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Advances in molecular biology and new developments in
imaging, engineering, and novel contrast agents position
molecular imaging to play a major role in disease manage-
ment.This current issuemainly covers ultrasound techniques
and radionuclide imaging techniques, and both preclinical
research on animal models and clinical studies on can-
cer patients are presented herein. Molecular imaging has
demonstrated its potential in characterizing disease models
in small animal preclinical studies. In the clinical setting,
many patients have the potential to benefit from these new
and quantitative imaging techniques providing improved dis-
ease characterization, therapeutic monitoring, and objective
prognostic criteria. To realize the full potential of molec-
ular imaging, chemists, molecular biologist, and biomedi-
cal engineers will need to work closely with clinicians to
translate molecular imaging techniques into clinical applica-
tions, ultimately providing improved disease diagnosis, treat-
ment monitoring, and noninvasive prognostic imaging for
patients.

Advances in molecular biology and new developments
in imaging, engineering, and novel contrast agents position
molecular imaging to play a major role in disease manage-
ment [1–16]. Ultrasound (US) imaging has great potential in
molecular imaging because microbubble agents are nontoxic
and can be used at very low dosages. US can reach both

superficial and deep tissues depending on the frequency
utilized for imaging. US contrast agents can also be targeted
and used as carriers for local gene or drug delivery [5–7].
In addition, US is advantageous because it is of low cost
and is widely available. Radionuclide imaging holds great
promise due to its high sensitivity, with the small doses of
radiotracer necessary and minimal background for imaging.
Using appropriate tracer radionuclides, positron emission
tomography (PET) and single photon emission computed
tomography (SPECT), has demonstrated the capacity to
image cellular and molecular targets [1, 2, 5, 16, 17]. However,
production of radionuclide agents can be complex and
expensive with low stability and limited availability. Optical
imaging techniques (fluorescence and bioluminescence) are
widely used in small animals, and clinical use is on the rise for
imaging superficial tissues such as the breast. However, only
fluorescence has clinical applicability, while bioluminescence
remains a preclinical research tool because of the requirement
of expression of luciferase by the genome. Optical imaging
techniques are rapidly evolving, where their sensitivity is
similar to radionuclide imaging in terms of detection of
low concentrations of contrast agent and are advantageous
because contrast agents are significantly more stable over-
time. Two near-infrared imaging probes, methylene blue
and indocyanine green, have been approved by the FDA for
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clinical use [9]. The main drawback of optical imaging tech-
niques are the high level of attenuation of signal with depth
and the background signal due to autofluorescence, calling
for new fluorophores to improve in vivo imaging [4, 9]. MRI
is also a powerful method for molecular imaging, with novel
techniques developing rapidly, including MR spectroscopy,
chemical shift imaging, diffusion-weighted imaging, T1rho
weighted imaging, chemical exchange saturation transfer,
and targeted contrast agents [10–17].

There are currently three imaging strategies to nonin-
vasively monitor and measure molecular events. They have
been broadly defined as “direct,” “biomarker,” and “indirect”
imaging [2, 3]. The “direct” molecular imaging motif builds
on established chemistry and radiochemistry relationships.
Bioconjugate chemistry can be used to link specific binding
motifs and bioactive molecules to imaging agents, such as
superparamagnetic particles for MRI or radionuclides for
PET and SPECT imaging [5, 12]. However, a constraint
limiting direct imaging strategy is the concentration of
direct imaging targets necessary for imaging the individual
target to enable visualization. Another constraint limiting
direct imaging strategy is the necessity to develop a specific
probe for each molecular target and then to validate the
sensitivity, specificity, and safety of each probe for specific
applications before their introduction into the clinic. A
biomarker is a biological or biochemical change that is objec-
tively measured as an indicator of biological processes or
pharmacological responses to a therapeutic intervention. For
“biomarker imaging,” many existing imaging technologies
are used for monitoring downstream changes of specific
molecular/genetic pathways in diseases. Some biomarker
probes could also be classified as direct imaging probes. For
example, [18F] 2-fluoro-2-deoxyglucose (FDG) can be con-
sidered a direct imaging substrate for visualizing hexokinase
enzyme levels, as well as a biomarker for imaging, and is
useful in a clinical setting for the identification of malignant
lesions, for staging the extent of disease and, in some cases,
to evaluate the treatment response, for example, in the
case of gastrointestinal stromal tumour (GIST)-Gleevec 18F-
FDG [16–21]. However, biomarker imaging is likely to be
less specific and more limited in measuring the activity
of a particular “upstream” pathway. “Indirect” molecular
(reporter gene) imaging studies will be more limited in
patients compared with that in animals due to the necessity
of transducing target tissue cells with a specific reporter
construct or the production of transgenic animals bearing the
reporter construct [2].

This current issue mainly covers ultrasound techniques
and radionuclide imaging techniques, and both preclinical
research on animal models and clinical studies on cancer
patients are presented herein. Contrast-enhanced ultrasound
(CEUS) and acoustic radiation force impulse elastography
(ARFI) are evaluated in papers of this special issue. In a
population of rectal carcinoma patients, Y. Wang et al. report
a positive linear correlation between the CEUS enhanced
intensity (EI) and microvessel density (MVD) evaluated by
immunohistochemical staining of surgical specimens. Addi-
tionally, a significant difference for EI histological grading

with EI decreased as 𝑇 stage increased was found. The
authors concluded that EI of endorectal CEUS provides
noninvasive biomarker of tumor angiogenesis in rectal can-
cer. In another paper, J.-X. Zhang et al. showed CEUS
was helpful in identifying BI-RADS category 3 or 4 small
breast lesions and improved diagnostic sensitivity, reduced
the negative likelihood ratio, and improved the negative
predictive value for these lesions. X. Xu et al. evaluated
ARFI for liver tumor radiofrequency ablation results assess-
ment and determined that while CEUS accurately detected
residual tumors, the ARFI technique has limited capacity
to detect residual tumors; moreover, it was demonstrated
that liver cirrhosis is associated with decreased chance
of a complete ablation. In a review article, Y.-Y. Liao et
al. discussed ultrasound targeted microbubble destruction
(UTMD) as a gene delivery system, the combination of
UTMD and gene therapy or stem cell therapy in angio-
genesis research, and outlined the future challenges in the
field.

Expression of multidrug pumps including P-glycoprotein
(Pgp) in the plasma membrane of tumor cells often results
in decreased intracellular accumulation of anticancer drugs
causing serious impediment to successful chemotherapy.
It has been shown earlier that combined treatment with
UIC2 anti-Pgp monoclonal antibody and cyclosporine A is
an effective way of blocking Pgp function. In this special
issue, G. Trencsényi et al. investigated the suitability of four
PET tumor diagnostic radiotracers, namely, 18F-FDG, 11C-
methionine, 3-deoxy-3-[18F]-fluorothymidine (18F-FLT),
and [18F]-Fluoroazomycin-arabinofuranoside (18FAZA) for
in vivo follow-up of the efficacy of chemotherapy in both
P-glycoprotein positive (Pgp+) and negative (Pgp−) human
tumor xenograft pairs raised in CB-17 SCID mice. It was
found that combined treatment resulted in a significant
decrease of both the tumor size and the accumulation of the
tumor diagnostic tracers in the Pgp+ tumors. These results
demonstrated that 18F-FDG, 18F-FLT, 18F-FAZA, and 11C-
methionine are suitable PET tracers for the diagnosis and in
vivo follow-up of the efficacy of tumor chemotherapy both
in Pgp+ and Pgp− human tumor xenografts by miniPET.
In another experimental study, X. Bao et al. demonstrated
that early treatment response of sunitinib was monitored
in U87MG model mimicking glioblastoma multiforme by
longitudinal 18F-FLTmicroPET/CT imaging. In a study byW.
Ma et al., a peptide containing Asn-Gly-Arg (NGR) sequence
was synthesized and labeledwith 99mTc, and its radiochemical
characteristics, biodistribution, and SPECT imaging were
evaluated in nude mice bearing human HepG2 hepatoma,
demonstrating the potential of 99mTc-NGR for SPECT imag-
ing agent of tumor. In the clinical study by K. Miwa et
al., it was suggested that 11C-methionine PET is a marker
of the biological characteristics of glioblastoma multiforme
and is useful for therapy planning of hypofractionated high-
dose irradiation by intensity-modulated radiation. Studies
by H. D. Zuo et al. report the effect of iRGD peptide
(CRGDK/RGPD/EC) combined with SPIO on the labeling
of pancreatic cancer cells. Their results describe a simple
protocol to label panc-1 cells using SPIO in combination
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with iRGD peptide and suggested a method to improve the
sensitivity of pancreatic cancer imaging.

We hope readers find the progress on molecular imaging
reported in this special issue interesting and stimulating.
Molecular imaging has demonstrated its potential in charac-
terizing disease models in small animal preclinical studies.
In the clinical setting, many patients have the potential to
benefit from these new and quantitative imaging techniques
providing improved disease characterization, therapeutic
monitoring, and objective prognostic criteria [3]. Current
progress on clinical translation of targetedmolecular imaging
agents is less than initially anticipated. To realize the full
potential of molecular imaging, chemists, molecular biol-
ogist, and biomedical engineers will need to work closely
with clinicians to translatemolecular imaging techniques into
clinical applications, ultimately providing improved disease
diagnosis, treatmentmonitoring, and noninvasive prognostic
imaging for patients.

Yı̀-Xiáng J. Wáng
Yongdoo Choi

Zhiyi Chen
Sophie Laurent

Summer L. Gibbs
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Expression of multidrug pumps including P-glycoprotein (MDR1, ABCB1) in the plasma membrane of tumor cells often results
in decreased intracellular accumulation of anticancer drugs causing serious impediment to successful chemotherapy. It has
been shown earlier that combined treatment with UIC2 anti-Pgp monoclonal antibody (mAb) and cyclosporine A (CSA) is
an effective way of blocking Pgp function. In the present work we investigated the suitability of four PET tumor diagnostic
radiotracers including 2-[18F]fluoro-2-deoxy-D-glucose (18FDG), 11C-methionine, 3-deoxy-3-[18F]fluorothymidine (18F-FLT),
and [18F]fluoroazomycin-arabinofuranoside (18FAZA) for in vivo follow-up of the efficacy of chemotherapy in both Pgp positive
(Pgp+) and negative (Pgp−) human tumor xenograft pairs raised in CB-17 SCID mice. Pgp+ and Pgp− A2780AD/A2780 human
ovarian carcinoma and KB-V1/KB-3-1 human epidermoid adenocarcinoma tumor xenografts were used to study the effect of the
treatment with an anticancer drug doxorubicin combined with UIC2 and CSA. The combined treatment resulted in a significant
decrease of both the tumor size and the accumulation of the tumor diagnostic tracers in the Pgp+ tumors. Our results demonstrate
that 18FDG, 18F-FLT, 18FAZA, and 11C-methionine are suitable PET tracers for the diagnosis and in vivo follow-up of the efficacy
of tumor chemotherapy in both Pgp+ and Pgp− human tumor xenografts by miniPET.

1. Introduction

The miniPET technique is a well-established noninvasive
method to detect tumors and follow up the effect of therapy
of tumors, using PET tumor diagnostic tracers. The PET
tumor diagnostic tracers, like 11C-metionine, 2-[18F]fluoro-
2-deoxy-D-glucose (18FDG), and (3-deoxy-3-[18F]fluoro-
thymidine) (18F-FLT), are good candidates to measure the
effect of the therapy. 18FDG, an analog of glucose, the most

commonly used PET radiotracer in clinical oncology, allows
visualization of the changes in the glucose metabolic rate in
tumors [1–3]. 18FDG undergoes phosphorylation by hexok-
inase but can not pass through the rest of glycolysis, and it
remains trapped in the cell. Increased cell proliferation is
one of the main features of cancer cells. 18F-FLT is used as a
PET tracer for visualization of cell proliferation.The trapping
of 18F-FLT was demonstrated with the uptake of thym-
idine analogue after phosphorylation by thymidine kinase 1
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(TK1) in the S phase of cell cycle [4, 5]. Another tumor dia-
gnostic PET tracer is the 11C labelled methionine applied for
the follow-up of the amino acid transport and metabolism in
the tumor [6]. Radiolabeled nitroimidazole derivatives (e.g.,
[18F]fluoroazomycinarabinofuranoside (18F-FAZA) and [18F]-
fluoromisonidazole (18F-MISO)) validated markers to detect
hypoxia in cancer cells. Nitroimidazoles labeled with 18F iso-
tope can undergo an oxygen-reversible single-electron reduc-
tion under hypoxic conditions, forming reactive oxygen radi-
cals that subsequently bind covalently tomacromolecular cel-
lular components and are trapped in the intracellular space;
consequently they are suitable tracers for in vivo detection
of hypoxia in tumors. Hypoxia in tumor seems to be an
important prognostic factor of chemotherapy response [7].

Multidrug resistance (MDR) seems to be the most widely
observed mechanism in clinical cases of chemotherapy
resistance. This phenomenon is often associated with the
overexpression of certain ATP binding cassette transporters
including P-glycoprotein (Pgp, coded by the MDR1 gene),
which is an ATP dependent active efflux pump that is able to
extrude a large variety of chemotherapeutic drugs from the
cells [8, 9].

The conformation sensitive UIC2 mouse monoclonal
antibody inhibits Pgpmediated substrate transport.However,
this inhibition is usually partial and its extent is variable, since
UIC2 binds only to 10–40%of all Pgpmolecules present in the
cell membrane [10, 11]. It has been shown earlier in in vitro
and ex vivo experiments that the combined administration
of UIC2 antibody and certain substrates or modulators
used at low concentrations increases the antibody binding,
leading to a near complete Pgp inhibition, thus providing a
novel, specific, and effective way of blocking Pgp function
[11, 12]. Krasznai et al. [12] also demonstrated that the com-
bined treatment with UIC2 antibody and Pgp modulators
effectively blocked the function of Pgp in ovarian carcinoma
cells in vitro and the effect could be followed by using tumor
diagnostic tracers, 99mTc-MIBI and 18FDG.

Ovarian cancer is the secondmost common cancer of the
female genital tract but accounts for over half of all deaths
related to gynecologic neoplasms [13]. Anthracycline antibi-
otics have been used for more than 40 years in the treatment
of gynecologic tumors in the first line in monotherapy or in
combination with other drugs [14, 15].

In this paper using an animal model we demonstrate
that theminiPET technique combined with tumor diagnostic
radiopharmaceuticals is suitable for the detection of either
Pgp expressing or Pgp nonexpressing tumors and it can be
applied for in vivomonitoring of the effect of tumor therapy.

2. Materials and Methods

2.1. Cell Lines. Drug sensitive (Pgp+) cell lines and their non-
sensitive (Pgp−) counterparts were used in the experiments.
Human epidermoid (cervix) carcinoma cell lines—KB-V-
1 (Pgp+), KB-3-1 (Pgp−)—and human ovarian carcinoma
cell lines—A2780AD (Pgp+), A2780 (Pgp−)—were grown as
monolayer cultures at 37∘C in a 95% humidified air, 5% CO

2

atmosphere. The cell lines were maintained in 75 cm2 flasks

in Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L glucose and supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 2mM L-glutamine, and 25 𝜇M/mL
gentamicin.The KB-V-1 cells were cultured in the presence of
180 nMvinblastine and theA2780ADcells were culturedwith
2 𝜇M doxorubicin until use. The viability of the cells used in
our experiments was always higher than 90%, as assessed by
the trypan blue exclusion test.

