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We investigated effectiveness of ultrasmall superparamagnetic iron oxide enhanced susceptibility weighted imaging (USPIO-
enhanced SWI) andmean vessel density imaging (Q) inmonitoring antiangiogenic effects of Sorafenib on orthotopic hepatocellular
carcinoma (HCC). Thirty-five HCC xenografts were established. USPIO-enhanced SWI and Q were performed on a 1.5 T MR
scanner at baseline, 7, 14, and 21 days after Sorafenib treatment. Intratumoral susceptibility signal intensity (ITSS) and Q were
serially measured and compared between the treated (n = 15) and control groups (n = 15). Both ITSS andQwere significantly lower
in the treated group at each time point (P < 0.05). Measurements in the treated group showed that ITSS persisted at 7 days (P =
0.669) and increased at 14 and 21 days (P < 0.05), while Q significantly declined at 7 days (P = 0.028) and gradually increased at
14 and 21 days. In the treated group, significant correlation was found between Q and histologic microvessel density (MVD) (r =
0.753, P < 0.001), and ITSS correlated well with MVD (r = 0.742, P = 0.002) after excluding the data from baseline. This study
demonstrated that USPIO-enhanced SWI and Q could provide novel biomarkers for evaluating antiangiogenic effects of Sorafenib
on HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is a highly vascular tumor.
The growth and metastasis of HCC require tumor angiogen-
esis, which has provided a strong rationale for using antian-
giogenic therapy [1]. Tumor microvessel density (MVD) is a
useful index to evaluate tumor angiogenesis and its response
to antiangiogenic therapy [2, 3]. However, its measurement
is limited clinically because of its invasiveness and sam-
pling bias. Therefore, noninvasive imaging techniques for
tumor angiogenesis evaluation, which can be used repeatedly
and accurately to monitor the status of the entire tumor

vascularity, are of the utmost importance in the follow-
up of these targeted treatments. With inherent complexity
and variable reproducibility, several noninvasive imaging
modalities, such as dynamic contrast-enhanced (DCE) CT,
MRI, ultrasound, and most recently intravoxel incoherent
motion, have been used to assess the functional proper-
ties of tumor angiogenesis before and after antiangiogenic
therapy [4–7]. But these techniques do not demonstrate
tumor macro- and microvessels themselves, nor do they
allow quantification of tumor microvasculature which can be
used as an imaging analogue to histological MVD. Although
noninvasive CT angiography (CTA) and MR angiography
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(MRA) are excellent angiographic methods of visualizing
larger blood vessels, they are not adequate for depiction of
the smaller vasculature in the tumors due to insufficient
spatial and/or temporal resolution [8–10]. Recently steady-
state ultrasmall superparamagnetic iron oxide enhanced
susceptibility weighted imaging (USPIO-enhanced SWI) has
been successfully employed for detection of intratumoral
macrovasculature in orthotopic HCC xenografts [11]. More-
over, earlier reports have shown that an MRI index 𝑄, which
is defined as𝑄 = ΔR2/(Δ𝑅

∗
2 )
2/3, where 𝑅2 and R∗2 are the spin

echo and gradient-echo relaxation rate shifts caused by the
injection of USPIO, was sensitive to tissue MVD [12–14]. In
these studies, the measurement ofQwas proposed as anMRI
estimate of histologically derived MVD. In consideration of
all these findings, we hypothesized that a combined USPIO-
enhanced SWI andQ could be used to evaluate tumor vessels
quantitatively at both macro- and microvasculature levels
and to provide unique pieces of information about tumor
angiogenesis.

Sorafenib, currently the only approved therapy for
advanced HCC, is an oral multikinase inhibitor with pro-
found antiangiogenic effects [5, 15, 16]. Although various
imaging biomarkers have been developed with controversial
results to assess the therapeutic efficacy of Sorafenib, few of
them could directly reflect the alteration in the quantity of
tumor neovasculature after treatment [4, 6, 7, 17, 18].

Hence, the purpose of this study was to test the feasibility
and effectiveness of combined USPIO-enhanced SWI and
𝑄 in one-stop steady-state vessel imaging for monitor-
ing antiangiogenic effects of Sorafenib on orthotopic HCC
xenografts.

2. Materials and Methods

2.1. Animal Model and Experimental Protocol. This exper-
imental protocol was performed with the approval of our
institutional committee for animal research. Human HCC
cell lines, HCC-LM3 (Liver Cancer Institute of Fudan Uni-
versity, Shanghai, China), were first established and cultured
according to a previous report [19]. Nude mice (Shanghai
Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai, China) with a weight of 23–25 g each were used
for tumor xenograft model establishment [20]. HCC-LM3
cells (5 × 106/0.2ml/site) were inoculated subcutaneously in
the left mediolateral region of axilla in the mice. When the
tumor reached a diameter beyond 1 cm, it was removed and
cut into tumor blocks with a volume of 1mm3. A total of
35 nude mice were implanted with these tumor blocks into
the left liver lobes. At the 21st day after tumor implantation,
5 out of 35 xenografts were randomly chosen for a baseline
MRI.The other 30mice were randomly assigned to either the
Sorafenib treated group (n = 15) or the control group (n =
15). Mice in both groups were subdivided into 3 subgroups
according to different periods at days 7 (n = 5), 14 (n = 5),
and 21 (n = 5), respectively, after initiation of treatment. The
treated group received 30 mg/kg body weight Sorafenib daily
by oral gavage [21]. The control group received 0.2ml 0.9%
saline alone at the same schedule and route of administration.
For the treatment solution, 200mg Sorafenib (Bayer Schering

