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Objective: This study aimed to quantify intratumoural viable tissue perfusion with
contrast-enhanced greyscale ultrasound to evaluate tumour response to anti-
angiogenic treatment.
Methods: H22 hepatoma-bearing mice were treated with low-dose thalidomide
(Group B), high-dose thalidomide (Group C) or 0.5% carboxylmethylcellulose (Group
A). Contrast-enhanced greyscale ultrasound was performed after 7 days of treatments
to evaluate the percentage of non-enhanced area for each tumour; regions of interest
within the enhanced area were analysed offline to determine the area under the curve
(AUC), maximum intensity (IMAX), perfusion index (PI), mean transit time (MTT), time
to peak (TTP) and quality of fit (QOF). Immunohistochemical analysis was performed for
evaluation of microvascular density (MVD).
Results: The percentage of non-enhanced area was significantly larger in Group C than
in Groups A and B (p,0.05); however, there was no significant difference between
Groups A and B. Treatment with thalidomide resulted in a significant decrease in AUC, PI
and IMAX compared with Group A (p,0.05). Immunohistochemistry showed significant
decreases in MVD in Groups B and C compared with Group A (p,0.05); however, there
was no significant difference in MVD between Groups B and C. MVD was positively
correlated with IMAX (r50.419, p50.023) and PI (r50.455, p50.013).
Conclusion: Quantitatively analysing intratumoural viable tissue perfusion enables
early evaluation of tumour response to anti-angiogenic therapy before apparent
changes in tumour necrosis.
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Angiogenesis is required for solid tumours to expand in
size beyond approximately 1.0–2.0 mm in diameter [1].
Anti-angiogenic agents are, therefore, of major interest as
therapeutics for cancer treatment. In contrast to cytotoxic
agents, anti-angiogenic agents do not act directly on
tumour cells but on the endothelial cells, which may
restrict tumour microvasculature without a clinically
apparent change in tumour size [2]. The morphological
measurements of the tumour size in medical images,
therefore, may not be the most appropriate end point for
evaluating anti-angiogenic agents [3].

Immunohistological analysis of the mean intratumoural
microvascular density (MVD) is the most commonly used
method for assessing angiogenesis, but is also the most
invasive procedure. An additional limitation of this
approach is that it does not provide information on the
effective perfusion through the vessel. Moreover, it reflects
only a single point in time and cannot be used as a way of

monitoring in vivo changes induced by anti-angiogenic
therapy. Therefore, although MVD is a potentially useful
marker for assessing tumour angiogenesis, determination
of changes in MVD may not be an appropriate indicator to
evaluate anti-angiogenic therapy [2].

Anti-angiogenic agents are designed to affect the abnor-
mal blood vessels found in tumours, therefore a change
in tumour perfusion may be a promising biomarker that
heralds a positive clinical response to therapy. Several non-
invasive image modalities are being investigated to monitor
tumour response to anti-angiogenic treatment, including
dynamic contrast-enhanced MRI, CT, positron emission
tomography (PET) and ultrasound [4, 5]. Ultrasound is an
attractive modality for imaging tumour vasculature because
of the ease with which it can be repeated without exposing
the patient or animal to any risk. Conventional and contrast-
enhanced power Doppler can detect reductions in larger
tumour vessels during anti-angiogenic therapy [6]. How-
ever, even with the use of contrast agents, power Doppler
is not capable of visualising capillary blood flow [7], an
essential pre-condition for quantifying tissue perfusion.
Contrast pulse sequence imaging (CPS) is a recently
introduced contrast-enhanced ultrasound imaging technol-
ogy with excellent agent-to-tissue specificity at a very low
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mechanical index (MI). With the use of CPS, capillary blood
flow can be visualised in real time, which makes it possible
to discriminate viable tissue from necrotic tissue, and
intratumoural viable tissue perfusion parameters can be
calculated combined with time–intensity curves.