2.2. Laboratory Animals. Twenty-four (10- to 12-week-old)
pathogen-free B-17 severe combined immunodeficiency
(SCID) female mice were used in this study. Animals were
housed under pathogen-free conditions in air conditioned
rooms at a temperature of 26 ± 2∘C, with 50 ± 10% humidity
and artificial lighting with a circadian cycle of 12 h. The diet
and drinking water (sterilized by autoclaving) were available
ad libitum to all the animals. The Principles of Laboratory
Animal Care (National Institute of Health) were strictly
followed, and the experimental protocol was approved by the
Laboratory Animal Care and Use Committee of the Univer-
sity of Debrecen.

2.3. Animal Model and Study Design. SCID mice were
injected subcutaneously (s.c.) with KB-3-1 (1.5 × 106 cells in
150 𝜇L PBS) cells on the left andKB-V-1 (3× 106 cells in 150 𝜇L
PBS) cells on the right side. Other groups of SCID mice were
injected s.c. with A2780 (3 × 106 cells in 150 𝜇L PBS) cells on
the left and A2780AD (4.5 × 106 cells in 150 𝜇L PBS) cells on
the right side. On each side the animals received two injec-
tions of the same cell line, one in the shoulder and one in the
thigh to double the tumor numbers per animal in order to
limit the number of animals and to maximize the number of
tumors imaged. Preliminary experiments showed that, in
contrast to the Pgp− cells, the tumor formation from Pgp+
cells has a slower kinetics.This differencewas equalized by the
injection of different cell numbers. Four days after the injec-
tion mice were treated with doxorubicin (DOX) (5mg/kg)
combined with UIC2 monoclonal antibody (5mg/kg) and
cyclosporine A (CSA) (10mg/kg). Tumor growth was asse-
ssed by caliper measurements every two days by the same
experienced researcher. The tumor size was calculated
using the following formula: (largest diameter × smallest
diameter2)/2 [16].

2.4. Radiotracers. The glucose analog (18FDG) was synthe-
sized and labeled with the positron-decaying isotope 18F
according to Hamacher et al. [17]. The radiosynthesis of the
thymidine analog (18F-FLT) was performed according to the
published method by Grierson and Shields [18]. 11C-
Methionine was synthesized as described by Mitterhauser
et al. [19].The 18F-labeled nitroimidazole compound fluoroa-
zomycin arabinoside (18FAZA) was performed according to
the published method by Piert et al. [7].

2.5. Small Animal PET Imaging Using Radiopharmaceuticals.
After the implantation 18FDG, 11C-methionine, and 18F-FLT
scans were repeated at different time points. Prior to PET,



BioMed Research International 3

mice were fasted overnight. On the day of PET imaging mice
were prewarmed to a body temperature of 37∘C and this tem-
peraturewasmaintained throughout the uptake and scanning
period to minimize the brown fat visualization. Mice were
injected via the tail vein with 5.0 ± 0.2MBq of 18FDG, 8.1 ±
0.6MBq of 11C-methionine, 4.5±0.2MBq of 18F-FLT, or 5.5±
0.5MBq of 18FAZA. 20min after 11C-methionine or 40min
after 18FDG or 18F-FLT or 120min after 18FAZA tracer injec-
tion animals were anaesthetized by 3% isoflurane with a ded-
icated small animal anesthesia device. 20min static single-
frame PET scans were acquired using a small animal PET
scanner (miniPET-II, Department of Nuclear Medicine,
Debrecen) to visualize the tumors. On the same animal the
11C-methionine and 18FDG and 18F-FLT scans were made
within 4 days.

The miniPET-II scanner consists of 12 detector modules
including LYSO scintillator crystal blocks and position sen-
sitive PMTs [20]. Each crystal block comprises 35 × 35 pins
of 1.27 × 1.27 × 12mm size. Detector signals are processed by
FPGA based digital signal processing boards with embedded
Linux operating system. Data collection and image recon-
struction are performed using a data acquisitionmodule with
Ethernet communication facility and a computer cluster of
commercial PCs. Scanner normalization and random correc-
tion were applied on the data and the images were recon-
structed with the standard EM iterative algorithm. The voxel
size was 0.5 × 0.5 × 0.5mm and the spatial resolution varies
between 1.4 and 2.1mm from central to 25mm radial dis-
tances [20]. The system sensitivity is 11.4%.

2.6. PET Data Analysis. Radiotracer uptake was expressed
in terms of standardized uptake values (SUVs) and tumor
to muscle (T/M) ratios. Ellipsoidal 3-dimensional volume of
interest (VOI) was manually drawn around the edge of the
tumor xenografts activity by visual inspection using Brain-
Cad software (http:/www.minipetct.hu/). The standardized
uptake value (SUV) was calculated as follows: SUV = [VOI
activity (Bq/mL)]/[injected activity (Bq)/animal weight (g)],
assuming a density of 1 g/cm3.The T/M ratios were computed
as the ratio between the mean activity in the tumor VOI and
in the background (muscle) VOI.

2.7. Whole-Body Autoradiography. For whole-body autora-
diography the implantation of tumor cells was carried out as
described above. On the 16th day after epidermoid carcinoma
and on the 25th day after ovarian carcinoma cell implantation
tumor-bearing mice were anaesthetized and the radioligands
18F-FLT (4.5 ± 0.2MBq in 150𝜇L saline) or 18FDG (5.5 ±
0.2MBq in 150𝜇L saline) or 18FAZA (5.5±0.5MBq in 150 𝜇L
saline) were injected via the tail vein. Animals were euth-
anized 60min after the administration of 18FDG or 18FLT
and 120min after 18FAZA injection with 300mg/kg pen-
tobarbital (Nembutal). Each animal was embedded in 1%
carboxymethylcellulose solution. After being frozen in liquid
nitrogen, 60𝜇m thin cryostat sections (Leica CM 3600
cryomacrotome, Nussloch, Germany) were cut in the coronal
plane. Sections were exposed to phosphorimaging plates (GE

Healthcare, Piscataway, NJ, USA). For anatomic correspon-
dence true color images of the sections were also obtained
by a transparency scanner (Epson Perfection 1640, EPSON
Deutschland GmbH, Meerbusch, Germany). Autoradiogra-
phy and transmission images were overlaid to fuse the func-
tional and anatomical information. For phosphorimage anal-
ysis of selected sections the ImageQuant 5.0 (GE Healthcare,
Piscataway, NJ, USA) image analyzing software was used.

2.8. Tumor Sample Preparation. 16 days after epidermoid car-
cinoma and 25 days after ovarian carcinoma cell implantation
mice were euthanized with an overdose of pentobarbital and
tumorswere dissected from the animals. Tumor samples were
embedded in cryomatrix and snap-frozen in liquid nitrogen.
Samples were stored at −80∘C in an ultralow temperature
freezer.

2.9. Immunohistochemistry. Immunohistochemistrywas per-
formed on 5 𝜇m thick frozen tumor sections. Frozen sections
were dried at room temperature and fixed in precooled
acetone (−20∘C) for 10min. Sections were then washed and
incubated with 0.3% H

2
O
2
in methanol for 20min to quench

endogenous peroxidase activity. After blocking the nonspe-
cific binding with 1% BSA for 20minutes, sections were incu-
bated for 60min at room temperature with mouse anti-Pgp
monoclonal antibody UIC2 (10 𝜇g/mL). After two washes
with PBS, anti-mouse EnVision Detection Systems DAB
(Dako, Denmark) was used to visualize the primary anti-
bodies and sections were counterstained with haematoxylin.
Negative controls were obtained by omitting the primary
antibody.

2.10. Flow Cytometric Measurements. Formaldehyde (1% in
PBS) prefixed cells were centrifuged at 500×g for 5min and
washed twice with 1% PBS/BSA. To visualize the Pgp expres-
sion, cells (1 × 106 cells/mL) were incubated with 10𝜇g/mL of
UIC2 mAb in PBS containing 1% BSA (PBS/BSA) at 37∘C for
40min. After two washes with ice-cold PBS, the cells were
incubated with rabbit anti-mouse Alexa 488 secondary
antibody (10 𝜇g/mL A488-GaMIgG, Invitrogen, CA) at 4∘C
for 30min. Negative controls were obtained by omitting
the primary antibody. A Becton-Dickinson FACScan flow
cytometer (Becton-Dickinson,MountainView, CA)was used
to determine fluorescence intensities. Emission was detected
through a 540 nmbroadband interference filter forAlexa 488.
Cytofluorimetric data were analyzed by BDIS CELLQUEST
(Becton-Dickinson) or FloWin (written by Drs. M. Emri and
L. Balkay, Department of Nuclear Medicine, University of
Debrecen) software.

2.11. Data Analysis. Data are presented as mean ± SEM of at
least three independent experiments. The significance was
calculated by Student’s 𝑡-test (two-tailed). The level of signif-
icance was set at 𝑃 ≤ 0.05 unless otherwise indicated.

3. Results

3.1. Flow Cytometric Studies. Flow cytometric analyses
showed a remarkably high expression of Pgp in the Pgp+ cells.
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Figure 1: Histopathological analysis of tumor xenografts. Autopsy images show the human ovarian (a) and human epidermoid carcinoma
(f) tumor xenografts 25 and 16 days after tumor cell implantation, respectively. Microscopic images of H&E staining ((b) A2780 Pgp−, (c)
A2780AD Pgp+; (g) KB-3-1 Pgp−, (h) KB-V-1 Pgp+) and UIC2 mAb-DAB immunostaining ((d) A2780 Pgp−, (e) A2780AD Pgp+; (i) KB-3-1
Pgp−, (j) KB-V-1 Pgp+) of xenograft tumor sections. Bar: 50𝜇m; magnification ×200.

The ratio of the relative mean fluorescence intensities of the
Pgp+/Pgp− ovarian carcinoma (A2780AD/A2780) and the
epidermoid adenocarcinoma (KB-V-1/KB-3-1) cell line pairs
was 12.7 ± 2.3 and 10.0 ± 1.8, respectively.

3.2. Histopathological Studies. SCID mice were injected in
their left and right sides with Pgp− (A2780, KB-3-1) and Pgp+
(A2780AD, KB-V-1) cells, respectively. No morphological
differences were seen between the congruous Pgp− and Pgp+
tumors upon histopathological analysis of harvested tumors
by haematoxylin-eosin (H&E) staining (Figures 1(b), 1(c),
1(g), and 1(h)). Tumor cells implanted into the SCID
mice retained their Pgp+ or Pgp− phenotype as proved by
immunostaining of Pgp. Immunoperoxidase detection
showed strong positive staining in Pgp+ tumor cell mem-
branes (Figures 1(e) and 1(j)); in contrast, no staining was
visible in Pgp− tumors (Figures 1(d) and 1(i)).

3.3. Impact of Combined Treatment on Tumor Volume. Four
days after the s.c. injection of tumor cells mice were treated
with a combination of UIC2monoclonal antibody, DOX, and
CSA. Other groups of animals (tumor-bearing control
(untreated)) were injected with PBS. The growth rate of the
ovarian carcinoma tumors (A2780 Pgp− andA2780ADPgp+)
was slower (doubling time: 4 days) than that of the epi-
dermoid carcinoma tumors (KB-3-1 Pgp− and KB-V-1 Pgp+;
doubling time: 3 days).The growth rates of the treated tumors
were compared to that of the untreated tumors in both the
cases of the Pgp+ and the Pgp− ones. In contrast to the control
(untreated) tumors, where exponential growth was observed,

the combined treatment inhibited the tumor growth
(Figure 2). In case of the human ovarian carcinoma
xenografts, from day 10 significant differences (on day 10: 𝑃 ≤
0.05, on day 25: 𝑃 ≤ 0.01) were observed between the treated
and untreated A2780AD and A2780 tumor volumes. These
results were similar to the experiments with the human
epidermoid carcinoma xenografts, where we found signifi-
cant differences in the volume (from day 8: 𝑃 ≤ 0.05,
from day 14: 𝑃 ≤ 0.01) of the control and treated tumors
(Figure 2(b)).

3.4. miniPET Imaging of Combined Treated and Untreated
Tumor Xenografts. For in vivo visualization of the effect
of the combined treatment on tumors 18FDG and 18F-FLT
miniPET scans were performed at different time points and
SUVmean, SUVmax, T/Mmean, and T/Mmax ratios were
calculated (Figure 3). Fifteen to twenty days after A2780 Pgp−
andA2780ADPgp+ cell implantation control (untreated) and
combined treated tumor-bearing mice (6 mice, 24 tumors)
received 18FDG and 18F-FLT. Control tumors demonstrated
high 18FDG and 18F-FLT uptake (Figure 3(a), left). Quantita-
tive image analysis showed significant differences (𝑃 < 0.001)
between the 18FDG avidity of treated Pgp+ (SUVmean =
0.33 ± 0.03 and SUVmax = 0.54 ± 0.06) and untreated Pgp+
(SUVmean = 1.62 ± 0.25 and SUVmax = 2.96 ± 0.6) tumors
and also between the treated Pgp− (SUVmean = 0.56 ± 0.03
and SUVmax = 0.94 ± 0.07) and untreated Pgp− (SUVmean
= 1.43 ± 0.17 and SUVmax = 2.51 ± 0.3) tumors. By taking
the T/M ratios, the differences between the treated and
untreated tumors were also significant (𝑃 < 0.001). The
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Figure 2: Impact of combined treatment on tumor growth. Pgp+ and Pgp− treated tumors’ volumes were compared to Pgp+ and Pgp− control
(untreated) tumors in tumor-bearing animals. Treatments began 4 days after tumor cell inoculations. (a) Impact of combined treatment on
A2780AD Pgp+ and A2780 Pgp− (6 mice, 24 tumors). (b) Impact of combined treatment on KB-V-1 Pgp+ and KB-3-1 Pgp− tumors (6 mice,
24 tumors). Statistically significant changes in tumor volume compared to the tumor volume of untreated control are indicated (∗𝑃 ≤ 0.05,
∗∗
𝑃 ≤ 0.01).

uptake of 18F-FLT was significantly increased at the control
tumors compared with that at the combined treated tumors
(Figure 3(b), left). The 18F-FLT miniPET imaging and SUV
values showed the efficiency of the combined treatment.

The biodistribution of 18FDG and 18F-FLT on days 10–15
following tumor inoculation in epidermoid carcinoma bear-
ing mice is shown in Figure 3(a). The results of 18FDG and
18F-FLT miniPET scans showed significant accumulation in
the untreated control tumors (Figure 3(a), right), in contrast
to the combined treated KB-V-1 Pgp+ and KB-3-1 Pgp−
tumors.

Overall, in the treated animals the T/M ratios showed
no difference in the 18FDG and 18F-FLT uptake between the
place of inoculation and its muscle environment, proving the
lack of tumor cells. No significant differences were observed
with these two radiopharmaceuticals in the SUV values
between Pgp+ and Pgp− tumors.

Fifteen to twenty days after A2780 Pgp− and A2780AD
Pgp+ cell implantation control (untreated) and treated
tumor-bearing mice received 11C-methionine. Control tum-
ors showed high 11C-methionine uptake (Figure 4(a)). Quan-
titative image analysis demonstrated that there were notable
differences between the 11C-methionine avidity of the treated
Pgp+ (SUVmean = 0.43±0.02 and SUVmax = 0.83±0.03) and
untreated Pgp+ (SUVmean= 1.35±0.46 and SUVmax= 2.20±
0.6) tumors and also between the treated Pgp− (SUVmean =
0.45 ± 0.03 and SUVmax = 0.84 ± 0.06) and untreated Pgp−
(SUVmean = 1.35 ± 0.8 and SUVmax = 2.40 ± 1.5) tumors.

