MRI.

In the present study, the microvascular parameter A has not
been included in the analysis. This parameter may have been
conditioned by the molecular size of the respective contrast
agent. In addition, different doses were used between tech-
niques, and comparison should be made with caution. Therefore,
we have centred the analysis on the parameters kep and kel.

The structural basis and mechanism of vessel leakiness are un-
clear in this study, but exchange between the EES and the
plasma was detected. According to size, mainly the intravascular
space filling and little extravasation were expected for the
microbubbles, whereas faster vascular filling, easier access to
poorly perfused regions, and more extravasation were

Figure 5. Probability density function (PDF) linked to the normalized histograms corresponding to the microvascular parameters kel derived from DCE-
US and associated to (A) low-, (B) intermediate-, and (C) high-enhancement regions. The corresponding figures for DCE-MRI, linked to regions of (D) low,
(E) intermediate and (F) high enhancement are also displayed. The solid lines correspond to the pre-treatment curves (day 0). The dashed and dotted
lines represent the post-treatment curves (day 2) for control and treated group, respectively.
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Figure 6. Relationship between MVD and kep derived from DCE-US associated to (A) low-, (B) intermediate-, and (C) high-enhanced regions for the
treated and the control group. The corresponding figures for necrosis linked to regions of (D) low, (E) intermediate and (F) high enhancement are also
displayed. The solid lines correspond to the regression lines associated to the treated group whereas the dotted lines correspond to the control one.
The correlation coefficient has been added to the plot when statistical significance was detected (C). Similar figure for kep derived from DCE-MRI is pro-
vided as supplementary data (Figure 2S).

Figure 7. Two representative xenograft tumour samples from the treated group with high MVD (A) and low MVD (B). Blood vessels were revealed by
immunofluorescence staining using the pan-endothelial marker CD31 (red) while the nuclei were counterstained with DAPI (blue). The areas i and ii are
enlarged from the outlined regions of the images. The kep parametric maps derived from DCE-US of the same samples demonstrate positive association
to MVD (C, D), while the parametric maps linked to DCE-MRI show no microvasculature changes in the tumours (E, F).
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anticipated for Gadomer 17 (21). A defective endothelial mono-
layer with large anatomical pathways for extravasation may ex-
plain the leakage within the tumour, considering that prostate
tumours do not exhibit a well-developed vascularity (38). The
normal physiological upper limit of pore size for transvascular
flow across the capillary walls has been established at approxi-
mately 12 nm for a very small fraction of the overall pathways,
with the large majority of the pores around 4 nm (39). However,
in tumour tissues, the chaotic architecture of vessels (40–42)
has revealed the existence of openings between cells up to
0.3–4.7 μm (43). Furthermore, microbubbles oscillation during
ultrasound exposure leads to transient membrane permeability
of surrounding isolated cells by a process called sonoporation,
and 100 nm membrane pores have been reported (44). How-
ever, even though microbubbles after sonoporation can pass
isolated cells, the microvascular barrier is a serial structure
consisting also of the basement membrane. The next barrier
will consist of the extracellular matrix, which will severely limit
the movement. As an example, albumin (3.6 nm) under such
conditions will have a diffusion coefficient of only up to 5–10%
of what is seen in free fluid, and it is therefore likely that the
microbubbles moving across the endothelial barrier will be
restricted from further movement.
This study lacks a true spatial coregistration between the

images acquired for DCE-US and DCE-MRI, mainly due to
the different FOV provided for each technique. Pixel size for
DCE-US is 0.002mm2 while that for DCE-MRI is 0.053mm2.
In DCE-MRI the slice thickness is known and well located,
whereas in DCE-US the slice thickness is assumed to be
negligible when in reality it is not (45), and its precise
location is undetermined (36). Another limitation relies on
the pharmacokinetic model used, since information regarding
the exchange from the plasma to the EES cannot be obtained.
Although tumour heterogeneity, longitudinal changes, and
correlations to histology have been shown, the results presented
must be interpreted with care.
The main scope of this study was to compare similar regions

of tumour tissue by means of the pharmacokinetic parameters
derived from a multimodal approach using DCE-US and DCE-
MRI in two different conditions. Intratumoral heterogeneity and
longitudinal changes in tumour vascularity for both modalities
have been shown for kep and kel. Furthermore, a relationship
has been established between the microvascular parameters de-
rived from DCE-US and histological parameters. We have proven
the potential of DCE-US for radiation treatment monitoring. This
technique seems promising as a stand-alone modality, which
would be of a great advantage as a more accessible and inex-
pensive technique.
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