Thalidomide is a typical old drug with a new use and
has been shown to inhibit angiogenesis [8]. Although the
exact molecular mechanism of anti-angiogenesis elicited
by thalidomide is not clear and some of its side effects
may be serious, it is still extensively investigated in
clinical practice for palliative treatment of advanced
cancers since a significant effect on angiogenesis and
tumour growth has been demonstrated in more and
more animal and clinical trials [9]. The present study was
designed to quantify intratumoural viable tissue perfu-
sion with contrast-enhanced greyscale ultrasound to
evaluate tumour response to different doses of thalido-
mide in a mouse hepatoma H22 model.

Methods and materials

Animal model

All experiments were approved by the institutional
animal care committee of Sun Yat-Sen University and
performed under the guidelines of the National
Institutes of Health for the care of laboratory animals.
A highly malignant mice hepatoma cell line (H22) was
used. Tumours were established by subcutaneous injec-
tion of 26 106 H22 cells at the right axillary fossa of 30
Kun-Ming mice weighing 16–18 g.

After 24 h of tumour implantation, 30 mice were ran-
domly divided into 3 groups with Group A (n510) as
control and Groups B and C (n510 in each) as treatment
groups. Thalidomide (Changzhou Pharmaceuticals, Jiangsu,
China) suspended in 0.5% carboxylmethylcellulose (CMC)
was administered by intraperitoneal (IP) injection once daily
at a dose of 100 mg kg–1 for Group B and 200 mg kg–1 for
Group C. Mice in Group A were administered 0.5% CMC at
the same dosage.

Ultrasound imaging protocol

Mice were weighed before treatment and before
ultrasound examination. Ultrasound imaging was per-
formed on day 7 after initiation of therapy. For the ultra-
sound imaging studies, each mouse was anaesthetised
by IP injection of pentobarbital sodium (75 mg kg–1,
Sigma, St Louis, MO). The hair over the imaging site was
shaved and ultrasound imaging coupling a gel and a
stand-off gel pad were placed between the skin surface
and transducer. Of the 30 mice, 1 in Group A died during
examination, possibly owing to overdose of pentobarbital
sodium, and was excluded from analysis. Ultrasound
images of tumours were obtained from anaesthetised
animals using an Acuson Sequoia 512 (Siemens, Mountain
View, CA) ultrasound equipment. The small size of our
study animals required the use of a 15 L8 linear array
transducer (7.0–14.0 MHz) (Siemens). All ultrasound
examinations were performed by one investigator, who
was blind to the treatment status. The contrast pulse
sequence imaging mode was used for evaluation of

tumour perfusion (mechanical index, 0.25; frame rate,
5 Hz; dynamic range, 80 dB; depth, 3 cm). Settings were
adjusted at the beginning and maintained constant during
the experiments.

Before contrast agent injection, the greatest longitudinal,
transverse and anteroposterior dimensions of tumours
were measured in fundamental B-mode imaging using
callipers. Tumour volume was calculated using the
formula for a prolate ellipsoid: volume5p/66 length6
width6depth. The largest tumour cross-section plane
was used for the examination of contrast-enhanced
greyscale ultrasound, and the transducer was held in this
position throughout the examination. A second-genera-
tion ultrasound contrast agent (SonoVue, Bracco, Italy),
containing sulphur hexafluoride phospholipid-stabilised
microbubbles, was used for this study. SonoVue was
dissolved with physiological saline to 5 ml and adminis-
tered as a bolus (0.1 ml per 20 g) into the retro-orbital vein
using a 27-gauge needle. To minimise variations in the
injection rate, the bolus injection was systematically
performed as a brief injection by the same operator.
Imaging was recorded on cine clips starting immediately
after injection and continuing for 60 s.