Healthcare Pharmaceuticals, Leverkusen, Germany) was dis-
solved in 10ml 99.7% ethyl alcohol and 10ml castor oil,
and followed by 60ml 0.9% saline. After MRI studies at
baseline or at each time point following treatment, mice in
the corresponding groups were immediately sacrificed for
histological examination.

2.2.MR Imaging. MRstudies were performed on a clinical 1.5
Tesla MR scanner (MAGNETOMAera; Siemens Healthcare,
Erlangen, Germany) with the mice placed in prone position
in an animal cradle. A 16-channel wrist coil was used for sig-
nal reception. Prior to MR imaging, anesthesia was induced
by intraperitoneal injection of 3% sodium pentobarbital at a
dose of 40mg/kg body weight.

MR imaging was started with transverse 𝑇1-weighted
Turbo spin echo (TSE) (TR = 480ms; TE = 13ms; field
of view, 80mm; section thickness, 2mm; flip angle, 90∘),
coronal 𝑇2-weighted TSE (TR = 4000ms; TE = 74ms; field of
view, 100mm; section thickness, 2mm; flip angle, 150∘), and
transverse diffusionweighted imaging (DWI) (TR= 5000ms;
TE = 64ms; field of view, 295mm; section thickness, 2mm; 4
b values: 0, 50, 400 and 800 s/mm2).

And then 𝑇2-weighted images were obtained for 𝑇2 mea-
surement using a 2-dimensional transverse TSE sequence.
Parameters were TR = 4000ms; TE = 74ms; field of
view, 80mm; section thickness, 2mm; voxel size, 0.3 ×
0.3 × 2.0mm3; flip angle, 150∘; bandwidth, 150Hz/Px; and
scan time, 1min 58 s. For T∗2 measurement, transverse T∗2 -
weighted images were acquired by using a multiecho (5
echoes) gradient-echo (GRE) sequence with TEs of 3.91, 11.3,
18.5, 25.6, and 32.7ms and a TR of 422ms. Flip angle was
60∘; bandwidth was 260Hz/Px; and scan time was 1min 01 s.
The other scanning parameters were the same as 𝑇2-weighted
sequence. Subsequently, all animals were bolus injected with
USPIO with a dosage of 8mg Fe/kg body weight and at a flow
rate of 0.1ml/s into tail veins [11]. With a delay of 5 minutes
to allow for steady-state distribution of USPIO in the blood,
𝑇2 and T∗2 measurements with the same scanning parameters
were performed again [11, 12].

Lastly, three-dimensional USPIO-enhanced SWI was
done in transverse planes with the following parameters: TR
= 30ms; TE = 20ms; field of view, 120mm; section thickness,
0.9mm; voxel size, 0.5 × 0.5 × 0.9mm3; flip angle, 15∘;
bandwidth, 150Hz/Px; and scan time, 1min 38 s.

The USPIO particles were synthesized according to pre-
vious reports [22, 23]. Briefly, the crystal size of iron core is
6.1 nm and hydrodynamic size is approximately 20 nm. The
R1 and R2 values in water are 8.98 and 27.90mmol−1 l s−1 at
1.5 T. The mean plasma half-life in rats is approximately 3.77
hours.

2.3. SWIEvaluation. SW images includingmagnitude, phase,
and minimum intensity projection and the final SW images
were automatically reconstructed inline by MR scanner
immediately after acquisition [24]. All evaluation was done
on the final SW images with a commercially available work-
station (Syngo Multimodality Workplace; Siemens Health-
care, Erlangen, Germany) [11, 25]. These images were eval-
uated randomly and independently by two experienced
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Figure 1: Unenhanced and ultrasmall superparamagnetic iron oxide (USPIO) enhanced 𝑇2-weighted and T∗2 mapping with superimposed
region of interest in xenograft hepatocellular carcinoma. (a)Unenhanced𝑇2-weighted image (tumor signal intensity = 354.2). (b)Unenhanced
T∗2 mapping (tumor T∗2 = 48ms). (c) USPIO-enhanced𝑇2-weighted image (tumor signal intensity = 305.9). (d) USPIO-enhanced T∗2 mapping
(tumor T∗2 = 24.7ms).

radiologists with 11 and 24 years’ experience of MR image
interpretation, respectively. They were blinded to records
regarding the baseline, treatment versus control, treatment
schedule, and histological examination results.