The 11C-methionine miniPET imaging (Figure 4(b)) and
SUV values also showed the efficiency of the combined
treatment in case of the epidermoid tumor xenografts. 10–15
days after KB-3-1 and KB-V-1 tumor cell implantation the
quantitative image analysis showed notable differences

between the 11C-methionine uptake of the treated Pgp+
(SUVmean = 0.49 ± 0.03 and SUVmax = 0.84 ± 0.02) and
untreated Pgp+ (SUVmean= 1.52± 0.43 and SUVmax= 2.43±
0.68) tumors and also between the treated Pgp− (SUVmean =
0.49 ± 0.03 and SUVmax = 0.76 ± 0.05) and untreated Pgp−
(SUVmean = 1.48 ± 0.46 and SUVmax = 2.55 ± 1.0) tumors.

3.5. Assessment of Heterogeneity in Tumor Metabolism Using
Radiopharmaceuticals. The metabolic heterogeneity of con-
trol tumors was investigated on the same animal by 18FDG
(22 days after tumor cell injection), 18FAZA (23 days after
tumor cell injection), and 18F-FLT (24 days after tumor cell
injection) usingminiPET scanner and autoradiography tech-
niques. Control tumors demonstrated heterogeneous 18F-
FLT uptake, with some areas of moderate uptake surrounded
by areas of intense uptake, indicating the proliferation of
tumor cells. We found that the 18FDG positive tumor areas
and the 18F-FLT negative areas overlapped one another. The
18FAZA uptake of these areas was high. After the quantita-
tive analysis of the miniPET images the differences in the
metabolic activity of the investigated tumors are shown on a
representative figure (Figure 5). By taking the SUVmean
values we found the following: 18FDG avid areas: 1.20 ± 0.27,
not 18FDG avid areas: 0.79 ± 0.13; 18F-FLT avid areas: 2.67 ±
0.35, not 18F-FLT avid areas: 2.15 ± 0.19; 18FAZA avid-
hypoxic-areas: 0.70 ± 0.08, not 18FAZA avid-not hypoxic-
areas: 0.53 ± 0.07.

4. Discussion

Xenograft model and the miniPET technique are recently
commonly usednoninvasivemethods in preclinical studies to
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Figure 3: Effect of combined treatment on the 18FDG and 18F-FLT uptake of Pgp positive and negative human ovarian (left side) and
epidermoid carcinoma (right side) tumors. (a) 18FDG and 18F-FLT miniPET images of control and combined treated Pgp− (left side, black
arrows) and Pgp+(right side, red arrows) tumor-bearing mice (coronal sections). No tumors can be visualized in the treated animals. (b)
The SUVmean and SUVmax and the mean and maximum T/M ratios are displayed (bars represent mean ± SEM). Statistically significant
differences in comparison to combined treated tumors are indicated (∗𝑃 ≤ 0.05, ∗∗𝑃 ≤ 0.01, and ∗∗∗𝑃 ≤ 0.001).
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Figure 4: Effect of combined treatment on the 11C-methionine uptake of Pgp positive and negative human ovarian (a) and epidermoid
carcinoma (b) tumors. 11C-Methionine miniPET images of control and treated Pgp− (left side, black arrows) and Pgp+(right side, red arrows)
tumor-bearing mice (coronal sections). No tumors can be visualized in the treated animals.

18FDG 18FAZA 18F-FLT 18F-FLT autoradiography Photogram

SUV
10

0

SUV
10

0

Figure 5:miniPET andwhole-body autoradiography images from the same control tumor-bearing (ovarian carcinoma) SCIDmouse (upper).
Lower panels demonstrate the tumor heterogeneity using different radiopharmaceuticals on a representative Pgp+ tumor.White arrows: Pgp−
tumors; red arrows: Pgp+ tumors. Color bars regard to the PET images only.

detect and follow up the effect of therapy of human
tumors, using PET tumor diagnostic radiopharmaceuticals,
like 18FDG, 18F-FLT, 18FAZA, and 11C-methionine.

It has been demonstrated earlier by Goda et al. [11], and
Krasznai et al. [12] in their in vitro and ex vivo experiments
that the combined application of the Pgp specific antibody
UIC2 and cyclosporine A is a successful strategy to overcome
Pgp-mediated multidrug resistance.

In our experiments we used similar treatment carried
out on mouse xenografts. Our aim was to test the efficacy
of the combined treatment on drug sensitive and resistant
human ovary and cervix cancer xenograft models by using
in vivo medical imaging technique (miniPET) and the most
commonly applied tumor diagnostic radiopharmacons
(18FDG, 18F-FLT, and 11C-metionine) in the visualization of
gynecological tumors.

The tumor cells were inoculated at four places in each ani-
mal in order to provide self-control experiment and reduce
the necessary number of experimental animals.The presence

of Pgp in the tumors was proved by immunohistochemistry
(Figure 1).

The A2780 and A2780AD human ovarian tumors grew
slower than the epidermoid adenocarcinoma tumors (KB-3-1,
KB-V-1) (Figure 2). The treatment of the tumors started four
days after the inoculation using a dose of 5mg/kg doxoru-
bicin.The size of the tumors was small (2–5mm3) but visually
observable. Lee et al. [21] performed efficacy studies using
BALB/c mice bearing C-26 colon carcinoma tumors. In their
study they applied dendrimer-DOX in which the DOX was
attached bymeans of a stable carbamate bond in an equivalent
of 20mg/kg doxorubicin in a single dose 8 days after tumor
implantation, which caused complete tumor regression and
100% survival. Kratz et al. [22] published similar results: they
observed in both male and female mice an LD50 of doxoru-
bicin 12mg/kg. Graf et al. [23] have shown that tumor growth
was inhibited by a single dose of doxorubicin ranging from
25 𝜇g to 200𝜇g in xenograft lymphoma tumors. Kim et al.
[24] treated the human ovarian A2780/DOX carcinoma
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xenografts with 10mg/kg DOX three times at 3-day intervals
without any effect of the MDR resistant tumor growth.

In our work we diagnosed the presence and followed the
growth of multidrug sensitive and resistant tumors as well
as the efficacy of the combined treatment with three tumor
diagnostic tracers.The results show that the 18FDG (a glucose
metabolic tracer), 11C-methionine (tracer for amino acid
transport and protein synthesis), and the 18F-FLT (a prolif-
eration tracer) can be effectively used for monitoring both
the Pgp+ and the Pgp− tumors. The accumulation of the
tracers could be followed by definite SUV values although the
18F-FLT SUV values were higher than that of the 18FDG
(Figure 3) Ong et al. [25] called attention to the fact that the
PET tracer accumulation can be different in in vitro exper-
iments with tumor cells and in xenografts made from the
same cells in vivo; therefore the pharmacon uptake should be
tested. Xenografts in vivo can be less sensitive to PET tumor
diagnostic tracers than cell lines in vitro. In our experiments
in both theA2780 and theA2780AD, aswell as theKB-3-1 and
KB-V-1 Pgp+ and Pgp− cell line pairs, just as the xenografts
made with these cell lines, all three tumor diagnostic tracers
(18FDG, 18F-FLT, and 11C-methionine) could be well used.
Jensen et al. [5] used ovarian cancer (A2780) xenografts
in nude mice and they—similarly to our results—measured
higher 18F-FLT than 18FDG uptake. On the other hand they
measured approximately 50% lower SUVmean and SUVmax
values compared to our results. The differences can be
explained by the different experimental protocols and the bio-
logical differences between the nude and SCID mice. Eben-
han et al. [26] used KB-3-1 cervix carcinoma xenograftmodel
(in nude mice) and found that the xenografts showed low
18FDG SUV and were better visualized by 18F-FLT. It is in
agreement with other studies reporting that for assessing the
early response to anticancer treatment 18F-FLT was supe-
rior to 18FDG [5]. However, other studies found higher
18FDG uptake compared to 18F-FLT accumulation in several
xenograft models [27, 28]. In our experiments both tracers
showed good visualization of the Pgp+ and Pgp− tumors and
the efficacy of the treatment.
18FDG, the most commonly used PET radiotracer in

tumor diagnostics, allows visualization of the changes in the
glucose metabolic rate in tumors [3]. Since Pgp is a transport
ATPase, its activity may increase the ATP demand of the cells
expressing it at high level [12]. The increased energy demand
of the cancer cells manifests in higher glucose metabolisms
that can be measured by 18FDG accumulation, but a number
of factors can affect the FDG uptake in tumors [1, 3, 29, 30].

The different proliferation activity of the different tumors
as well as the variance in the tumor volume suffering
hypoxiamay result in further differences in the 18FDGuptake
(Figure 5). Similarly to our results, several authors report het-
erogeneity in the 18FDG uptake of different tumors [31, 32].
The experimental model used in our experiments provides
exactly the same extracellular conditions (free glucose con-
centration in the blood, injected radiotracer dose, anaes-
thetizing procedure, etc.) since both of the Pgp+ and the Pgp−
tumors grow in the same mice; therefore the measured

differences in the accumulation of the radiopharmacon show
the intrinsic characters of the tumors.

In our experiments, we initiated the treatment of the
tumors four days after the inoculation of the cells, when the
gynecologic tumors were still rather small. We aimed to dev-
elop a model analogous to the clinical situation, when after
removing the tumor by surgery a systemic therapy is applied
to hinder the development of multidrug resistant primary or
metastatic tumors.

Our results show that the above described combined
treatment is an effectivemethod for the chemotherapy of both
Pgp+ and Pgp− human ovarian carcinoma and epidermoid
adenocarcinoma tumors growing in mice, and the efficacy of
the treatment can be followed by miniPET using 18FDG, 18F-
FLT, and 11C-methionine radiotracers. In addition, 18FAZA is
a suitable tracer to detect the hypoxia of the tumor in xeno-
grafts. Using multitracer miniPET 18FDG, 18F-FLT, and
18FAZA analyses also help to detect the metabolic hetero-
geneity of the tumors.
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In the paper titled “Biodistribution and SPECT imaging
study of 99𝑚𝑇𝑐 labeling NGR peptide in nude mice bearing
human HepG2 hepatoma,” there is a mistake in the chemical
structure of the NGR sequence and it is corrected in Figure 1
below.There is also a number mistake in the part of Materials
and Methods (2.4. Cell Culture and Animal Model) that
the HepG2 tumor model was established by subcutaneous
injection of 5 × 106 HepG2 tumor cells (0.1mL) into the right
upper flanks, but not 2 × 106.
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Purpose. The primary aim of this study was to explore if classification, whether using the BI-RADS categories based on CEUS or
conventional ultrasound, was conducive to the identification of benign and malignant category 3 or 4 small breast lesions.Material
and Methods. We evaluated 30 malignant and 77 benign small breast lesions using CEUS. The range of enhancement, type of
enhancement strength, intensity of enhancement, and enhancement patterns were independent factors included to assess the BI-
RADS categories. Results. Of the nonenhanced breast lesions, 97.8% (44/45) were malignant, while, of the hyperplasic nodules,
96.8% (30/31) showedno enhancement in our study. Category changes of the lesionsweremade according to the features determined
using CEUS.The results showed that these features could improve diagnostic sensitivity (from 70.0 to 80.0, 80.0, 90.0, and 90.0%),
reduce the negative likelihood ratio (from 0.33 to 0.22, 0.25, 0.11, and 0.12), and improve the NPV (from 88.8 to 92.2, 91.2, 96.2, and
95.5%).However, this was not conducive to improve diagnostic specificity or the PPV.Conclusion.The vastmajority of nonenhanced
small breast lesions were malignant and most of the hyperplasic nodules showed no contrast enhancement. As a reference, CEUS
was helpful in identifying BI-RADS category 3 or 4 small breast lesions.

1. Introduction

The American College of Radiology Breast Imaging Report-
ing and Data System (ACR BI-RADS) proposed ultrasound
breast disease standardized diagnostic criteria in 2003 [1].
However, its low specificity has been troubling to clinicians
[2, 3]. In the ACR-BI-RADS-US criteria, category 3 (less than
2 percent risk of malignancy) or category 4 (probability of
cancer, ranging from 3 to 94 percent) lesions are considered
different degrees of malignant breast lesions. This is espe-
cially true for hyperplastic nodules in category 3, which are
considered to be uncertain ones. Such lesions do not have
obvious characteristics of benign lesions, but they are still
considered subjectively as category 3 lesions. There are 1-2
nonbenign characteristics of category 4 lesions, but the ACR
does not provide any detailed guidance. This leads to poor
interobserver consistency in classification. As one study
shows [4], in some of the diagnostic category 4 subclasses,

consistency is poor, especially for category 4c. This poor
reproducibility reflects the highly subjective nature of this
classification.

Contrast-enhanced ultrasound (CEUS) of the breast is
less commonly performed than abdominal CEUS [5, 6].
In previous studies, ultrasound contrast medium was used
to help differentiate between benign and malignant breast
disease. However, use of this technique did not always give
uniform results [7–9]. Early breast cancer detection, diagno-
sis, and treatment have been shown to be the key to improving
the cure rate and reducing mortality [10]. On clinical exam,
the current discovery rate of detection of early breast cancer
in the United States is 25%, so accurate ultrasound diagnosis
of early breast cancer is imperative to improve early detection;
however, diagnosis of early breast cancer using ultrasound
is difficult [10]. There is a higher rate of misdiagnosis and
missed diagnosis of small size, nonpalpable, and atypical
ultrasonographic early stage breast cancer, especially when
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the maximum diameter of the lesion is ≤10mm (cancer
clinical stage belongs to T1a and T1b) [11]. The ability to
diagnose early stage breast cancer when lesions are ≤10mm
would have important clinical value by improving cure rates.

There have been no published studies done on breast
cancer lesions in the diameter range of 1–10mm. On the basis
of previous studies, we have summarized the characteristics
of CEUS used in the detection of benign and malignant
breast lesions. We have also explored the clinical value of
ultrasound technology in diagnosing breast cancer at the
early and malignant stages when nodules are classified as T1a
or T1b and belong to BI-RADS-US category 3 or 4. At the
same time, this study also explored whether the corrected BI-
RADS category was appropriate in identifying breast lesions
at the early and malignant stages based on CEUS.

2. Materials and Methods

2.1. Patients. Approval from the Regional Ethics Committee
was obtained for this study. Written informed consent was
obtained from all patients participating in this study. A total
of 107 patients (each with one lesion) were evaluated from
June 2011 to April 2013. All patients underwent conventional
preoperative ultrasonography (US) and CEUS. The results
showed that all nodules belonged to category 3 or 4 using US,
and the size of the lesions ranged from 1 to 10mm.

None of the lesions were biopsied before contrast studies
were performed. The inclusion criterion was the presence of
lesions on US. The exclusion criterion was contraindication
to contrast agent administration. The contrast agent was not
given if patients had heart disease, pulmonary or respiratory
disease, or hypertension, were allergic to the contrast agent,
or were pregnant or breast-feeding.

All patients underwent surgery and had a final pathologic
diagnosis. Malignant lesions were found in 30 patients (age
range from 31 to 71 years old and mean age was 49 years old),
and 77 patients had benign lesions (age range from 25 to 64
years old and mean age was 44 years old) according to the
histopathology.