Imaging analysis

Necrosis was developed in control and treated tumours
because of anti-angiogenic therapy and the rapid growth
of the tumour, which meant the percentage of non-
enhanced area was used to determine the difference in
tumour necrosis among the three groups. The clips were
reviewed for the measurement of the percentage of non-
enhanced area in the tumour region using the Acuson
Sequoia 512 ultrasound equipment. The images at the
time of peak enhancement when tumour vessels were
completely filled by contrast agent (approximately 8 s
after contrast agent injection) were used to measure the
area of the largest cross-section and non-enhanced area of
each tumour. The percentage of non-enhanced area from
ultrasound images was calculated by dividing the area of
the largest cross-section by the area of non-enhancement.

The clips were downloaded as digital imaging and
communications in medicine (DICOM) format for offline
processing with the use of SonoLiver software (TomTec
Imaging Systems, German) using a bolus kinetic model
(Figure 1). A region of interest (ROI) was drawn along
the perimeter of each tumour and free from any non-
enhanced area; the ROI was automatically positioned by
the software over all implants on subsequent images,
with minor adjustments to correct for respiratory motion
when necessary. In each ROI, the mean video intensity
induced by contrast uptake was calculated for each
image and was expressed in arbitrary units. The time–
intensity curve for each imaging protocol was plotted
and a mathematical equation model was used to fit the
contrast uptake time–intensity curve [10]. The perfusion
parameters calculated from the fitted model were area
under the curve (AUC), maximum intensity (IMAX),
perfusion index (PI), mean transit time (MTT), time to
peak (TTP) and quality of fit (QOF). The AUC was
defined as the area under curve to infinite time. The
IMAX was defined as the maximum increase in the
signal intensity produced by the injection of the contrast
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agent. The TTP was defined as the time interval from the
beginning of enhancement to the peak of the fitted curve.
The MTT was defined as the average time required for
the contrast agent to pass through the ROI. PI was
defined as AUC divided by MTT. The QOF was used to
test the quality of fit between raw data and the fitted
mathematical model.

Histology analysis

After ultrasound imaging, mice were killed and tu-
mours were removed and fixed in 10% formalin. Tumour
tissue sections equivalent to the ultrasound imaging
plane were prepared for immunohistochemical evalua-
tion of endothelial cell (CD34) density. The antigen retrie-
val procedure using citrate acid (pH 6.0) was performed.
Primary antibody incubation was performed using a
rat anti-mouse CD34 antibody (clone MEC14.7, Abcam,
Cambridge, UK) at 1:200 dilution overnight at 4uC. After
rinsing with phosphate-buffered saline (PBS), a secon-
dary rabbit anti-rat antibody (Zhongshan Goldenbridge
Biology, Beijing, China) was added, as was diaminoben-
zidine (DAB) for colour development.

The MVD was assessed in vascular \hot spots" (areas
of greatest CD34-positive density) according to Weidner
et al [11]. Hot spots were located by scanning the stained
tumour sections at a magnification of 640. After
identification of the hot spots, three fields of hot spots
were randomly chosen and the number of individual
brown-staining cells were counted at a magnification of
6400. Using light microscopy CD34 counts for each
tumour section were quantitated independently by two
observers who were blinded to the tumour treatment
status. The average of the two observers’ results was
used for statistical analysis.

Statistical analysis

All analyses were performed by SPSS software
SPSS version 13.0 (SPSS, Inc, Chicago, IL). The

Kolmogorov–Smirnova test was applied to evaluate
normal distribution and the Levene test for evaluation of
homogeneity of variance. One-way analysis of variance
(ANOVA) was used to determine the significant differ-
ences in body weight, tumour volume, percentage of non-
enhanced area, perfusion parameters and MVD among
the three groups. Confirming that there were significant
differences among groups, post hoc least significant
difference (LSD) tests were performed. The Pearson cor-
relation test was used to evaluate the relationship between
the mean perfusion parameters and MVD. A p-value
,0.05 was considered statistically significant.