The degree of intratumoral susceptibility signal (ITSS) in
the tumor on the USPIO-enhanced SW images was assessed
[11]. ITSS was defined as hypointense linear or tubular form
structures, or dots, or dots mixed with linear or tubular
structures on contiguous slices within the tumor. The degree
of ITSS was graded from 0 to 5: grade 0, no ITSS; grade 1,
one to ten ITSSs; grade 2, eleven to twenty ITSSs; grade 3,
twenty-one to thirty ITSSs; grade 4, thirty-one to forty ITSSs;
and grade 5, forty-one or more ITSSs on the center slice
through the tumor [11, 26]. Diffuse or flaky hypointensities
were excluded from evaluation because the quantification of
these findings could be unreliable.

2.4. Q Calculation. T∗2 maps were automatically generated
inline by using MapIt software (Siemens Healthcare, Erlan-
gen, Siemens).ΔR∗2 was computed according toΔR∗2 =R

∗
2,post−

R∗2,pre = 1/T∗2,post − 1/T
∗
2,pre, where T

∗
2,pre and T∗2,post are the pre-

and postcontrast relaxation times [27]. Meanwhile, Δ𝑅2 was
calculated from signal intensities pre- (Spre) and postcontrast
(Spost) of the TSE images: Δ𝑅2 = (1/𝑇𝐸) ln (spre/spost) [27].

Lastly, the mean vessel density or Q is given by Q =
ΔR2/(ΔR∗2 )

2/3 [12–14]. If negative Δ𝑅2 or ΔR∗2 values were
obtained, the mouse would be excluded [28].

To obtain averaged information, regions of interest
(ROIs) were first drawn on USPIO-enhanced 𝑇2-weighted
images to outline the border of the tumor on the central slice
and then these ROIs were copied to the corresponding unen-
hanced 𝑇2-weighted images and unenhanced and USPIO-
enhanced T∗2 mapping images by the same radiologists who
performed SWI evaluation (Figure 1) [29]. All calculations
were done on the same workstation.

All themeasurements of𝑇2,T∗2 , and ITSSwere done twice
at the same slice and the measured values were averaged by
each radiologist. After a 4-week interval, thesemeasurements
were repeated and the final averaged values were calculated.

Tumor volume was measured on USPIO-enhanced SWI
images by commercially available 3D software (Vitrea, Min-
netonka, MN, USA). Free-drawing mode was used to outline
the margin of the tumor on every slice and then tumor
volume was automatically calculated. In order to avoid
contamination by hemorrhage in the tumor, images from
conventional 𝑇1-weighted, 𝑇2-weighted, and DW imaging
were reviewed and compared side-by-side. If there was
hemorrhage on the central slice, themost adjacent slicewould
be chosen for SWI and 𝑄 evaluations.

2.5. Histologic Examination. After completion of MR scan-
ning, the nude mice in the corresponding subgroups were
sacrificed by means of cervical dislocation. The tumor was
harvested and fixed in a 10% buffered formalin solution
for at least 24 hours and subsequently sliced in the central
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transverse sectionwith a slice thickness of 2mm tomatchMR
images.

To determine MVD of the tumor, the slices were stained
immunohistochemically for the specific endothelial antigen
CD31 (Abcam, Cambridge, UK). Then all slides were fully
digitalized using an Aperio ScanScope and Leica SCN400
(Leica Biosystems, Buffalo Grove, IL, USA), saved as com-
pressed Aperio scn files, typically yielding 200–700MB per
slide. The whole slides were transferred to a PC with 1278
× 928 pixels screen resolution and evaluated by SlidePath
Gateway Client software (Leica Biosystems) [30]. Four areas
with the densest CD 31 positive vessels in tumor were selected
as hot spots on each whole slide at lower power (4x and 10x
magnification). Then vessels were manually counted twice
in three higher-power fields (20x magnification) in each hot
spot and results were averaged and expressed as the highest
number of microvessels. The MVD measurement was done
twice and results were averaged by a pathologist with 8 years
of experience in histologic analysis of HCC.

To detect the distribution of iron particles in the tumor,
either within tumor vessels or taken up bymacrophages, both
anti-CD31 and anti-CD68 (Abcam) immunohistochemistry
with iron particles counterstaining were performed on one
tumor model randomly selected from each treated subgroup.

2.6. Statistical Analysis. Tumor volume, ITSS, Q, and histo-
logic tumor MVD at each time point in treated and control
subgroups were compared byMann–WhitneyU test. Kruskal
Wallis test and Mann–Whitney U test were used to compare
ITSS and Q among baseline and three subgroups of both
treated and control mice. Relations between ITSS, Q, and
histologic MVD and tumor volume of all the tumors in
both groups were evaluated with Spearman rank correlation
test. The relationship between ITSS and 𝑄 was also assessed.
The degree of correlation was determined by calculating
correlation coefficient rho (r). 0 ≤ |𝑟| < 0.2 was considered
as poor or no correlation; 0.2 ≤ |𝑟| ≤ 0.4 was fair; 0.4
< |𝑟| ≤ 0.6 was moderate; 0.6 < |𝑟| ≤ 0.8 was good; and
|𝑟| > 0.8 was defined as excellent correlation. The inter- and
intraobserver agreements in quantification of ITSS, Q, and
MVD were assessed by using kappa values and intraclass
correlation coefficients (ICCs) in the treated group and
baseline. Analyses were performed with Statistical Package
for the Social Sciences version 18.0 (IBM,Armonk,NY,USA).
Values of P < 0.05 were considered statistically significant.
Measurement and ranked data were presented as (means ±
SD) and median (P25, P75), respectively.