2.2. Conventional and Contrast-Enhanced Imaging Protocol.
GE LOGIQ E9 and LOGIQ 9 systems (GE Healthcare,
USA) with a linear array transducer (LOGIQ 9 M12L or
LOGIQ E9 ML6–15) were used for conventional US. A 4–
9MHz linear transducer was used for CEUS. The contrast
agent was SonoVue (Bracco SpA, Milan, Italy), a lyophilized
powder of phospholipid-stabilized microbubbles containing
sulfur hexafluoride gas with a mean diameter of 2.5𝜇m. The
solution was reconstituted by the addition of 5mL of sterile
saline. B-mode pulse inversion harmonic imaging was used
in CEUS. Settings were as follows:mechanical indexwas 0.12-
0.13, image depth was 3 or 4 cm, the single focus was at the
bottom of the image, and the probe was stabilized manually
and no pressure was exerted.

One ultrasound physician (JX Zhang with 15 years of
experience in breast US) performed all US and CEUS
examinations. On the US, the maximum imaging plane of
the mass, which included the mass and its surrounding

normal tissue (if it was possible), was selected for CEUS.
After a manual bolus injection of 2.4mL of SonoVue via a
20-gauge cannula placed in the antecubital vein, the selected
plane remained unchanging during the examination and real-
time imaging was recorded for up to 3min. All static and
dynamic images were stored in the ultrasound systems, and
then single frames in JPEG format and movie files in digital
imaging communications inmedicine (DICOM) formatwere
exported to a personal computer.

2.3. Pathological Method. A Nikon 80i upright fluorescence
microscope, a Shandon Pathcentre tissue processor, a Leica
2145 rotary microtome, and a Leica ST5030 multistainer
workstation were used in the pathological examination.

2.4. Image Analysis. All dynamic contrast images and con-
ventional images were stored on the hard drive of the
machine. We analyzed the CEUS-detected changes in malig-
nant and benign lesions including contrast-enhanced range,
enhanced type, intensity of enhancement, and the pattern of
enhancement.

Twoultrasoundphysicians evaluated all ultrasonographic
images without knowledge of patient clinical data, and
disagreements were resolved by a third-party appraisal
[6, 12].

When results of the echo strength range of the lesion size
was less than 17mm, it was regarded that the range, which
was 3mm larger than the original one, would be considered
as the enlarged strength range [13] (Figure 1).When the range
was less than that from US or with no enhancement, it was
regarded as low-enhancement (Figure 2). In addition to these
types of lesions, there were those that were regarded as having
equal-enhancement.

Contrast-enhanced images were classified into three cat-
egories according to the distribution of enhanced types of the
mass: (1) no enhancement, with lack of enhancement after
contrast agent injection; (2) homogeneous enhancement, in
which diffuse and homogeneous enhancement was apparent
across thewholemass; and (3) inhomogeneous enhancement,
in which enhancing areas were only in or more confined
to the mass periphery; or there was part of the mass that
showed homogeneous enhancement; or the mass was hetero-
geneously enhanced [6, 14, 15].

According to the pattern of enhancement using CEUS,
masses were classified into four categories: (1) no enhance-
ment; (2) centripetal enhancement, in which they were
enhanced from edge to center; (3) centrifugal enhancement,
in which they were enhanced from center to edge; and
(4) atypical enhancement, in which they were not typically
enhanced [6, 12, 13].

According to the intensity of enhancement using CEUS,
contrast-enhanced imageswere classified into four categories:
(1) no enhancement; (2) high-enhancement, in which the
lesions were more highly enhanced than that of normal
tissue; (3) low-enhancement, in which the lesions were less
enhanced than that of normal tissue; and (4) equal-enhance-
ment, in which lesions and normal tissues were equally
enhanced [14, 16, 17].
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(a) (b)

Figure 1: A sonogram of a right breast from a 42-year-old woman is shown. (a)There was a solid hypoechoic nodule of 5× 4mmat 12-1 o’clock
in the right breast, with a circumscribed margin and defined, irregular shape, with a heterogeneous internal echo and nodular posterior echo
enhancement. CDFI (color Doppler flow imaging): there were no color flow signals in and surrounding the nodule. Ultrasound diagnosis:
BI-RADS 4a. CEUS (b): there was no significant enhancement in and surrounding the whole of the nodule. CEUS diagnosis: BI-RADS 3.
Pathology: hyperplastic disease.

(a) (b)

Figure 2: A sonogram of a right breast from a 57-year-old woman is shown. (a) There were two solid hypoechoic lesions at 7 o’clock in the
right breast (lesion 1: 6 × 5mm and lesion 2: 9 × 7mm), with a circumscribed margin and defined, irregular shape, with a heterogeneous
internal echo and nodular posterior echo enhancement. CDFI (color Doppler flow imaging): rich color flow signals were clearly visible in
the nodule and its surrounding. Ultrasound diagnosis: BI-RADS 4c. CEUS (b): in the early arterial phase, nodules within its surrounding
with significantly heterogeneous concentric enhancement can be seen.The range of strengthening was greater than the range that was in US.
CEUS diagnosis: BI-RADS 5. Pathology: invasive ductal breast carcinoma.

In the literature [6, 14–18], high-enhancement of the
lesion, strength and heterogeneous enhancement, and
peripheral radial enhancement were considered as standards
of breast tumor enhancement. Lesions with the signs
mentioned above were regarded as a higher classification of
a malignant lesion. Lesions with low malignant-potential
changes were converted into the corresponding category of
low malignant-potential, which included no enhancement,
homogeneous enhancement, centripetal enhancement, and
low-enhancement. Others were retained in their original
categories. Those have also been described in “The clinical
application guideline of CEUS” which was proposed by the
Chinese Medical Association Sonographer Branch.

2.5. Statistical Analysis. Statistical analysis was conducted
using the SPSS statistical package, version 19.0 for Windows
(SPSS Institute, Cary, NC, USA). According to the gold stan-
dard of pathological diagnosis, we comparatively analyzed the
categories used in US with the corrected categories used in
CEUS. The results of our study were evaluated on the basis
of a statistical compilation and diagnostic test for statistically
assessing the discriminatory power of US and CEUS.

3. Results

All 107 lesions were solid-appearing hypoechoic lesions.
Thirty lesions were malignant and 77 lesions were benign on
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Table 1: Changed category according to the range of enhancement
in CEUS.

BI-RADS
category

Changed
BI-RADS
category

Pathology
Benign
(n = 77)

Malignant
(n = 30)

3 (n = 31)
2 (n = 25) 25 0
3 (n = 5) 5 0
4a (n = 1) 1 0

4a (n = 49)
3 (n = 32) 32 0
4a (n = 14) 8 6
4b (n = 3) 0 3

4b (n = 6) 4b (n = 5) 3 2
4c (n = 1) 1 0

4c (n = 21) 4c (n = 18) 2 16
5 (n = 3) 0 3

histopathology. Malignant lesions ranged in size from 4 to
10mm (8.73mm standard deviation). Benign lesions ranged
in size from 3 to 10mm (7.52mm standard deviation). Two
malignant lesions and 10 benign lesions ranged in size from
3 to 5mm. There was no significant difference in tumor size
between malignant and benign lesions.

Based on US, there were 31 cases of category 3, 49 cases of
category 4a, six cases of category 4b, and 21 cases of category
4c in this study. Forty-five lesions showed no obvious contrast
enhancement. In those with no enhancement lesions, there
were 23 cases of category 3, 21 cases of category 4a,and one
case of category 4b.

3.1. Histopathological Findings. There were nineteen cases
of invasive ductal carcinoma (IDC), two cases of tubular
carcinoma, one case of invasive lobular carcinoma, four cases
of mucinous carcinoma, two cases of ductal carcinoma in situ
(DICS), and two cases of papillary carcinoma with minimal
invasion. In the 77 cases of benign lesions, there were 19
fibroadenomas, nine intraductal papillomas, 47 hyperplastic
breast lesions (one case of a hyperplastic nodule around the
catheter with inflammation, 10 breast adenosis tumors, 31
hyperplastic nodules, three ductal papillary hyperplasias, and
one moderate-to-severe dysplasia), one infected cyst, one
postoperative scar, and one case of lipoma.

Among these 45 lesions without enhancement, 44 were
benign (30 hyperplastic nodules, three breast adenosis
tumors, two papillomas, five fibroadenomas, one postoper-
ative scar, two ductal papillary hyperplasias, and one mod-
erate-to-severe dysplasia) and one malignant case (mucinous
carcinoma).

3.2. BI-RADS Regulate Category on CEUS. We modified the
category of BI-RADS according to the contrast enhancement
features using CEUS, which included the range of enhance-
ment (Table 1), type of enhancement (Table 2), intensity of
enhancement (Table 3), and pattern of contrast enhancement
(Table 4).

Table 2: Changed category according to the type of enhancement
in CEUS.

BI-RADS
category

Changed
BI-RADS
category

Pathology
Benign
(n = 77)

Malignant
(n = 30)

3 (n = 31)
2 (n = 23) 23 0
3 (n = 6) 6 0
4a (n = 2) 2 0

4a (n = 49)
3 (n = 20) 20 0
4a (n = 15) 9 6
4b (n = 14) 11 3

4b (n = 6) 4a (n = 2) 2 0
4c (n = 4) 2 2

4c (n = 21) 4c (n = 8) 0 8
5 (n = 13) 2 11

Table 3: Changed category according to the intensity of enhance-
ment in CEUS.

BI-RADS
category

Changed BI-RADS
category

Pathology
Benign
(n = 77)

Malignant
(n = 30)

3 (n = 31)
2 (n = 25) 25 0
3 (n = 1) 1 0
4a (n = 5) 5 0

4a (n = 49)
3 (n = 23) 23 0
4a (n = 11) 9 2
4b (n = 15) 8 7

4b (n = 6)
4a (n = 4) 3 1
4b (n = 1) 1 0
4c (n = 1) 0 1

4c (n = 21)
4b (n = 2) 2 0
4c (n = 3) 0 3
5 (n = 16) 0 16

Fifty-seven benign lesions with no enhancement or range
of enhancement less than that of US modified to the low
malignant-potential category as shown in Table 1 and two
benign lesions and six malignant lesions with enlarged
enhancement modified to the high malignant-potential cate-
gory; the others were kept in their original category.

Forty-five benign lesions with no enhancement modified
to the low malignant-potential category as shown in Table 2,
and 17 benign lesions and 16 malignant lesions with inho-
mogeneous enhancement modified to the high malignant-
potential category; the others were kept in their original
category.

Fifty-three benign lesions with no enhancement or
homogeneous enhancement modified to the low malignant-
potential category as shown in Table 3, and 13 benign lesions
and 24 malignant lesions with inhomogeneous enhancement
modified to the highmalignant-potential category; the others
were kept in their original category.
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Table 4: Changed category according to the pattern of contrast
enhancement in CEUS.

BI-RADS
category

Changed
BI-RADS
category

Pathology
Benign
(n = 77)

Malignant
(n = 30)

3 (n = 31)
2 (n = 23) 23 0
3 (n = 6) 6 0
4a (n = 2) 2 0

4a (n = 49)
3 (n = 19) 17 2
4a (n = 14) 13 1
4b (n = 16) 10 6

4b (n = 6)
4a (n = 3) 3 0
4b (n = 1) 0 1
4c (n = 2) 1 1

4c (n = 21)
4b (n = 6) 1 5
4c (n = 3) 0 3
5 (n = 12) 1 11

Forty-four benign lesions and seven malignant lesions
with no enhancement or centrifugal enhancement modified
to the low malignant-potential category as shown in Table 4,
and 14 benign and 18 malignant lesions with centripetal
enhancement modified to the high malignant-potential cate-
gory; the others were kept in their original category.

3.3. Different Diagnosis between US and CEUS. Comparisons
of the pathological diagnosis on the basis of the determined
category 4b in benign and malignant breast tumor were
shown in Table 5. The judgment study of benign and malig-
nant breast lesions was shown in Table 6.

4. Discussion

Small lesions of early breast cancer are nonpalpable, espe-
cially if the size of lesion is between 1 and 10mm (stages
T1a and T1b). These lesions have no typical ultrasonographic
features and there is a high rate of misdiagnosis and missed
diagnosis [19]. Meanwhile, tumor sizes ≤10mm are also
difficult to diagnose and are mainly category 3 or 4 cases.
If these tumors were malignant, they were still in DICS
Stage or in the early stages of invasion. Early detection has a
much more positive impact on the treatment, prognosis, and
survival rate of breast cancer patients [20]. Early diagnosis of
the disease also determines the treatment options described
in the National Comprehensive Cancer Network (NCCN)
guidelines. However, there are numerous differences between
treatments for T1a, T1b, and other size tumors [11].This study
not only helps to clearly identify the type of lesion but also
can lead to a reduction of unnecessary biopsies or reviews. At
the same time, it also reduces patient suffering and improves
the effectiveness and use of medical resources.

Malignant tumors of the breast have been shown to be
readily visualized owing to their contrast medium stain-
ing [21–25]. This property has been exploited in contrast
medium-enhanced magnetic resonance tomography, which

is known, however, for its high sensitivity and low specificity
in the identification of carcinomas [26, 27]. During the
past decade, the introduction of sonographic microbubble
contrast agents has offered an option to improve the ability
of detecting the blood flow signal [28–31].

Nonenhanced ultrasound is considered to have a high
specificity but a low sensitivity for breast cancer. In our
study, 45 lesions showed no obvious contrast enhancement
over the entire observed area. Of those cases, most of them
were hyperplasic nodules and 96.8% (30/31) of hyperplasic
nodules showed no enhancement, consistent with previous
studies [32]. It was helpful to change the category of BI-
RADS used in the diagnosis of benign and malignant lesions
that was based on nonenhanced lesions using CEUS. But it
must be noted that one case with no enhancement was a
mucinous adenocarcinoma, which has also been reported in
the literature [14].

It should be clarified that most investigators have focused
their studies on the discrimination between benign and
malignant masses [20, 23, 26, 30, 31, 33, 34]. We changed the
category of BI-RADS that referred to enhancement features
using CEUS [6, 12–18]. In this study, 25 lesions were changed
from category 3 to category 2 and 32 lesions from category
4a to category 3, according to the range of enhancement
determined using CEUS. All of these lesions were benign.
This led to a reduction of unnecessary biopsies or reviews.
It also improved the sensitivity (from 70 to 80%), accuracy
(from86.0 to 88.8), PPV (from77.8 to 80.0%), andNPV (from
88.8 to 92.2%) and reduced the negative likelihood ratio
from 0.33 to 0.22. More malignant breast lesions enlarged
the range of enhancement using CEUS than using US, while
more benign lesions did not [6]. It was easy to identify the
range of lesions using CEUS for small lesions. This could
increase accuracy of judgments in line. However, the range
of enhancement was not enlarged in three malignant lesions,
two mucinous carcinomas and one DCIS.

Wemust point out that most lesions in the modified cate-
gory were based on lesions without enhancement. Changes
also happened in the modified category according to the
strength type of enhancement; 20 lesions were changed from
category 3 to category 2, and 20 lesions from category 4a
to category 3. This improved the sensitivity and reduced
the negative likelihood ratio (from 0.33 to 0.25) but did not
improve specificity. In these groups, heterogeneous enhance-
ment did not appear in all malignant cases, contrary to what
has been described in the literature, whereby an unbalanced
spatial distribution of tumor blood vessels could lead to
heterogeneous enhancement [19]. It is possible that the reason
we did not see heterogeneous enhancement was that the
lesions, which were <10mm, were too small. Thus, there was
no significant difference in enhancement of the strength type
between benign and malignant lesions, which affected the
accuracy of diagnosis using the BI-RADS categories. Another
issue was that subjectivity played a large role in determining
whether there was heterogeneous enhancement or not in
small lesions.