Results

Tumour growth

The mean body weight of mice in Group A, Group B
and Group C before treatment was 16.78¡0.83 g, 17.10¡
0.88 g, 16.80¡0.79 g, respectively. There was no signifi-
cant difference in mouse body weight among the three
groups before treatment (p50.638). Results of the body
weight of mice and tumour volume after treatment are
summarised in Table 1.

Tumour necrosis

Non-enhanced region visible in contrast-enhanced grey-
scale ultrasound was developed in some of the treated
tumours and control tumours 8 days after implanta-
tion. The percentage of non-enhanced area determined
by contrast-enhanced ultrasound in Group A, Group B
and Group C was 3.47¡5.70%, 4.58¡5.55% and 11.76¡
8.29%, respectively. Treatment with high-dose thalido-
mide (Group C) developed a significantly larger percen-
tage of non-enhanced area than low-dose thalidomide
(Group B) and the control group (p50.023 and p50.012,
respectively). However, no significant difference was
found between Group B and Group A in the percentage
of non-enhanced area (p50.721).

Figure 1. (a) Transverse ultrasound images of an H22 tumour (arrow) obtained at peak enhancement after contrast agent
injection. (b) Representative example of placement of a region of interest (ROI) (green line) drawn along the perimeter of each
tumour and free from non-enhanced area. The region of blue line is a delimitative region used for motion compensation.
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Quantitative analysis of contrast-enhanced
ultrasound imaging

Results of the perfusion parameters for the three
groups are summarised in Tables 2 and 3 (Figure 2). The
raw data of bolus kinetics were well fitted to the
mathematical model that the software of SonoLiver uses.
The mean QOF of the 3 groups was 88.82¡5.55% and
there was no significant difference in QOF among the 3
groups (p50.064).

Immunohistochemical results

The MVD determined by immunohistochemical eva-
luation of endothelial cell (CD34) density in Group A,
Group B and Group C was 38.06¡4.27 counts per high-
power field (HPF), 23.55¡10.53 counts per HPF and
17.24¡12.67 counts per HPF, respectively. One-way
ANOVA showed significant differences in MVD in the
three groups (p,0.001). Tumours treated with thalido-
mide (Groups B and C) were associated with a
significant decrease in MVD compared with control
tumours (Group A) (p50.001 and p,0.001, respectively).
No significant difference was observed in MVD between
Groups B and C (p50.334) (Figure 3).

Correlation of perfusion parameters and
immunohistochemical results

For the entire cohort (treated and untreated tumours),
MVD positively correlated with IMAX (r50.419,
p50.023) and PI (r50.455, p50.013) (Figure 4). There
was no significant correlation between MVD and either
AUC or MTT or TTP.

Discussion

This study evaluated quantitative intratumoural via-
ble tissue perfusion with contrast-enhanced greyscale

ultrasound to assess tumour response to treatment with
different doses of thalidomide. The perfusion parameters
of AUC, PI and IMAX were significantly decreased after
treatment compared with control tumours. At the same
time, PI and IMAX positively correlated with MVD.

In this study, CPS was used for contrast-enhanced
greyscale ultrasound. CPS provides better tissue penetra-
tion, less attenuation and improved tissue subtraction
than previous ultrasound perfusion imaging techniques
[12]. With the use of CPS, tissue capillary blood flow can
be visualised in real time, which makes it easy to
discriminate viable tissue from necrotic tissue [13], and
the region of interest (ROI) could be drawn along the
perimeter of each tumour and free from any necrotic
areas. Therefore, the perfusion parameters extracted from
each ROI could truly reflect viable tissue blood perfusion
of each tumour. In this study, we found that the perfusion
parameters of AUC, PI and IMAX were significantly
decreased after treatment (both low-dose and high-dose
thalidomide) compared with control tumours. Previous
studies have used dynamic contrast-enhanced ultrasound
to quantify tumour perfusion parameters for assessing
tumour angiogenesis and response to anti-angiogenic
therapy [14, 15]. Changes in tumour perfusion parameters
have been shown to correlate with response to therapy
and could evaluate tumour vasculature disrupting effects
of anti-angiogenic therapy early [16]. However, the
tumour perfusion parameters of these studies, which
were calculated from an entire tumour ROI including
necrotic and viable tumour tissue, may not accurately
evaluate the tumour blood perfusion because there was
no blood perfusion in the area of necrosis. This may be one
of the reasons that some investigators have demonstrated
a correlation between contrast-enhanced ultrasound
estimates of tumour perfusion and histological measure-
ments of angiogenesis whereas other investigators have
not [6, 14].