3. Results

The SWI and Q evaluations were successfully completed in
35 and 34 mice, respectively. One mouse from the 21-day
treated subgroupwas excluded forQ calculation because of its
negative Δ𝑅2 values. The tumors could be visualized clearly
on USPIO-enhanced SWI, 𝑇2-weighted, and T∗2 mapping
images. Gross intratumoral hemorrhage was seen in 1 mouse
in the control group at day 21 and in 5 mice of the treated
group (2 at day 7, 1 at day 14, and 2 at day 21). However, most
of the hemorrhage foci were found at the edge slices of the

tumor and none of them was observed on the slices used for
SWI and Q evaluation.

3.1. Comparison of ITSS Scoring and Q between the Control
and Treated Groups. The median (P25, P75) values of ITSS
scoring and mean values of 𝑄 for both treated and control
groups at each time point were summarized in Table 1. Both
ITSS (7 days, Z = −2.739, P = 0.006; 14 days, Z = −2.471, P =
0.013; 21 days,Z =−2.520, P = 0.012) andQ (7 days,Z =−2.611,
P = 0.009; 14 days, Z = −2.611, P = 0.009; 21 days, Z = −2.449,
P = 0.014) values were significantly lower in the treated group
than in the control group at each time point (Figure 2).

3.2. Serial Measurements of ITSS Scoring and Q in the Treated
and Control Groups. Results for serial measurements of ITSS
scoring (Figure 2) and Q from both the treated and control
groups were summarized in Table 1. There were significant
changes found in both ITTS (𝜒2 = 11.858, P = 0.008) and Q
(𝜒2 = 8.882, P = 0.031) in the treated group. ITTS scoring in
the treated group persisted at 7 days (P = 0.699) but increased
at 14 days (P = 0.043) and increased significantly at 21 days (P
= 0.009) compared with the values at baseline. A significant
increase in ITTS scoring was also found at 21 days versus 7
days (P = 0.008).Q was found significantly declined at 7 days
(P = 0.028). Then, Q significantly recovered at 14 days (P =
0.028) and 21 days (P = 0.014) compared with 7 days.

There were significant changes found in ITTS scoring
in the control group (𝜒2 = 15.178, P = 0.002). ITTS scoring
significantly increased at 7, 14, and 21 days compared with the
values at baseline (P = 0.007, 0.006, and 0.005). It was found
significantly higher at 14 days and 21 days versus 7 days (P =
0.042 and 0.015). Q in the control group increased too from
7 days to 21 days, and significant difference was found among
all different time points (𝜒2 = 9.251, P = 0.026). Compared
with baseline, Q was significantly higher at 14 and 21 days (P
= 0.016 and 0.016).

3.3. Effect of Sorafenib on Tumor Volume and MVD. The
tumor volume at baseline was 0.440 ± 0.089 cm3. Signifi-
cantly smaller tumor volume was found in the treated group
than the control group at each time point (7 days, 0.458 ±
0.141 cm3 versus 1.658 ± 0.588 cm3, P = 0.009; 14 days, 0.695
± 0.219 cm3 versus 2.584 ± 0.931 cm3, P = 0.009; 21 days, 1.320
± 0.112 cm3 versus 4.820 ± 0.856 cm3, P = 0.009). The tumor
volume in the treated group was stable at 7 days (P = 0.916)
and 14 days (P = 0.076) but increased significantly at 21 days
(P = 0.009) as compared to the baseline.

The MVD at baseline was 25.345 ± 2.473. Significantly
lower MVD was found in the treated group than the control
group at each time point (7 days, 18.044 ± 3.667 versus 32.622
± 4.876, P = 0.009; 14 days, 21.289 ± 3.117 versus 37.911 ±
3.001, P = 0.009; 21 days, 23.034 ± 3.909 versus 39.667 ±
4.451, P = 0.009). The MVD in the treated group was shown
significantly decreased at 7 days as compared to the baseline
(P = 0.009) but slightly recovered at the following days.

3.4. Correlation of ITSS Scoring and 𝑄 with Histologic MVD
and Tumor Volume and of ITSS Scoring with 𝑄. In the
treated group, therewas poor correlation found between ITSS
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Table 1: Sequential measurements of ITSS scoring and Q in the treated and control groups and P values for comparisons between different
time points.