Tumor angiogenesis is the development of a new vascular
network essential for tumor growth and infiltration [35, 36]
and is the basis for CEUS. This is closely related to the
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Table 5: Ultrasound diagnosis in US and CEUS.

US Range of enhancement Type of enhancement Intensity of enhancement Enhancement pattern
A (true- positive) 21 24 24 27 27
B (false- positive) 6 6 15 11 13
C (false- negative) 9 6 6 3 3
D (true-negative) 71 71 62 66 64

Table 6: Ultrasound diagnostic study of BI-RADS classification in US and CEUS.

Sensitivity % Specificity % Positive
likelihood ratio

Negative
likelihood ratio

Youden index
% Accuracy % PPV % NPV %

BI-RADS category 70.0 92.1 8.98 0.33 0.62 86.0 77.8 88.8
Range of enhancement 80.0 92.1 10.27 0.22 0.72 88.8 80.0 92.2
Type of enhancement 80.0 80.5 4.11 0.25 0.61 80.4 61.5 91.2
Strengthening of enhancement 90.0 87.4 7.12 0.11 0.77 88.0 71.1 96.2
Enhancement pattern 90.0 83.1 5.33 0.12 0.73 85.1 67.5 95.5
PPV: positive predictive value and NPV: negative predictive value.

microvessel density (MVD) and the strength of enhancement
of the tumor using CEUS, as described in the literature [37–
39]. In our study, we altered the categories of the BI-RADS
using CEUS. Twenty-five lesions were changed from category
3 to category 2, and 32 lesions from category 4a to category
3. Furthermore, sensitivity (from 70 to 90%), accuracy (from
86 to 88%), and NPV (from 88.8% to 96.2%) all increased,
and the negative likelihood ratio decreased (from0.33 to 0.11);
however, the PPV was reduced from 8.98 to 7.12. This study
shows thatmalignant lesions also have a richermicrovascular
than that of benign lesions, even in early breast cancer [36].
Therefore, the strength of enhancement was more obvious
using CEUS. There were some benign inflammatory nodule
merger cases. Inflammatory responses could also be accom-
panied by local vascular dilation, which could increase. Two
papilloma cases were also high-enhancement ones. Those
could interfere with the correction based on categories.

Twenty-three lesions were changed from category 3 to
category 2, and 17 lesions from category 4a to category 3,
according to their enhancement patterns. This also resulted
in an improvement in sensitivity (from 70 to 90%) and a
reduction in the rate of negative likelihood ratio (from 0.33 to
0.12); however, specificity and accuracy were worse than with
the BI-RADS-US.The presence of inflammatory nodules was
one of the causes of misdiagnosis, as was the size of lesions,
because it was difficult to identify centrifugal or centripetal
enhancement in small lesions.

5. Conclusion

CEUS in breast lesion characterization is a new type of
examination that is different from US. It can provide more
details on the microvasculature and hemodynamics than US.
We explored the value of the categories and the correction
of the BI-RADS classification determined using CEUS or
US. This was conducive to the identification of benign and
malignant breast lesions. Of the no enhancement lesions,
97.8% (44/45) were malignant breast lesions and 96.8%

(30/31) of hyperplasic nodules showed no enhancement in
our study. Those cases played an important role in the
decision to implement the category changes in this study.

The results showed that these features determined using
CEUS could improve diagnostic sensitivity, reduce the nega-
tive likelihood ratio, and improve the NPV; however, this was
not beneficial in improving the specificity of diagnosis and
PPV. It can increase the negative likelihood ratio, in which
category changes were made according to the strength and
range of enhancement. Many benign lesions were changed
from category 3 to 2 or from category 4a to 3, according to
the features determined using CEUS. These were helpful in
the identification of early breast cancer and can be used as a
reference.
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This research paper presents clinical outcomes of hypofractionated high-dose irradiation by intensity-modulated radiation therapy
(Hypo-IMRT) with 11C-methionine positron emission tomography (MET-PET) data for the treatment of glioblastomamultiforme
(GBM). A total of 45 patients with GBM were treated with Hypo-IMRT after surgery. Gross tumor volume (GTV) was defined as
the area of enhanced lesion onMRI, includingMET-PET avid region; clinical target volume (CTV) was the area with 5mmmargin
surrounding the GTV; planning target volume (PTV) was the area with 15mmmargin surrounding the CTV, including MET-PET
moderate region. Hypo-IMRT was performed in 8 fractions; planning the dose for GTV was escalated to 68Gy and that for CTV
was escalated to 56Gy, while keeping the dose delivered to the PTV at 40Gy. Concomitant and adjuvant TMZ chemotherapy was
administered. At a median follow-up of 18.7 months, median overall survival (OS) was 20.0 months, and median progression-
free survival was 13.0 months. The 1- and 2-year OS rates were 71.2% and 26.3%, respectively. Adjuvant TMZ chemotherapy was
significantly predictive of OS on multivariate analysis. Late toxicity included 7 cases of Grade 3-4 radiation necrosis. Hypo-IMRT
with MET-PET data appeared to result in favorable survival outcomes for patients with GBM.

1. Introduction

Glioblastoma multiforme (GBM) is the most common pri-
mary malignancy of the adult central nervous system (CNS)
and is associated with an exceptionally poor prognosis.
Although radiation therapy (RT) has been shown to prolong
overall survival (OS) compared to surgery alone [1], patients
treated with RT typically experience disease progression
within the radiation field. GBMs are infiltrative tumors that
usually spread through normal brain tissue, and it is difficult
to demarcate glioma-affected areas from normal brain tissue.

Recently, new methods have been developed that enable
elucidation of the biologic pathways of tumors, yielding

additional information about the metabolism of the tumor
tissue. Functional imaging studies, such as 11C-methionine
positron emission tomography (MET-PET), have demon-
strated increased metabolic activity due to increased amino
acid transport in glioma cells compared to normal brain
tissue [2]. Based on recent PET studies, we believe it would be
reasonable to conduct a trial designed to evaluate the clinical
outcome of RT selectively increasing the radiation dose to
high-uptake area of MET-PET in patients with GBM.

Herein, we review our preliminary experience of plan-
ning and delivery of hypofractionated high-dose irradia-
tion by intensity-modulated radiation therapy (Hypo-IMRT)
with complementary use of MET-PET data. This study was
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designed to measure the acute and late toxicity of patients
treated with our regimen, response of GBM to this treatment,
OS, and the time to disease progression after treatment.

2. Material and Methods

2.1. Patients. From April 2006 to July 2011, 45 patients with
newly diagnosed GBM were enrolled. Eligibility criteria
included histologically confirmed GBM, age ≥18 years, and
adequate bone marrow, liver, and renal function. The extent
of surgery was evaluated by three observers by viewing
postoperative contrast-enhanced T1-weighted MRI images.
Gross total resection of the tumor was defined as resec-
tion with no residual enhancing tumor. Exclusion criteria
included multifocal or recurrent gliomas, involvement of the
brainstem or posterior fossa, cerebrospinal fluid dissemina-
tion, severe concurrent disease, or prior history of RT or
chemotherapy. Patients were grouped according to radiation
therapy oncology group (RTOG) recursive partitioning anal-
ysis (RPA) class [3]. The institutional review board approved
the study prior to patient enrollment. Informed consent was
obtained from each subject after disclosing the potential risks
of Hypo-IMRT and discussion of potential alternative treat-
ments, including conventional three-dimensional conformal
RT (3D-CRT). Patient characteristics are listed in Table 1.

2.1.1. Imaging: CT. CT (matrix size: 512 × 512, FOV 50 ×
50 cm) was performed using a helical CT instrument (Light
Speed; General Electric, Waukesha, WI). Patient heads were
immobilized in a commercially available stereotactic mask,
and scans were performed with a 2.5 mm slice thickness
without a gap.

2.1.2. Imaging: MRI. MRI (matrix size: 256 × 256, FOV 25 ×
25 cm) for radiation treatment planningwas performed using
a 1.5-T instrument (Light Speed; General Electric). Data
were acquired using a standard head coil without rigid
immobilization. An axial, three-dimensional gradient echo
T1-weighted sequence with contrast medium and 2.0 mm
slice thickness were acquired from the foramen magnum to
the vertex, perpendicular to the main magnetic field.

2.1.3. Imaging: MET-PET. The MET-PET study was per-
formed using a standardized procedure. All patients fasted
for at least 5 h before MET-PET and were advised to eat
only a light breakfast in the morning of the examination
day to ensure standardized metabolic conditions. The PET
scanner was an ADVANCE NXi Imaging System (General
Electric Yokokawa Medical System, Hino-shi, Tokyo), which
provides 35 transaxial images at 4.25 mm intervals. The
crystal width is 4.0mm (transaxial). The in-plane spatial
resolution (full width at half-maximum) was 4.8mm, and
scans were performed in standard two-dimensional mode.
Before emission scans were performed, a 3-minute trans-
mission scan was performed to correct photon attenuation
using a ring source containing 68Ge. A dose of 7.0MBq/kg
of MET was injected intravenously, depending on the exam.
Emission scans were acquired for 30min, beginning 5min

Table 1: Patient’s characteristics.

Parameter 𝑛 (%)
Age, years
≥50 37 (82.2)
<50 8 (17.8)

Gender
Male 28 (62.2)
Female 17 (37.8)

KPS score
≥70 31 (68.9)
<70 14 (31.1)

RPA class
III 5 (11.1)
IV 23 (51.1)
V 5 (11.1)
VI 12 (26.7)

Resection
GTR 17 (37.8)
Others 28 (62.2)

Adjuvant TMZ chemotherapy
Yes 33 (73.3)
No 12 (26.7)

KPS: Karnofsky performance status, RPA: recursive partitioning analysis,
GTR: gross total removal, and TMZ: temozolomide.

after MET injection. During MET-PET data acquisition,
head motion was continuously monitored using laser beams
projected onto inkmarkers drawn over the forehead skin and
corrected as necessary. Image registrations were performed
with Syntegra software (Philips Medical System, Fitchburg,
WI) using a combination of automatic and manual methods.
Automatic registration was performed, and three observers
evaluated by consensus the fusion accuracy using landmarks
such as the eyeball, lacrimal glands, and lateral ventricles.

2.2. Treatment. Postoperative MRI and MET-PET were
used along with the treatment-planning CT to define the
radiation treatment volume. First, a simulation PET/MRI
image fusion was performed for contouring. Secondly, the
fusion image was positioned properly by CT scans equipped
with tomotherapy (Helical TomoTherapy Hi-Art System,
TomoTherapy Inc., Madison, WI). Three layered target vol-
umes were contoured. Gross tumor volume (GTV) was the
area of enhanced lesion on MRI, including MET-PET avid
region; clinical target volume (CTV) was the area with 5
mm margin surrounding the GTV; planning target volume
(PTV) was the area with 15 mm margin surrounding the
CTV, including MET-PET moderate region (Figure 1). MET-
PET avid region was defined, using a threshold value for
the lesion versus normal counts of radioisotope per pixel
(L/N) index of 1.7 or over. MET-PET moderate region was
defined, using a threshold value for the L/N index of 1.3
or over. For primary brain tumors, both 1.3 [4] and 1.7 [5]
have been used to determine the threshold value. Although
we used 1.3 and 1.7 as the threshold for tumor delineation
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(a) (b)

Figure 1: An example of the targets planned for a Hypo-IMRT procedure. (a) 11C-Methionine positron emission tomography (MET-PET).
(b) Contrast-enhanced T1-weighted magnetic resonance imaging (MRI). Gross tumor volume (GTV) was the area of enhanced lesion on
MRI, including MET-PET avid region. Clinical target volume (CTV) was the area with 5 mmmargin surrounding the GTV. Both MET-PET
moderate region (red line) and the area with 15 mmmargin surrounding the CTV (green line) were included in planning target volume.The
final determination of target delineation was obtained by consensus among three observers.

in this study, the final determination of MET-PET uptake
region was confirmed by consensus among three observers.
Hypo-IMRT was delivered using tomotherapy in 8 fractions.
The dose for GTV was escalated to 68Gy and that for
CTV was escalated to 56Gy as frequently as possible, while
keeping the dose delivered to the PTV at 40Gy.The dose was
prescribed using the 95% isodose line, which covered PTV.
Critical structures, including the brainstem, optic chiasm,
lens, optic nerves, and cerebral cortex, were outlined, and
dose-volume histograms for each structure were obtained to
ensure that doses delivered to these structures were tolerable.
The dosemaps and dose-volume histograms of representative
case are illustrated in Figure 2.

2.3. Chemotherapy. Patients received concomitant TMZ at a
dose of 75mg/m2 per day during Hypo-IMRT, followed by
adjuvant TMZ at a dose of 150–200mg/m2 per day for 5 days
every 28 days, according to the European Organization for
Research and Treatment of Cancer-National Cancer Institute
of Canada regimen [6], starting 1 month after completion of
RT. In the case of progression, patients were considered for
second-line treatment on a case-by-case basis.

2.4. Follow-Up. Patients were assessed weekly during RT by
clinical examination, complete blood count, blood chemistry,
and liver enzyme tests. Regular follow-up was performed
with serial neurological and radiological examinations at 1
month after completion of treatment and then every 3months
thereafter. Follow-up MRI and MET-PET were routinely
conducted every 3 months or in the event of unexpected
neurological worsening. When enlargement of the local
lesion was observed, corticosteroid therapy was initiated and
MRI was performed once a month thereafter to evaluate the
efficacy of corticosteroid treatment. If the follow-up MRI

revealed further enlargement of the enhanced mass, the
lesion was diagnosed as “local progression,” and the day on
which MRI first revealed lesion enlargement was defined
as the date of progression. However, in cases in which a
second surgery revealed no viable tumor cells in the enhanced
lesion, the diagnosis was changed to “radiation necrosis.”
Lesions that decreased in size during corticosteroid treatment
were also defined as “radiation necrosis.” “Distant failure”
was defined as the appearance of a new intraparenchymal
enhanced lesion distant from the original tumor site. If the
new lesion arose distant from the original tumor site and was
exposed to the cerebrospinal fluid (CSF) space, the lesion was
defined as “CSF dissemination.” Acute and late toxicities were
scored according to RTOG criteria.

2.5. Statistical Analysis. Survival events were defined as
death from any cause for OS and as disease progression for
progression-free survival (PFS). OS and PFS were analyzed
from the date of pathologic diagnosis to the date of the doc-
umented event using the Kaplan-Meier method. Tumor- and
therapy-related variableswere tested for a possible correlation
with survival, using the log-rank test. Variables included
Karnofsky performance status (KPS) (≥70 versus <70), RPA
class (III, IV versus V, VI), surgery extent (gross total removal
versus others), and adjuvant TMZ chemotherapy (yes versus
no). The survival benefit was also evaluated by multivariate
analysis using Cox’s proportional hazards model.

3. Results

Patient characteristics are listed in Table 1. The median
patient age was 61 years (range, 21–86 years). The average
GTV was 12.11 ± 18.20 cm3, the average CTV was 43.64 ±
35.65 cm3, and the average PTV was 163.22 ± 100.15 cm3.
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PTV
GTV

CTV

Figure 2: Dose map and dose-volume histogram of a representative case. Prescribed doses for gross tumor volume (GTV), clinical target
volume (CTV), and planning target volume (PTV) were demonstrated.