Anti-angiogenic agents work by typically preventing
the development of new blood vessels needed to support
tumour growth. For this reason, previous studies have

Table 1. Comparison of body weigh and tumour volume after treatment

Group A (n59) Group B (n510) Group C (n510) pa pb

Body weight (g) 27.11¡2.71 23.90¡3.28 22.70¡1.77 0.014 0.001
Tumour volume (cm3) 0.69¡0.23 0.18¡0.06 0.18¡0.09 ,0.001 ,0.001

Data are presented as means ¡ standard deviation.
No significant difference was found between Group B and Group C for body weight and tumour volume (p.0.05).
aComparison between Group B and Group A.
bComparison between Group C and Group A. No significant difference was found between Group B and Group C for body

weight and tumour volume (p.0.05).

Table 2. Comparison of perfusion parameters after treatment

Group A (n59) Group B (n510) Group C (n510) p of ANOVA

AUC (a.u.) 9590.33¡5372.34 4689.35¡2428.39 5384.69¡2309.38 0.025
MTT (s) 175.22¡80.08 181.78¡100.33 224.29¡91.35 0.448
PI (a.u. s–1) 54.81¡17.81 32.03¡21.45 25.33¡14.66 0.004
TTP (s) 10.98¡2.77 9.23¡3.33 11.31¡4.35 0.392
IMAX (a.u.) 100.19¡36.57 57.52¡23.13 50.50¡25.51 0.002
QOF (%) 90.23¡4.10 90.81¡4.72 85.56¡6.35 0.064

Data are presented as means ¡ standard deviations.
ANOVA, analysis of variance; AUC, area under the curve; MTT, mean transit time; PI, perfusion index; TTP, mean transit time;

IMAX, maximum intensity; QOF, quality of fit.
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tried to assess the reduction in tumour vascularisation or
the increase in tumour necrosis to monitor tumour
response to anti-angiogenic therapy using contrast-
enhanced Doppler ultrasound or contrast-enhanced
greyscale ultrasound [13, 17]. A decrease in contrast
agent uptake or colour pixel density of the entire tumour
region has been correlated with tumour response to
treatment. However, this may not be a sensitive marker
to assess tumour response to anti-angiogenic agents
because tumour necrosis is a late sign of the reduction of
tumour blood perfusion and may take several days to
occur. In this study, although there was no significant
difference in the percentage of non-enhanced area
between tumours treated with low-dose thalidomide
(Group B) and control tumours (Group A), tumours
treated with low-dose thalidomide resulted in a sig-
nificant decrease in perfusion parameters of AUC, PI and
IMAX compared with control tumours. Therefore,
quantitative evaluation of viable tissue perfusion pro-
vides a tool to monitor anti-angiogenic treatment early,
before apparent changes in tumour necrosis.