Parameter
Treated group Control group

Measurement P valuesa Measurement P valuesa

7 days 14 days 21 days 7 days 14 days 21 days
ITSS scoring [median (P25, P75)]

Baseline
(n = 5)

1 to 2
[1 (1, 1.5)]

0.699 0.043 0.009 1 to 2
[1 (1, 1.5)]

0.007 0.006 0.005

7 days
(n = 5)

1 to 1.5
[1 (1, 1.5)]

0.051 0.008 2 to 3
[3 (2.5, 3)]

0.042 0.015

14 days
(n = 5)

1 to 3
[2.5 (1.5, 2.75)]

0.381 3 to 4
[4 (3, 4)]

0.513

21 days
(n = 5)

2 to 3
[2.5 (2.25, 3)]

3 to 4
[4 (3.5, 4)]

Q (means ± SD)
Baseline
(n = 5)

0.130 to 0.307
(0.203 ± 0.065) 0.028 0.347 1.000 0.130 to 0.307

(0.203 ± 0.065) 0.076 0.016 0.016

7 days
(n = 5)

0.063 to 0.160
(0.122 ± 0.038) 0.028 0.014 0.209 to 0.374

(0.295 ± 0.059) 0.175 0.251

14 days
(n = 5)

0.130 to 0.222
(0.175 ± 0.033) 0.462 0.271 to 0.385

(0.344 ± 0.047) 0.917

21 daysb 0.170 to 0.207
(0.188 ± 0.017)

0.263 to 0.429
(0.349 ± 0.060)

aData were tested with Kruskal Wallis test followed by Mann–Whitney U test in case of statistical significance. bThere are 4 mice in the treated and 5 mice in
the control group at 21 days for Q evaluation; ITSS, intratumoral susceptibility signal; SD, standard deviation.

(a) (b) (c)

(d) (e) (f)

Figure 2: Serial measurements of intratumoral susceptibility signal intensity (ITSS) (white arrows) in the treated and control tumors on
USPIO-enhanced SWI. In the treated tumors, ITSS is scored as grade 1 at 7 days (a), grade 2 at 14 days (b), and grade 2 at 21 days (c). In the
control tumors, ITSS is scored as grade 3 at 7 days (d), grade 3 at 14 days (e), and grade 4 at 21 days (f). Smaller size is noted in the treated
tumors than the control at each time point.
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Table 2: Intra- and interobserver agreement on ITSS scoring (n =
15) and Q (n = 14) in the treated group with baseline (n = 5).

Parameter ITSS scoring Q
Kappa P ICCs P

Observer 1 0.640 0.000 0.938 0.000
Observer 2 0.791 0.000 0.954 0.000
Interobserver 0.732 0.000 0.906 0.000
ITSS, intratumoral susceptibility signal; ICCs, intraclass correlation coeffi-
cients.

scoring andMVDwhen data from all subgroups were pooled
(P = 0.261). However, a good positive correlation existed if
data from baseline were excluded (r = 0.742, P = 0.002). 𝑄
demonstrated good positive correlationwithMVD (r = 0.753,
P < 0.001) in the treated group. In the control group, both
ITSS scoring and Q showed significantly positive correlation
with MVD (ITSS scoring: r = 0.722, P < 0.001;𝑄: r = 0.780, P
< 0.001) (Figure 3).

In the treated group, ITSS scoring and 𝑄 demonstrated
good (r = 0.734, P < 0.001) andmoderate (r = 0.521, P = 0.022)
correlation with tumor volume, respectively. In the control
group, good correlation was observed between ITSS scoring
and tumor volume (r = 0.807, P < 0.001) and between 𝑄 and
tumor volume (r = 0.636, P = 0.003).

For the treated group, there was no correlation found
between ITSS scoring andQwhen all data from baseline to 21
days were included (P = 0.151), but a good positive correlation
was demonstrated after exclusion of the data from baseline (r
= 0.713, P = 0.004). Good positive correlation was observed
between ITSS scoring and Q in the control group (r = 0.637,
P = 0.003) (Figure 3).

3.5. Distribution of Iron Particles in the Tumor after Treatment.
Histologically, large amounts of iron particles were found
within tumor vessels. Severalmacrophageswere seen sparsely
distributed in the tumor and few of them engulfed iron
particles (Figure 4).

3.6. Inter- and Intraobserver Agreement on ITSS Scoring and
𝑄. High inter- and intraobserver agreements for ITSS scor-
ing and Q measurements in the treated group and baseline
were observed and listed in Table 2. ICCs for intraobserver
agreement on histologic MVD of all 35 mice were 0.937 (P <
0.001).

4. Discussion

It is well accepted that tumor vessels are heterogeneous and
formed by two distinct processes, that is, early angiogenesis
and late formed vessels, which mostly correspond to micro-
and macrotumor vessels, respectively [10, 31]. Each of them
is an indispensable part of a functional vascular network in
the tumor. To monitor these tumor vascularization processes
is critical especially following antiangiogenic therapy. Com-
pared with normal vessels, the vascular wall of intratumoral
vessels is morphologically and biologically immature, result-
ing in their much higher permeability than normal vessels
[2]. Hence, MR imaging methods with macromolecular MR

contrast agents, such as USPIO, which can stay in the blood
with prolonged circulation time, as demonstrated in our
histologic examination, are proposed to evaluate the micro-
and/or macro-intratumoral vessels [11, 14, 28, 29, 32].