Table 2: Hematologic toxicity.

Adverse event Acute phase Late phase
G 1 G 2 G 3 G 4 G 1 G 2 G 3 G 4

Neutropenia 1 (2.2) 3 (6.7) 0 (0) 0 (0) 0 (0) 3 (6.7) 1 (2.2) 0 (0)
Thrombocytopenia 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.2)
G: grade.
Data presented as number of patients, with percentages in parentheses.

The average GTV dose was 60.38 ± 5.25Gy, and the average
CTV dose was 53.15 ± 5.45Gy. All 45 patients completed
the prescribed Hypo-IMRT with concomitant TMZ course.
Overall, 12 patients (26.7%) did not receive the prescribed
course of adjuvant TMZ chemotherapy for the following
reasons: neutropenia (𝑛 = 3), patient refusal (𝑛 = 4), nau-
sea/vomiting (𝑛 = 2), and admission to another hospital
(𝑛 = 3).

3.1. Toxicity Assessment
Hematologic Toxicities. Hematologic toxicities are listed in
Table 2. During the acute phase, Grade 1-2 neutropenia
occurred in 4 patients (8.9%). During the late phase, Grade
2-3 neutropenia occurred in 4 patients (8.9%), and Grade 4
thrombocytopenia occurred in 1 patient (2.2%).

Nonhematologic Toxicities. Nonhematologic toxicities are
listed in Table 3. During the acute phase, nonhematologic
toxicity was minimal, and no Grade 3-4 toxicities were
reported. The most common acute toxicity reported was
Grade 1-2 nausea/vomiting. Late nonhematologic toxicity
included 7 cases of Grade 3-4 radiation necrosis (15.6%),
1 case of Grade 3 cerebropathy (2.2%), and 2 cases of
Grade 3-4 intratumoral hemorrhage (4.4%). Median time
to development of symptomatic radiation necrosis from the
end of Hypo-IMRT was 9.3 months (range, 3–17 months).
In seven cases of Grade 3-4 radiation necrosis, the average
PTV was 152.04 ± 96.14 cm3, and the locations were one

case of frontal lobe, three cases of temporal lobe, and three
cases of parietal lobe. Grade 4 massive radiation necrosis
required a second surgery in 2 cases (4.4%) 8 and 14 months
after Hypo-IMRT. These patients are alive without disease
for 13 and 11 months, respectively, after necrotomy. In 5
cases with Grade 3 radiation necrosis, initiation or increased
dosage of corticosteroid therapy was required for worsening
of neurological symptoms. One of these five patients died
of disseminated disease 23 months after Hypo-IMRT, and
the remaining four patients are alive without disease for
14, 17, 18, and 39 months after Hypo-IMRT. Although the
correlation with treatment is unclear, Grade 3-4 intratumoral
hemorrhage was observed 13 and 21 months after IMRT in
2 cases. The representative case of radiation necrosis was
demonstrated in Figure 5.

3.2. Outcomes
Overall Survival. At a median follow-up of 18.7 months
(range, 3–48 months), median OS was 20.0 months (range,
3–48 months). The 1- and 2-year OS rates were 71.2%
and 26.3%, respectively (Figure 3(a)). The survival rates by
KPS, RPA class, extent of surgical resection, and adjuvant
TMZ chemotherapy are shown in Figures 4(a)–4(d). KPS
(≥70 versus <70), extent of surgical resection (gross total
removal versus others), and adjuvant TMZ chemotherapy
(yes versus no) were significant predictive factors of OS as
tested by univariate analysis. Multivariate analysis revealed
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Table 3: Nonhematologic toxicity.

Adverse event Acute phase Late phase
G 1 G 2 G 3 G 4 G 1 G 2 G 3 G 4

Headache 3 (6.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Nausea/vomiting 2 (4.4) 2 (4.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Radiation necrosis 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (11.1) 2 (4.4)
Cerebropathy 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.2) 0 (0)
Hemorrhage 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.2) 1 (2.2)
G: grade.
Data presented as number of patients, with percentages in parentheses.
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Figure 3: Overall survival (a) and progression-free survival (b) for all patients. Median OS was 20.0 months, and the 1- and 2-year OS rates
were 71.2% and 26.3%, respectively. Median PFS was 13.0 months, and the 1- and 2-year PFS rates were 52.6% and 20.6%, respectively.

only adjuvant TMZ chemotherapy to be a significant variable
predictive of OS (Table 4).

Progression-Free Survival. Median PFS was 13.0 months
(range, 3–48 months), and the 1- and 2-year PFS rates were
52.6% and 20.6%, respectively (Figure 3(b)). CSF dissem-
ination was the most frequent failure pattern, which was
observed in 17 cases (60.7% of all failures). Local progression
was observed in 7 patients (25.0%), and distant failure was
observed in 4 cases (14.3%). An example of a failure with CSF
dissemination after Hypo-IMRT is shown in Figure 6. KPS
(≥70 versus <70) was the only predictive factor for PFS as
tested by univariate analysis. On multivariate analysis, none
of the variables were significantly predictive of PFS (Table 5).

4. Discussion

Lately, much work has been performed on various hypofrac-
tionation regimens and dose escalation with Hypo-IMRT for
GBM which revealed relatively favorable survival results [7–
11], although a distinct advantage over conventional RT has
not been demonstrated. However, if a very conformal treat-
ment technique such asHypo-IMRT can be implemented and
a greater biologic dose to the infiltrating tumor is possible
through hypofractionation, it could be possible to deliver
a more effective therapy that may increase patient survival
without increasing morbidity. To meet these requirements,
the contouring of the target volume must be of critical
importance in the treatment of Hypo-IMRT.

Table 4: Analysis of prognostic variables for overall survival.

Variables
Median
survival
(months)

Univariate
analysis∗
𝑃 value

Multivariate
analysis†
𝑃 value

KPS
≥70 23 0.0297 0.5994
<70 15

RPA-class
III, IV 23 0.1385
V, VI 13

Extent of resection
GTR 25 0.0422 0.131
Others 13

Adjuvant TMZ
chemotherapy

Yes 23 0.0004 0.0124
No 10

Abbreviations as in Table 1.
Statistical analyses were performed with∗log-rank test and †Cox’s propor-
tional hazards model.

PET is a newer method that can improve the visual-
ization of molecular processes. In one study, several amino
acids were radio-labeled to evaluate their potential imaging
characteristics in primary brain tumors; such an analysis
might be expected to elucidate mechanisms related to either
amino acid metabolism or breakdown of the BBB [2]. In
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Figure 4: Overall survival rates among different subgroups by (a) Karnofsky performance status (KPS), (b) recursive partitioning analysis
(RPA) subclass, (c) extent of surgical resection, and (d) adjuvant temozolomide (TMZ) chemotherapy.

Table 5: Analysis of prognostic variables for progression-free
survival.

Variables
Median
survival
(months)

Univariate
analysis∗
𝑃 value

Multivariate
analysis†
𝑃 value

KPS
≥70 20 0.0282 0.1279
<70 8

RPA-class
III, IV 16 0.5895
V, VI 11

Extent of resection
GTR 22 0.2004
Others 11

Adjuvant TMZ
chemotherapy

Yes 16 0.0548
No 8

Abbreviations as in Table 1.
Statistical analyses were performed with ∗log-rank test and †Cox’s propor-
tional hazards model.

recent PET studies, analysis of the metabolic and histologic
characteristics of stereotactic biopsy specimens provided
evidence that regional high MET uptake correlates with the
malignant pathologic features [4, 12, 13]. In many cases of
malignant glioma, the size and location of MET uptake differ
considerably from the abnormalities observed on CT/MRI

[14–16]. Matsuo et al. reported that MET-PET had promising
potential for precisely delineating target volumes in planning
radiation therapy for postoperative patients with GBM [16].
Lee et al. reported the results of a study demonstrating
statistically significant correlation between the presence of
increasedMET-PET uptake outside the high-dose region and
subsequent noncentral failure [17].

Considering the informative results of these recent trials,
MET-PET might have substantial reliability as a marker of
tumor biological characteristics, as well as a valuable impact
on visualizing the tumor-invasive area of malignant glioma.
Previously, we reported three preliminary cases of GBM
treated by Hypo-IMRT with complementary use of MET-
PET [18]. Herein, we report the results of prospective study
to evaluate the clinical outcome of Hypo-IMRT selectively
increasing the radiation dose to MET-PET uptake region
(Figure 1). Consequently, we found the treatment outcomes
demonstrating that median OS was 20.0 months (range, 3–
48 months) and that the 1- and 2-year OS rates were 71.2%
and 26.3%, respectively (Figure 3(a)). Median PFS was 13.0
months (range, 3–48months), and the 1- and 2-year PFS rates
were 52.6% and 20.6%, respectively (Figure 3(b)). Survival
results of our study appeared to be favorable to published
results using standard fractionation RT combined with TMZ
[6]. Needless to say, direct comparisons to historical controls
or to other studies should be viewed with caution; only
a properly designed randomized trial can firmly establish
whether the present regimen is superior to the standard
treatment.

In the special feature of this study, local tumor pro-
gression occurred at a lower incidence (25.0%), suggesting
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(a) (b)

(c) (d)

Figure 5: A 56-year-old man of GBM with symptomatic radiation necrosis. Before Hypo-IMRT, enhanced lesions were demonstrated in
the right frontal lobe on T1-weighted magnetic resonance imaging (MRI) (a). 11C-Methionine positron emission tomography (MET-PET)
demonstrated aMET high-uptake on the region (b). 12 months after Hypo-IMRT, the enhanced lesion with perifocal edema was increased in
size (c), althoughMET uptake decreased in the irradiated region (d). Second surgery was performed, and pathological diagnosis was defined
as necrotic tissue without viable tumor cells.

that selectively increasing the radiation dose to MET-PET
uptake area contributed to better local control of original
tumors. Meanwhile, the most common type of failure was
CSF dissemination (60.7% of all failures). It still remains
difficult to prevent CSF dissemination for extended periods
with our regimen, although the original lesion might be
well controlled (Figure 6). For improved patient survival,
prevention of CSF dissemination may be the next issue to
be addressed. If new, targeted chemotherapeutic agents lead
to further improvements in control of microscopic disease,
radiation can be used primarily to control disease in limited
regions that have the highest risk of progression, that is, where
those agents are most likely to fail.

Both univariate analysis and multivariate analysis
revealed a significant difference in OS between patients
who did and did not receive adjuvant TMZ (Table 4). We
estimated that the addition of TMZ might be particularly

effective if the radiation dose to normal brain tissue was
limited by better targeting. However, the impact of TMZ
along with the methylation status of the O-6-methylguanine-
DNA methyltransferase (MGMT) on survival was not
systematically evaluated in the present study. This selection
bias could not be avoided, as the patients with methylated
MGMT or who were in better clinical condition were
more likely to have received adjuvant TMZ chemotherapy.
Nevertheless, the results of this study support our initial work
and further establish the efficacy of this regimen combined
with TMZ.

Late toxicity was more common with this treatment
regimen than early toxicity; specifically, the most severe
adverse event associated with our regimen was radiation
necrosis. Overall, 5 and 2 patients experienced Grade 3 and
Grade 4 radiation necrosis, respectively, and necrotomy was
required in 2 patients (Figure 5). These 2 patients are alive
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(a) (b) (c)

(d) (e)

Figure 6: Representative cases of cerebrospinal fluid dissemination: 55-year-old man with GBM. Before Hypo-IMRT, an enhanced tumor
was demonstrated in the left temporal lobe on T1-weighted magnetic resonance imaging (MRI) (a). 11C-Methionine positron emission
tomography (MET-PET) demonstrated a MET high-uptake region in the left temporal lobe (b). 20 months after Hypo-IMRT, the enhanced
tumor was decreased in size (c), and the MET high-uptake region could not be detected distinctly (d), although disseminated lesion was
observed around the left lateral ventricle (e).

without disease for 11 and 13 months after necrotomy. In
another 5 cases with Grade 3 radiation necrosis, 4 patients are
alive without disease for 14, 17, 18, and 39 months after Hypo-
IMRT. Recently, the efficacy of new chemotherapeutic agents,
such as bevacizumab, which are used as rescue therapies for
radiation necrosis after RT, has been reported [19, 20]. It is
possible that if a rescue therapy to prevent radiation necrosis
was conducted on a larger scale with a sufficient number of
patients, a more accurate conclusion about patient outcome
could be made.

5. Conclusion

Our preliminary study demonstrated that Hypo-IMRT with
complementary use of MET-PET data appeared to result in
favorable survival outcomes for patients with GBM, although
a properly designed randomized trial could firmly establish
whether the present regimen is superior to the standard
treatment.
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The iRGD peptide loaded with iron oxide nanoparticles for tumor targeting and tissue penetration was developed for targeted
tumor therapy and ultrasensitive MR imaging. Binding of iRGD, a tumor homing peptide, is mediated by integrins, which are
widely expressed on the surface of cells. Several types of small molecular drugs and nanoparticles can be transfected into cells with
the help of iRGD peptide. Thus, we postulate that SPIO nanoparticles, which have good biocompatibility, can also be transfected
into cells using iRGD. Despite the many kinds of cell labeling studies that have been performed with SPIO nanoparticles and RGD
peptide or its analogues, only a few have applied SPIO nanoparticles with iRGD peptide in pancreatic cancer cells. This paper
reports our preliminary findings regarding the effect of iRGD peptide (CRGDK/RGPD/EC) combined with SPIO on the labeling
of pancreatic cancer cells. The results suggest that SPIO with iRGD peptide can enhance the positive labeling rate of cells and the
uptake of SPIO. Optimal functionalization was achieved with the appropriate concentration or concentration range of SPIO and
iRGD peptide. This study describes a simple and economical protocol to label panc-1 cells using SPIO in combination with iRGD
peptide and may provide a useful method to improve the sensitivity of pancreatic cancer imaging.

1. Introduction

The development of metallic or inorganic nanoparticles for
disease and cancer diagnostic imaging has progressed rapidly
in recent years due to their unique physical characteristics,
favorable biocompatibility, and specific targeting capabilities
[1–5]. Among them, superparamagnetic iron oxide (SPIO)
nanoparticles have a great potential for basic and clinical
application due to their several advantages, such as guided
transport or distribution under an external magnetic field
in vivo and T2-type magnetic resonance imaging contrast
enhancement [3, 4, 6–10]. In particular, negative contrast
agents (e.g., SPIO) for molecular imaging that decrease the
T2 and T2∗ relaxation times of tissues and provide higher
sensitivity for MRI are advantageous because they have
strong contrast effects, conveniently controlled magnetic

characteristics, and improved biodegradability [11]. Cationic
surfaces facilitate cellular internalization [12]. Currently,
there is a huge research impetus inMR diagnostic imaging to
develop hybrid SPIO nanoparticles integrated with multiple
imaging detection components [3, 5, 6, 8, 13]. To date, SPIOs
modified or coated with dextran, polystyrene, polyethylene
glycol (PEG), and polylysine (PLL) have been studied and
applied [11, 13–15].