In light of the generally accepted importance of
angiogenesis for tumour growth and progression and
the increasing number of anti-angiogenic therapy pro-
tocols, other imaging strategies including contrast-
enhanced MRI and contrast-enhanced CT have been
used to evaluate cancer-induced angiogenesis and the
anti-angiogenic therapeutic effect. However, mixed
results in MTT changes were found between our study

and previous studies using contrast-enhanced CT [18].
Studies using contrast-enhanced CT found that tumour
treatment with anti-angiogenic agents induced a sig-
nificant increase in MTT; however, our study found that
there was no significant difference in MTT between
treated tumours and control tumours. This may due to
the different kinds of contrast agents used in CT and
ultrasound. Being small molecules, the iodinated CT
contrast agents can leak out of vascular areas into
interstitium after injection into intravascular areas [19].
Therefore, the MTT calculated from contrast-enhanced
CT is a measure of tumour interstitial pressure and
vessel leakiness and was found to be significantly lower
in malignant tumours than in benign tissues [20].
Emerging evidence suggests that anti-angiogenic ther-
apy can prune some tumour vessels and normalise
the structure and function of the rest [21], so the MTT
of CT using iodinated agents as tracer will increase
after effective treatment with anti-angiogenic agents.
However, microbubbles are true intravascular contrast
agents [22] and will not leak out of vascular areas into
interstitium, so the MTT calculated from contrast-
enhanced ultrasound is a measure of flow rate [23]
and may have no relationship with anti-angiogenic
therapy.

This study showed weak correlation between perfu-
sion parameters and MVD; however, this may truly
reflect the correlation between functional imaging
parameters and MVD [4, 14]. The following reasons
may contribute to this. First, the MVD of a sample tissue
is assessed histologically by counting the number of
small blood vessels in a microscopic field that are
similar in size to a single dot of ultrasound images and
does not reflect the variation in distribution of blood
vessels in a whole tumour. Second, the number of
vessels does not take into account capillary size, which
is abnormal in angiogenic tumour vasculature. Third,
MVD does not take into account vascular function: both
functional blood vessels and single endothelial cells are
included in the MVD [24]. Moreover, besides the well-
studied angiogenesis, recent studies have revealed
another two kinds of new blood perfusion patterns by
which tumour tissues nourish themselves, including
mosaic vessels, which are vessels composed of both
endothelium and tumour cells [25], and vasculogenic
mimicry, which are vessels lined exclusively with
tumour cells mimicking the presence and function of
endothelial cells [26].

Conclusion

This study indicates that quantitative intratumoural
viable tissue perfusion with contrast-enhanced greyscale
ultrasound is a promising method to measure several
valuable perfusion parameters during the early stages of
anti-angiogenic therapy, which are superior to static
measurements such as tumour necrosis. As more and
more anti-angiogenic agents have entered clinical devel-
opment, quantitative intratumoural viable tissue perfu-
sion with contrast-enhanced greyscale ultrasound
provides a simple and valuable way to early evaluate
the therapeutics effect for these agents.

Table 3. p-values of multiple comparisons used post hoc LSD
test in perfusion parameters

AUC PI IMAX

Group A
vs Group B

0.011 0.011 0.003

Group A
vs Group C

0.029 0.002 0.001

Group B
vs Group C

0.661 0.418 0.589

AUC, area under the curve; PI, perfusion index; IMAX,
maximum intensity.

Figure 2. Representative time–intensity curves for each
group. Group A, control tumours; Group B, tumours treated
with low dose (100 mg kg–1) thalidomide; Group C, tumours
treated with high-dose (200 mg kg–1) thalidomide.
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(a) (b)

(c) (d)

Figure 3. (a) The graph shows the mean microvascular density (MVD) of each group. *p,0.05, tumours of Groups B and C had
significant decreases in MVD compared with that of Group A. Representative photomicrographs of immunohistochemical stained
sections of tumours from (b) Group A, (c) Group B and (d) Group C. Group A, control tumours; Group B, tumours treated with low-
dose (100 mg kg–1) thalidomide; Group C, tumours treated with high-dose (200 mg kg–1) thalidomide. (CD34, original magnification,
6400).

(a) (b)

Figure 4. Scatter plots show correlation between microvascular density (MVD) and (a) maximum intensity (IMAX) (r50.419,
p50.023) and (b) perfusion index (PI) (r50.455, p50.013). HPF, high-power field.
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