Although Sorafenib is the only drug which has indication
for advanced HCC, it does not improve the prognosis in
all advanced HCC patients [5]. It is critical to identify
some imaging biomarkers that may predict the efficacy of
Sorafenib treatment at an early stage, because this helps
in selecting responsive patients shortly after the start of
treatment.This may also enable a better understanding of the
complex changes of HCC neoangiogenesis during Sorafenib
treatment, which are incompletely understood. By using
combined USPIO-enhanced SWI and Q in this study, we
demonstrated that ITSS scoring and Q quantification could
be used with high intra- and interobserver agreement to
reflect sequential effects of Sorafenib on both macro- and
microtumor vasculature of HCC, and both ITSS and Q were
correlated well with tumor volume and histologic MVD.The
antiangiogenic effects of Sorafenib were further confirmed in
our xenograft models by smaller tumor volume and lower
MVD in the treated than the control mice.

ITSS scoring which represents macrovessels in the tumor
has been reported as a potential imaging surrogate for
neovascularity in neoplasms [11, 25, 26, 33]. Serial observation
of changes in ITSS has been used to monitor tumor vessel
responses to antiangiogenic therapy in some clinical studies
[34, 35]. In our study, although ITSS was shown to persist at 7
days after treatment and increased at 14 and 21 days, it was sig-
nificantly lower in the treated than the corresponding control
subgroups at each time point. Similar ITSS changes have been
reported in patients with posttransplant lymphoproliferative
disorder in central nervous systemand in patientswithmalig-
nant glioma over the courses of antiangiogenic treatments
[34, 35].

Q has been validated as an MR estimate of histologic
MVD in animal tumormodels and is independent of the con-
centration of contrast agent [13]. However, there have been
few reports so far usingQ to track tumormicrovessels during
antiangiogenic treatments [14, 28]. Our present study demon-
strated that Q correlated well with MVD in HCC xenografts
in both the control and treated groups. Like ITSS, Q showed
significant reduction in the treated group compared to the
control at each time point. Repeated posttreatment measure-
ments revealed a significant decrease of Q at 7 days followed
by an increase at 14 and 21 days, which were in agreement
with the trend of change in histologicMVD.The later increase
of Q was speculated to be triggered by hypoxia in the
tumor microenvironment resulting from initial suppression
of tumormicrovasculature after treatment [36]. However, the
change in Q and ITSS at 7 and 14 days was nonsynchronous
because the antiangiogenic effect of Sorafenib takes place on
microvascular level which could not be initially reflected by
ITSS. Only when these “early” microvessels evolved over a
period of time into “late”macrovessels, could they be detected
on SWI. Our quantitative results from Q and ITSS could
provide complementary information to previous reports, in
which vascular normalization after antiangiogenic therapy
was considered as a possible cause resulting in the increase
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Figure 3: Scatterplots show the correlation between intratumoral susceptibility signal intensity (ITSS) scoring, Q, and microvessel density
(MVD). (a) Poor correlation is shown between ITSS scoring andMVD in the treated groupwhen all data are pooled (P = 0.261). In the control
group, ITSS scoring shows significantly positive correlation with MVD (r = 0.722, P < 0.001). (b) Q demonstrates good positive correlation
with MVD in both treated (r = 0.753, P < 0.001) and control group (r = 0.780, P < 0.001). (c) For the treated group, there is no correlation
between ITSS scoring and Q when all data are included (P = 0.151). Good positive correlation is observed between ITSS scoring and Q in the
control group (r = 0.637, P = 0.003). ((d), (e)) Good positive correlation exists between ITSS scoring and MVD (r = 0.742, P = 0.002) and
between ITSS and Q (r = 0.713, P = 0.004) when data from baseline are excluded in the treated group.
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Figure 4: Two pathological images of treated hepatocellular carcinoma at 7 days. (a) Anti-CD31 immunohistochemistry withUSPIO particles
counterstaining shows blue iron particles within tumor vessels (black arrows) (magnification ×200). (b) Anti-CD68 immunohistochemistry
with USPIO particles counterstaining shows several brown stained macrophages (white arrow heads) and blue iron particles within the
structures (black arrows) which are consistent with positively stained vessels on anti-CD31 staining (magnification ×200).

of vascular volume fraction in the tumor measured with MR
perfusion methods [37].

In the control mice, there was positive correlation
between ITSS and MVD. Furthermore, we found after ini-
tiation of Sorafenib treatment that ITSS was correlated well
with MVD, though its posttreatment response might lag
behind Q and MVD. These findings imply that ITSS could
serve as a biomarker of tumor vascularity both in HCC’s
natural course of development and after antiangiogenic
therapy.

Our study had several limitations. First, the immunohis-
tochemical section of the tumor may not completely match
the slices for SWI and Q evaluation. MVD counted at this
section may not represent the whole tumor microvessels
because tumor vasculature is heterogeneous. Second, 1mouse
at 21 days in treated group was excluded from the study
because the tumor signal did not decrease after USPIO
injection resulting in the negativeΔ𝑅2 values.The underlying
causes remained unknown. Sampath et al. assumed that
negative Δ𝑅2 or ΔR∗2 values resulted from poor perfusion
[28]. However, ITSS of the tumor in this mouse could still be
identified. And the exclusion would not affect the correlation
analysis in this group. Third, a direct comparison between
ITSS and histologic macrovessels of removed HCC was not
done due to technical difficulties. Although ex vivo micro-
CT angiography of the tumor might be used to validate ITSS,
there are still multiple issues hampering its accuracy as a
reference standard [14, 28]. Fourth, because of the “blooming
effect” resulting from USPIO [38], ITSS could only be
semiquantitatively analyzed. It does not reflect the true size
of the tumor macrovessels. Fifth, tumor microhemorrhage
and USPIO swallowed by macrophages in the tumor may
interfere with ITSS and Q evaluation, although macroscopic
bleeding was ruled out by reviewing the conventional MR
images and most of the USPIO particles were shown to
stay intravascularly on histologic sections. Lastly, cautions
should be exercised about drawing inferences from an exper-
imental HCC model to human HCC since the effects of
Sorafenib could be different and the incidence of hemor-
rhage identified within xenografts imaged for this study was
low.