Integrins, which consist of an 𝛼 and a 𝛽 subunit, are a
family of heterodimeric glycoprotein receptors on the cell
surface which mediate and diversify biological communi-
cation involving cell adhesion and signal transduction [16].
Currently, 24 integrin subtypes have been reported [17, 18],
while 𝛼v𝛽3 integrin that is overexpressed on tumor cells
is one of the most prominent receptors involved in tumor
growth, invasiveness, and metastasis [16, 19–22]. The 𝛼v
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integrins and neuropilin-1 are expressed on pancreatic cancer
cells, including the panc-1 cell line [23–29]. In addition, 𝛼v𝛽3
integrin can be targeted by peptides with a short amino acid
sequence containing Arg-Gly-Asp (RGD) [3, 22, 30–32]. The
iRGD (CRGDK/RGPD/EC) peptide is a newly identified type
of tumor-penetrating peptide, whichwas discovered by phage
display. The peptide can increase the permeability of tumor
cells, mediate cellular internalization and extravasation, and
enhance deep tissue penetration to improve the imaging
sensitivity and therapeutic efficacy mediated by integrins
and neuropilin-1 (NRP-1) receptors [3, 23, 30]. The iRGD
peptide plays a part in targeting tumor cells using a similar
procedure to conventional RGD peptides [3, 30]. Recently,
the application of RGD peptide with SPIO has been an active
focus of research. Zhang et al. [31] evaluated RGD-USPIO
uptake in cultured human umbilical vein endothelial cells
(HUVECs) in vitro by MRI.

Here, we propose and investigate a new strategy for
integrin targeting and tumor diagnostic imaging based on
iRGD peptide. We aim to (1) study the effect of SPIO with
iRGD peptide on the labeling of pancreatic cancer cells in
vitro and (2) find a new and useful modality for pancreatic
cancer diagnostic imaging. To our knowledge, there have
been no studies investigating the biophysical properties of
SPIO with iRGD peptide for cellular MR imaging. Therefore,
this study is novel, and previous studies suggest that it
is feasible. The intracellular uptake of Fe, the viability of
labeled cells, and their MRI signal intensity (SI) changes were
assessed. The results suggest that our modality may be useful
for alternative cell labeling and pancreatic cancer diagnostic
imaging.

2. Materials and Methods

2.1. Chemicals, Reagents, and Experimental Instruments. The
human pancreatic cancer cell line (panc-1) was provided by
Sichuan University.The following other materials and instru-
ments were used: iRGD peptide, SPIO (Resovist, SHU555A,
SCHERING Company, Germany), polylysine, fetal bovine
serum, RPMI-1640 solution, trypsin, a 3.0 T MR scanner
(Discovery MR 750; GE Medical Systems, Milwaukee, WI),
an inverted microscope (TS100-F), an oven (DGX-9143), and
an atomic absorption spectrophotometer (AAS, SpectrAA
220FS, 12∘C, 63% humidity).

2.2. The Concentration of Reagents and Solutions. The nutri-
ent solution consisted of 85% RPMI-1640 solution and 15%
fetal bovine serum. SPIO mixed solution had 840𝜇g iron
ion per mL. The following solutions were used: 10% iRGD
peptide solution, 0.5% neutral red solution, PBS buffer
solution (0.1mol/L, pH 7.4), and 0.25% trypsin. The iron ion
concentration of SPIO and the PLL mixture solution was
840 𝜇g per mL. Perl’s staining solution was composed of 2%
potassium ferrocyanide solution and 3%diluted hydrochloric
acid mixed in an equal volume.

2.3. Cell Culture and Treatment. The human pancreatic can-
cer cells (1 × 106 cells/well, 9.6 cm2 per well) were cultured
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Figure 1: The rate of nonviable cells for different SPIO and
iRGD peptide concentrations. As shown in the graph, trypan blue
staining demonstrated that there was not a remarkable reduction
in the viability of panc-1 cells after incubation with increasing
concentrations of SPIO and iRGD peptide.

for 24 hours. Then, the cells were washed with phosphate
buffered saline (PBS) three times. Afterwards, the SPIO
and iRGD peptide solutions were coadministered. The total
solution volume was 2mL per well. The iron ion concen-
trations were 8.4 𝜇g/mL, 12.6 𝜇g/mL, 14.7 𝜇g/mL, 16.8 𝜇g/mL,
and 21 𝜇g/mL. The iRGD peptide solution concentrations
added were 0.25𝜇g/mL, 0.5𝜇g/mL, 0.75𝜇g/mL, 1.0 𝜇g/mL,
and 1.25 𝜇g/mL, respectively. Considering the 8.4𝜇g/mL
concentration as an example, 1980 𝜇L, 1980 𝜇L, 1975 𝜇L, 1970
𝜇L, 1965 𝜇L, 1960 𝜇L, and 1955 𝜇L of nutrient culture were
first added to each of the 6 wells. Next, 20 𝜇L SPIO solution
was added to each well followed by 0 𝜇L, 0𝜇L, 5 𝜇L, 10 𝜇L,
15 𝜇L, 20𝜇L, and 25 𝜇L iRGD peptide solution, respectively.
As control, SPIO-PLL was added in another well with each
SPIO concentration series. Next, the cells were incubated
for 24 hours. After incubation, the culture medium was
removed. The adherent cells were washed with PBS three
times, trypsinized, washed with PBS, and centrifuged for 5
minutes at 1000 rpm. The total number of cells (1 × 106)
was determined using a counting chamber. Then, the cells
were embedded in agar (1%) at room temperature for MRI
examination.

2.4. Cell Viability. The viability of the cells cultured under
different conditions was evaluated with 0.4% trypan blue
dye solution. The percentage of nonviable or dead cells was
determined by counting trypan blue-positive and trypan
blue-negative cells in a counting chamber.The nonviable rate
was calculated. The group with the highest concentration
of iRGD peptide within each iron concentration series was
analyzed.

2.5. MR Sequence, Parameters, and Measurement. MR T2
relaxometry of panc-1 cells in agar was performed using a fast
recovery fast spin echo T2 weighted (FRFSE-T2W) sequence
with a 32-channel head coil in a 3.0 T MR scanner (slice
thickness: 2mm; interslice space: 0–0.5mm; TR: 2800.0ms;
TE: 90.3ms; DFOV: 18.0 × 18.0 cm; reconstruction matrix:
512 × 256). All the original images were transferred to an
ADW4.4 workstation, and the best images were selected.
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Figure 2: MR images of labeled cells in agar (1 × 106 cells) acquired using T2-weighted imaging with the FRFSE sequence. (a)–(e) indicate the
iron ion concentration (from 8.4 to 21𝜇g/mL, resp.). The numbers 1–5 represent the iRGD peptide concentration (from 0.25 to 1.25 𝜇g/mL,
resp.).

Identification of 25mm2 regions of interest (ROI) was per-
formed in triplicate, and the mean values were adopted.
The signal intensity reduction value (Δ𝑆) of every sample
(including the SPIO-PLL group) relative to the control group
was measured within the same SPIO concentration. The
signal intensity changes (Δ𝑆) of every sample (including the
SPIO control group) were also measured relative to the PBS
blank group with the same SPIO concentration to analyze the
appropriate concentration of iRGD to SPIO concentration.
All the data were processed and measured on the ADW4.4
workstation.

2.6. Prussian Blue Staining. For Prussian blue staining, the
cells were cultivated for 24 hours in 6-well plates on glass
coverslips (1 × 106 cells). After incubation, the labeled panc-
1 cells were washed three times with PBS and subsequently
fixed with 4% paraformaldehyde for 40 to 60 minutes. Then,
the fixed cells were incubated with Perl’s dye for 30 minutes
and counterstained with 0.5% neutral red solution for 1
minute.

2.7. Inverted Microscope Observation and Transmission Elec-
tron Microscopy. The cells on glass coverslips were placed on
slides, fixed, and then observed with an inverted microscope.
The cells were routinely observed using 10x, 20x, and 40x
magnification views. Photoswere taken at randomsites under
40x magnification. The positive labeled cells were counted
under 4 magnification views (40x and 20x) randomly, and

the positive labeled rate was calculated (positive labeled cell
counts/total cell counts × 100%). The cells cultured with
12.6 𝜇g/mL iron ion and 1 𝜇g/mL iRGD peptide were selected
for observation with a transmission electron microscope.

2.8. The Quantification of Iron Cell Content. After MRI
scanning, the groupwith the best concentrations of SPIO and
iRGD peptide was selected and the samples were treated with
15mL aqua regia (𝑉HCL :𝑉HNO3 = 3 : 1) for the determination
of the iron content by AAS.

2.9. Statistical Analysis. The continuous data were expressed
as mean ± standard deviation (SD). Statistical analysis was
conducted using a nonparametricWilcoxon rank sum test. A
2-independent samples test was performed in the analysis of
Δ𝑆
 and cell viability. Statistical analysis was conducted with

the SPSS16.0 software package for Windows (SPSS Institute,
Chicago, IL, USA). An 𝛼 level of 0.05 was used.

3. Results

3.1. Evaluation of Cell Viability. Trypan blue staining did not
demonstrate reduced viability of panc-1 cells after incubation
with increasing concentrations of SPIO and iRGD peptide,
including the SPIO and SPIO-PLL control groups.Therewere
no significant differences among the samples. For example,
for the highest concentration of iron ions (21 𝜇g/mL) in this
study, the percentages of nonviable cells for the different
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Figure 3: The evaluation of the mean signal reduction (Δ𝑆) for
different iron ion concentrations. (A)–(E) indicate 8.4–21𝜇g/mL
iron ion concentration. The SPIO-PLL group served as the control
group. ∗The highest Δ𝑆 value (the best concentration match of iron
ions and iRGD peptide).

concentrations of the iRGD peptide samples were 5.4 ± 2.5%,
5.8±3.1%, 6.1±3.3%, 6.5±3.4%, and 6.7±3.6%, respectively.
These values did not differ significantly from each other
(Figure 1).

3.2. In Vitro MRI Evaluation of T2-W. When the concentra-
tion of iron was 8.4 𝜇g/mL, the signal intensity of the labeled
cell samples decreased gradually with the increase in iRGD
peptide concentration (Figures 2(a) and 3). The mean Δ𝑆
increased correspondingly. When the concentration reached
12.6 𝜇g/mL, the signal intensity first decreased and then
increased with increasing concentrations of iRGD peptide.
Therefore, the mean Δ𝑆 first increased and then decreased.
The Δ𝑆 was the highest (243.89 ± 89.1) with 1 𝜇g/mL of iRGD
peptide (Figures 2(b) and 3). When the iron concentrations
were 14.7 𝜇g/mL and 16.8 𝜇g/mL, the signal intensity was
enhanced with increasing concentration of iRGD. Conse-
quently, the mean Δ𝑆 reduced gradually (Figures 2(c)-2(d)
and 3). However, when the iron concentration was 21𝜇g/mL,
the signal intensities for different iRGD concentrations dif-
fered from each other and were higher than those of the
control group (Figures 2(e) and 3). The mean Δ𝑆 of the
SPIO-PLL group was slightly lower than that of groups
with the appropriate iRGD peptide concentration and iron
concentrations of 12.6 and 14.7 𝜇g/mL (Figure 3).

We also determined the appropriate concentration of
iRGD peptide within the same series of iron ion concentra-
tions. No significant difference in the mean Δ𝑆 was found
between the treatment group and control groups (𝑃 > 0.05)
for the 8.4𝜇g/mL concentration of iron ions. However, when
the concentration of iron ions was 12.6 𝜇g/mL, there was
a significant difference between the treatment and control
groups (𝑃 < 0.05). Only one group (0.25 𝜇g/mL iRGD) dif-
fered from the control group at the 14.7 𝜇g/mL concentration
of iron ions. However, no significant difference was found
for the other two iron ion concentrations. Therefore, our
results suggest that the appropriate concentration of iRGD
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Figure 4: The evaluation of the mean signal reduction values (Δ𝑆)
for different iron concentrations. For the iron concentration of
12.6 𝜇g/mL, a significant differencewas found between the treatment
and control groups (𝑃 < 0.05). For the iron concentration
of 14.7𝜇g/mL, a significant difference was only found between
0.25 𝜇g/mL iRGD and the control group. (A)–(E) indicate 8.4–
21 𝜇g/mL iron ion concentration. The SPIO group served as the
control group. ∗𝑃 < 0.05.

peptide was 0.25–1.25 𝜇g/mL for the 12.6 𝜇g/mL iron ion
concentration and 0.25 𝜇g/mL for the 14.7 𝜇g/mL of iron ion
concentration (Figure 4).

3.3. Microscope Observation, Characteristics of Prussian Blue
Staining, and Transmission ElectronMicroscopy. Cells treated
with 12.6 𝜇g/mL concentration of SPIO and a range of
iRGD peptide concentrations were selected for observation.
The labeled cells were diamond or oval in shape under
microscopic observation when treated with iron oxide and
the range of iRGD. When the cells were incubated with
1 𝜇g/mL iRGD at an iron concentration of 12.6𝜇g/mL, the
positive labeling rate of the treatment group was enhanced
relative to the control group (Figure 6). The morphology
of the cells was good. Speckled, granular, and patchy blue-
stained particles were observed in the cytoplasm, cell nucleus,
and cell membrane (Figure 5). The granules were mostly
in the cytoplasm around the nuclei. The distribution of
the intracellular Fe granules observed under transmission
electron microscope is shown in Figures 5(e)-5(f).

The positive labeling rate after treatment was not dif-
ferent than that of the control group with 12.6 𝜇g/mL SPIO
(Figure 6). The iron content determination was confirmed
by AAS analysis. The mean iron content (pg/cell) of each
treatment sample with increasing concentration of iRGD
peptide was 2.42 pg, 5.61 pg, 8.12 pg, 10.74 pg, and 13.20 pg,
respectively, which was higher than that of the control sample
(0.94 pg/cell).

4. Discussion

In the present study, the ability of SPIO combined with
iRGD peptide to specifically bind to the 𝛼v𝛽3 integrin on
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Figure 5: Prussian blue-stained and neutral red solution-counterstained panc-1 cells incubated with SPIO. (a), (b) The cells were incubated
with 1 𝜇g/mL iRGD at an iron concentration of 12.6𝜇g/mL ((a): 20x and (b): 40x). The cells of the control groups were incubated with
SPIO without iRGD ((c): 20x and (d): 40x). Higher uptake of SPIO (blue-stained granules) with iRGD peptide compared with SPIO is clearly
demonstrated (c, d). Electronmicroscopy of cells labeled with SPIO nanoparticles (e) and SPIO nanoparticles with iRGDpeptide (f) (arrows).

tumor cells was investigated in vitro. In contrast to previous
studies of molecular MR probes coated or modified with
dextran or peptides [33, 34], we explored a novel method
of coadministration of SPIO and iRGD peptide that may be
useful in the enhancement of tumor imaging. Our results
suggest that this method was also effective in labeling cells
for MR molecular imaging.

Imaging of pancreatic cancer cells using MRI provides
good spatial resolution, resulting in exquisite dynamic infor-
mation and anatomical contrast, while the kinetics of SPIO

distribution in tumor xenografts can be monitored with
noninvasive modalities [1, 35]. In recent years, T2 and T2∗
sequence-mediatedMR imagingwith SPIOnanoparticles has
become a favorable technique that may be available in the
clinic. SPIO is a kind of negative contrast that can reduce
T2 and T2∗ values and has increased sensitivity for MRI due
to susceptibility effects [31]. Therefore, intracellular iron has
strong T2 and T2∗ effects, and the high reduction in signal
is related to the increase in iron oxide uptake by the cells.
Human pancreatic cancer cells can be labeled with SPIO and
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induce tumor xenografts in nude mice after injection. Our
results have demonstrated the efficient nanoparticle uptake
capabilities of cells.