Clinical translation of USPIO-enhanced SWI and mean
vessel density imaging Q may be expected in the future
since the safety and effectiveness of off-label use of feru-
moxytol, which is a USPIO product approved by the FDA
for treatment of iron deficiency anemia, as an alternative
MR contrast agent, were confirmed in some recent studies
[39, 40]. Although further clinical investigation is warranted,
currently combined USPIO-enhanced SWI and Q measure-
ment may be useful as a novel preclinical therapeutic testing
for newly developed antiangiogenic treatments in different
tumor models.

5. Conclusion

Our results demonstrate that ITSS scoring and Q obtained
from steady-state USPIO-enhanced MRI can quantitatively
evaluate bothmacro- andmicrovascular responses ofHCC to
Sorafenib treatment. They may provide valuable information
which is complementary to widely reported functional prop-
erties of tumor angiogenesis assessed by perfusion-weighted
technologies.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by National Natural Science Foun-
dation of China (81371542 and 81272568) and Shanghai
Health Committee (XBR2013115).

References

[1] A. Pircher, M. Medinger, and J. Drevs, “Liver cancer: targeted
future options,” World Journal of Hepatology, vol. 3, no. 2, pp.
38–44, 2011.

[2] C. Benazzi, A. Al-Dissi, C. Chau et al., “Angiogenesis in
spontaneous tumors and implications for comparative tumor
biology,” The Scientific World Journal, vol. 2014, Article ID
919570, 16 pages, 2014.



Contrast Media & Molecular Imaging 9

[3] K. D. Song, D. Choi, J. H. Lee et al., “Evaluation of tumor
microvascular response to brivanib by dynamic contrast-
enhanced 7-T MRI in an orthotopic xenograft model of hep-
atocellular carcinoma,” American Journal of Roentgenology, vol.
202, no. 6, pp. W559–W566, 2014.

[4] N. Shirota, K. Saito, K. Sugimoto, K. Takara, F. Moriyasu, and
K. Tokuuye, “Intravoxel incoherent motionMRI as a biomarker
of sorafenib treatment for advanced hepatocellular carcinoma:
A pilot study,” Cancer Imaging, vol. 16, no. 1, article no. 1, 2016.

[5] S. Colagrande, F. Regini, G. G. Taliani, C. Nardi, and A. L.
Inghilesi, “Advanced hepatocellular carcinoma and sorafenib:
Diagnosis, indications, clinical and radiological follow-up,”
World Journal of Hepatology, vol. 7, no. 8, pp. 1041–1053, 2015.

[6] M. Horger, U. M. Lauer, C. Schraml et al., “Early MRI response
monitoring of patients with advanced hepatocellular carcinoma
under treatment with themultikinase inhibitor sorafenib,”BMC
Cancer, vol. 9, article no. 208, 2009.

[7] M. Gavanier, A. Ayav, C. Sellal et al., “CT imaging findings
in patients with advanced hepatocellular carcinoma treated
with sorafenib: Alternative response criteria (Choi, European
Association for the Study of the Liver, and modified Response
EvaluationCriteria in Solid Tumor (mRECIST)) versus RECIST
1.1,” European Journal of Radiology, vol. 85, no. 1, pp. 103–112,
2016.

[8] H. Toyoda, T. Kumada, and Y. Sone, “Impact of a unified CT
angiography system on outcome of patients with hepatocellular
carcinoma,” American Journal of Roentgenology, vol. 192, no. 3,
pp. 766–774, 2009.

[9] C. Fink, F. Kiessling, M. Bock et al., “High-resolution three-
dimensional MR angiography of rodent tumors: Morphologic
characterization of intratumoral vasculature,” Journal of Mag-
netic Resonance Imaging, vol. 18, no. 1, pp. 59–65, 2003.

[10] W. Zhu, Y. Kato, and D. Artemov, “Heterogeneity of tumor
vasculature and antiangiogenic intervention: Insights fromMR
angiography and DCE-MRI,” PLoS ONE, vol. 9, no. 1, Article ID
e86583, 2014.

[11] S.-H. Yang, J. Lin, F. Lu et al., “Contrast-enhanced suscep-
tibility weighted imaging with ultrasmall superparamagnetic
iron oxide improves the detection of tumor vascularity in
a hepatocellular carcinoma nude mouse model,” Journal of
Magnetic Resonance Imaging, vol. 44, no. 2, pp. 288–295, 2016.

[12] E. X. Wu, H. Tang, and J. H. Jensen, “High-resolution MR
imaging of mouse brain microvasculature using the relaxation
rate shift index Q,” NMR in Biomedicine, vol. 17, no. 7, pp. 507–
512, 2004.

[13] I. Troprès, N. Pannetier, S. Grand et al., “Imaging the microves-
sel caliber and density: Principles and applications of microvas-
cular MRI,” Magnetic Resonance in Medicine, vol. 73, no. 1, pp.
325–341, 2015.

[14] S. E. Ungersma, G. Pacheco, C.Ho et al., “Erratum to: Ungersma
SE, Pacheco G, Ho C, Yee SF, Ross J, van Bruggen N, Peale
FV Jr, Ross S, Carano RA. Vessel imaging with viable tumor
analysis for quantification of tumor angiogenesis. Magn Reson
Med 2010;63:1637-1647,” Magnetic Resonance in Medicine, vol.
65, no. 3, pp. 889–899, 2011.

[15] J. M. Llovet, S. Ricci, V. Mazzaferro et al., “Sorafenib in
advanced hepatocellular carcinoma,” The New England Journal
of Medicine, vol. 359, no. 4, pp. 378–390, 2008.

[16] J. M. Llovet, M. Ducreux, R. Lencioni et al., “EASL-EORTC
clinical practice guidelines: management of hepatocellular car-
cinoma,” Journal of Hepatology, vol. 56, no. 4, pp. 908–943, 2012.

[17] O. Maksimovic, C. Schraml, J. T. Hartmann et al., “Evaluation
of response in malignant tumors treated with the multitargeted
tyrosine kinase inhibitor sorafenib: A multitechnique imaging
assessment,” American Journal of Roentgenology, vol. 194, no. 1,
pp. 5–14, 2010.

[18] S. H. Yang, J. Lin, F. Lu et al., “Evaluation of antiangiogenic and
antiproliferative effects of sorafenib by sequential histology and
intravoxel incoherent motion diffusion-weighted imaging in an
orthotopic hepatocellular carcinoma xenograft model,” Journal
of Magnetic Resonance Imaging, vol. 45, no. 1, pp. 270–280, 2017.

[19] J. Tian, Z. Y. Tang, S. L. Ye et al., “New human hepatocellular
carcinoma (HCC) cell line with highly metastatic potential
(MHCC97) and its expressions of the factors associated with
metastasis,” British Journal of Cancer, vol. 81, no. 5, pp. 814–821,
1999.

[20] F. X. Sun, Z. Y. Tang, K. D. Liu et al., “Establishment of
a metastatic model of human hepatocellular carcinoma in
nude mice via orthotopic implantation of histologically intact
tissues,” International Journal of Cancer, vol. 66, no. 2, pp. 239–
243, 1996.

[21] L. Liu, Y. Cao, C. Chen et al., “Sorafenib blocks the RAF/MEK/
ERK pathway, inhibits tumor angiogenesis, and induces tumor
cell apoptosis in hepatocellular carcinoma model PLC/PRF/5,”
Cancer Research, vol. 66, no. 24, pp. 11851–11858, 2006.

[22] W. Xiao, J. Lin, M. Li et al., “Prolonged in vivo circulation
time by zwitterionic modification of magnetite nanoparticles
for blood pool contrast agents,” Contrast Media and Molecular
Imaging, vol. 7, no. 3, pp. 320–327, 2012.

[23] Q.Wang,M. Shen, T. Zhao et al., “Low toxicity and long circula-
tion time of Polyampholyte-coated magnetic nanoparticles for
blood pool contrast agents,” Scientific Reports, vol. 5, article no.
7774, 2015.

[24] E. M. Haacke, M. Ayaz, A. Khan et al., “Establishing a baseline
phase behavior in magnetic resonance imaging to determine
normal vs. abnormal iron content in the brain,” Journal of
Magnetic Resonance Imaging, vol. 26, no. 2, pp. 256–264, 2007.

[25] S.-X. Chang, G.-W. Li, Y. Chen et al., “Characterizing Venous
Vasculatures of Hepatocellular Carcinoma Using a Multi-
Breath-Hold Two-Dimensional Susceptibility Weighted Imag-
ing,” PLoS ONE, vol. 8, no. 6, Article ID e65895, 2013.

[26] H. S. Kim, G.-H. Jahng, C. W. Ryu, and S. Y. Kim, “Added
value and diagnostic performance of intratumoral susceptibility
signals in the differential diagnosis of solitary enhancing brain
lesions: Preliminary study,”American Journal of Neuroradiology,
vol. 30, no. 8, pp. 1574–1579, 2009.

[27] I. Troprès, S. Grimault, A. Vaeth et al., “Vessel size imaging,”
Magnetic Resonance in Medicine, vol. 45, no. 3, pp. 397–408,
2001.

[28] D. Sampath, J. Oeh, S. K. Wyatt et al., “Multimodal microvas-
cular imaging reveals that selective inhibition of class I PI3K is
sufficient to induce an antivascular response,”Neoplasia (United
States), vol. 15, no. 7, pp. 694–711, 2013.

[29] B. Lemasson, S. Valable, R. Farion, A. Krainik, C. Rémy, and E.
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