To optimize MR imaging in vitro and maximize the
reliability of the results, it is important that (i) the labeling
is reproducible, (ii) the function and viability of labeled cells
are retained, and (iii) the process does not affect the target
cells [36]. Therefore, we analyzed the cell viability at the
beginning of the study through trypan blue staining with
different concentrations of iron oxide and iRGD peptide and
demonstrated the feasibility of our method.

Several kinds of amino acids have been used to enhance
the uptake of SPIO nanoparticles, and the use of polylysine
(PLL) has frequently proven to be feasible and efficient
[1]. However, Kobukai et al. demonstrated that the use of
PLL may be a double-edged sword; the compound can be
either safe or toxic depending on the concentration used
[37]. Another group suggested that PLL may trigger an
inflammatory response by releasing the proinflammatory
cytokine, tumor necrosis factor (TNF) [38].

Here, we investigated a new peptide (iRGD peptide) that
has a similar function to PLL. The cyclic peptides containing
the RGD sequence home to the 𝛼v𝛽3 integrin specifically
and have been applied widely to integrin targeting on cancer
pathology, molecular imaging, and drug delivery [3, 30, 31,
34]. This kind of disulfide-based cyclic RGD peptide, called
iRGD (CRGDK/RGPD/EC), can interact with both integrin
and neuropilin-1 receptors to mediate cellular internalization
to improve imaging sensitivity [3]. Sugahara et al. [30].
reported that iron-oxide nanoworms (16) and T7 phage
extravasated and have enhanced accumulation in tumor
cells upon iRGD coadministration. Therefore, we combined
the tumor-penetrating peptide and contrast agents in our
study. In addition, this method may also have the following
additional advantages: (i) the combination does not involve
SPIO surface modification, which may impair the biological
characteristics or good compatibility of the particles, and
(ii) the quantity or concentration of materials can easily be
adjusted during the course of experiments.

In the present study, five different iron concentrations
of SPIO were selected according to our previous prelimi-
nary experiment. Thorek and Tsourkas reported the appro-
priate iron oxide concentration as less than 50 𝜇g/mL in

nonphagocytic cells [39]. Kobukai et al. reported that there
were no registered dead dendritic cells treated with SPIO
nanoparticles and PLL up to the 20 𝜇g/mL concentration
threshold. Meanwhile, SPIO nanoparticles neither were toxic
nor reduced the viability of the cells [37]. In our previous
study, we found the appropriate iron concentration range for
labeling panc-1 cells to be 21–42𝜇g/mL. A similar result was
reported by Boutry et al. Therefore, in the present study, a
concentration lower than 21𝜇g/mL was selected and ensured
[40].

After 24 hours of incubation, differences in the SPIO
uptake were found between the treatment and control
groups. The control group had less pronounced signal and
intracellular iron oxide content. However, with high iron
concentrations (14.7–21𝜇g/mL), the iRGD peptide effect
reduced and was even inverse. This may be explained by the
fact that the 𝛼v𝛽3 integrins were saturated or phagocytosis
became the predominant mechanism of nanoparticle uptake
[31]. Another possible reason is that the saturation of 𝛼v𝛽3
integrins may inhibit phagocytosis in the presence of high
iron concentrations. Our study results show that the uptake
and specific binding of our iRGD and SPIO to panc-1 cells
in the treatment group were higher than those in the control
group, which pointed to a receptor-mediated endocytosis
mechanism with the appropriate iron and iRGD exposure.
These findingswere confirmed by lightmicroscopy, transmis-
sion electron microscopy (TEM), and AAS.

A few points must be addressed for better understanding
of the results and for improved design of more effective
molecular labeling strategies. First, the present results suggest
that a small quantity of iRGD peptides can optimally label
cells in vitro. The longitudinal tracking of pancreatic cancer
cells and further investigation in vivo using MR will be more
challenging than in vitro studies. However, this study can be
deemed a step towards in vivo tracking of pancreatic cancer
cells with iRGD peptide and SPIO. Further investigation in
animal tumor models remains a key goal of our ongoing
studies.

In conclusion, our findings demonstrate that iRGD pep-
tide affects the uptake of iron oxide during labeling of panc-
1 cells. An appropriate iRGD peptide concentration can
enhance the uptake of intracellular iron. The importance of
this study lies in its description of a new potential strategy for
pancreatic cancer imaging.
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A peptide containing Asn-Gly-Arg(NGR) sequence was synthesized and directly labeled with 99mTc. Its radiochemical
characteristics, biodistribution, and SPECT imaging were evaluated in nude mice bearing human HepG2 hepatoma. Nude mice
bearing HepG2 were randomly divided into 5 groups with 5 mice in each group and injected with ∼7.4MBq 99mTc-NGR. The
SPECT images were acquired in 1, 4, 8, and 12 h postinjection via caudal vein. The metabolism of tracers was determined in major
organs at different time points, which demonstrated rapid, significant tumor uptake and slow tumor washout. The control group
mice were blocked by coinjecting unlabelled NGR (20mg/kg). Tumor uptake was (2.52±0.83%) ID/g at 1 h, with the highest uptake
of (3.26 ± 0.63%) ID/g at 8 h. In comparison, the uptake of the blocked control group was (1.65 ± 0.61%) ID/g at 1 h after injection.
The SPECT static images and the tumor/muscle (T/NT) value were obtained. The highest T/NT value was 7.58 ± 1.92 at 8 h. The
xenografted tumor became visible at 1 h and the clearest image of the tumor was observed at 8 h. In conclusion, 99mTc-NGR can be
efficiently prepared and it exhibited good properties for the potential SPECT imaging agent of tumor.

1. Introduction

Angiogenic tumor vessels are important element for tumor
growth and metastasis and the metalloexopeptidase CD13/
aminopeptidase N (APN) plays a critical role in cancer
angiogenesis. Peptides containing NGR have shown high
efficiency in targeted cells, tissues, and new vessels with
CD13 receptor overexpression [1, 2]. Moreover, in tissues that
undergo angiogenesis, blood vessels also overexpress APN
and proliferation of endothelial cells is well known to be an
important factor in tumor angiogenesis [3, 4]. It is proved that
NGR can bind with new vasculature by aminopeptidase N
(CD13) and integrin 𝛼v𝛽3, although the bindingmechanisms
are different. Meanwhile, CD13 receptor mediated binding to
tumor vasculature is specific but not to the other CD13 rich
tissues, which was proved by in vivo studies [5]. Good blood
clearance was thought to favor the utilization of imaging
techniques. Therefore, NGR peptide was characterized as a
promising molecular imaging candidate for early diagnosis,
particularly for tumor.

Many peptides containing NGR motif have been pro-
duced with excellent tumor targeted efficacy, such as tTF-
NGR, NGR-hTNF, and cyclic NGR-labeled paramagnetic
quantumdots (cNGR-pQDs) [6–10].Our previouswork indi-
cated that both NGR monomer and dimer showed relatively
high tumor uptake [5, 11].

In this study, a new NGR peptide was synthesized and
labeled with 99mTc, then subjected to SPECT imaging of
CD13 expression in a subcutaneous mouse HepG2 hepatoma
xenograft model, which was proved to show positive CD13
receptor and easy formation of tumor.

2. Materials and Methods

2.1. General. All chemicals (reagent grade) were obtained
from commercial suppliers and used without further purifi-
cation. NGR (YGGCNGRC) was prepared by SPPS using the
Fmoc method on a chlorotrityl chloride resin. 99mTcO4

− was
produced from 99Mo/ 99mTc generator (Beijing Atom High
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Table 1: Rf values of free 99mTcO
4

−, 99mTc-colloid and 99mTc-NGR.

Rf value Free 99mTcO
4

− 99mTc-colloid 99mTc-NGR
Acetone 0.9∼1.0 0.0 0.0
Vethanol : Vammonia water : Vwater = 2 : 1 : 5 0.9∼1.0 0.0 0.7∼0.8

Tech, China). Water was purified using a Milli-Q ultrapure
water system from Millipore (Milford, USA), followed by
passing through a Chelex 100 resin before bioconjugation
and radiolabeling. Radio-TLC was performed on silica gel-
coated plastic sheets (Polygram SIL G,Macherey-Nagel) with
acetone and Vethanol : Vammonia water : Vwater = 2 : 1 : 5 as
the eluents. The plates were read with Bioscan Mini-scan
(USA) and Allchhrom Plus software. The semipreparative
high-performance liquid chromatography (HPLC, Aglint,
Canada) was employed for peptide analysis. NGR-containing
peptide was prepared by solid phase peptide synthesis (SPPS)
using the Fmoc strategy on chlorotrityl chloride resins as
previously reported [12]. Mass spectra were used to confirm
the identity of the products. Mass spectra were obtained on a
Q-Tof premier-UPLC system equipped with an electrospray
interface (ESI; Waters, USA) or a Thermo Electron Finnigan
LTQ mass spectrometer equipped with an electrospray ion-
ization source (Thermo Scientific, USA).

2.2. Radiolabelling and Formulation. The fresh 99mTcO4
−

solution (37–74MBq) was added into a solution of NGR
peptide (15∼20𝜇g peptide per mCi 99mTcO4

−) with 200𝜇g
stannous chloride dissolved in 1M HCl (5 𝜇g/𝜇L) and 20𝜇L
of 0.2M NaAc/HAc buffer (pH = 4.2) solution. The mix-
ture was incubated at room temperature for 30min. The
99mTcO4

−-containing solution was filtered over a 0.2𝜇m
syringe filter (Acrodisc, PALL,USA) and then passed through
a 0.2 𝜇mMillipore filter into a sterile vial for use.

2.3. In Vitro Stability. The stability of 99mTc-labeled NGR
peptide in PBS andmouse serum at 37∘Cwas studied at 1, 3, 6,
and 12 h.Then the percentage of parent tracerwas determined
by radio-TLC (Table 1).

2.4. Cell Culture and Animal Model. HepG2 cells were grown
in high glucose DMEM culture medium. All cell lines were
cultured in medium supplemented with 10% (v/v) fetal
bovine serum (Gibco, USA), 1% mycillin, and 1% Glutamine
(Beyotime, China) at 37∘C in a humidified atmosphere with
5% CO

2
. Using female BALB/c nude mice (4–6 weeks of

age), HepG2 tumor model was established by subcutaneous
injection of 2 × 106 HepG2 tumor cells (0.1mL) into the right
upper flanks. When the tumor volume reached 0.8∼1.0 cm
in diameter (2-3 weeks after inoculation), the tumor-bearing
mice were used for SPECT imaging and biodistribution
studies. All animal studies were approved by Clinical Center
at the FMMU.

2.5. Cell Uptake Study. HepG2 cells were seeded into 48-
well plates at a density of 2 × 105 cells per well 24 h prior
to the experiment. HepG2 cells were then incubated with
99mTc-labeled NGR peptides (∼370 kBq/well) at 37∘C for
15, 30, 60, 120, and 240min. After incubation, tumor cells
were washed three times with ice cold PBS and harvested
by trypsinization with 0.25% trypsin/0.02% EDTA (Hyclone,
USA). Cell suspensions were collected and measured in a
gamma counter (Zhida, Shannxi, China). Cell uptake data
was presented as percentage of total input radioactivity added
to the culture medium after decay correction. Experiments
were performed twice with triplicate wells.

2.6. Cell Binding Assay. In vitro CD13 receptor binding
affinity and specificity of 99mTc-NGR were assessed via
competitive cell binding assay. The best-fit 50% inhibitory
concentration (IC

50
) values for the HepG2 cells were cal-

culated by fitting the data with nonlinear regression using
Graph-Pad Prism5.0 (Graph-Pad Software, San Diego, CA,
USA).

2.7. SPECT Imaging. HepG2 tumor-bearing animals were
imaged in supine position with a one-head SPECTMPR (GE,
USA) equipped with a pinhole collimator. About 7.4MBq
of 99mTc-labeled NGR peptide was intravenously injected
into each mouse under intraperitoneal injection of sodium
pentobarbital at a dose of 45.0mg/kg. Static SPECT images
were acquired at 1, 4, 8, and 12 h pi.The acquisition count limit
was set at 200 k.

2.8. Biodistribution Studies. Nude mice bearing human
HepG2 hepatoma were randomly divided into 5 groups and
injected with ∼7.4MBq of 99mTc-NGRwith or without excess
unlabelled NGR peptide (20mg/kg). After injection of the
tracer, mice were sacrificed and dissected. The radioactivity
in theHepG2 tumor,major organs, andmuscle were collected
and weighed wet with tubes (%ID/g). Mean uptake (%ID/g)
for a group of animals was calculated with standard devia-
tions. Values were expressed as mean ± SD (𝑛 = 5/group).

3. Results

3.1. Chemistry and Radiochemistry. NGR peptide was well
prepared (Figure 1). The analytical HPLC and mass spec-
troscopy were used to confirm the identity of the products.
The mass spectroscopy data and chemical structures for
NGR were represented below (Figure 1). The electrospray
ionization mass spectra of NGR were determined to be
𝑚/𝑧 = 829.40 ([M+H]+). After purification, the specific
activity of 99mTc-labeled tracers was determined to be about
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Figure 2: Stability of 99mTc-NGR peptide in PBS (pH = 7.4) and
mouse serum at 37∘C for 1, 3, 6, and 12 h. Its radiochemical purity
was >98%. 92% of 99mTc-NGR peptide almost remained intact in
PBS and mouse serum after 12 h of incubation.

3.08∼6.17MBq/nmol. The labeling yield of the product was
95 ± 0.35% and the radiochemical purity was greater than
98%. The in vitro stability of 99mTc-NGR in PBS (pH 7.4) at
37∘C was shown in Figure 2. After 12 h of incubation, more
than 92% of 99mTc-NGR peptide remained intact in mice
serum.

3.2. Cell Uptake. Cell uptake study revealed that 99mTc-NGR
bound to HepG2 tumor cells directly. During the first 15min,
about 0.49 ± 0.05% of 99mTc-NGR uptake in HepG2 cells
were determined. After 2 h incubation, the peptide uptake in
HepG2 cells reached the maximum of 1.52 ± 0.13% (Figure
3(a)). About 1.35± 0.27% of 99mTc-NGR were still associated
with HepG2 cells after 4 h incubation.

3.3. Cell Binding Assay. Ligand-receptor binding affinities of
99mTc-NGR to CD13 were determined by a competitive cell-
binding assay. 99mTc-NGR inhibited the binding of NGR
peptide toHepG2 cells in a concentration-dependentmanner
(Figure 3(b)).The IC

50
values for 99mTc-NGRwere calculated

to be 287 ± 34 nmol/L.

3.4. SPECT Imaging. The tumor-targeting efficacy of 99mTc-
NGR probe in HepG2 tumor-bearing nude mice was eval-
uated by static SPECT scans at different time points after
injection. Representative decay-corrected images are shown
in Figure 4. The HepG2 tumors were clearly visualized with
good tumor-to-background contrast for the tracer. Overall,
99mTc-NGR provided better image quality with the same
amount of injected activity.

3.5. Biodistribution Studies. Tissue distribution data for
99mTc-NGR in mice bearing HepG2 hepatoma tumors are
given as percentage administered activity per gram of tissue
(%ID/g) in Table 2 and Figure 5. The in vivo biodistribution
of with and without coinjection of nonradiolabeled NGR
peptide (20mg/kg of mouse body weight) was examined
in HepG2 tumor-bearing mice. For 99mTc-NGR, the tumor
uptake was determined to be 2.52 ± 0.83, 3.03 ± 0.71,
3.26 ± 0.63, and 2.81 ± 0.25% ID/g at 1, 4, 8, and 12 h,
respectively. 99mTc-NGR exhibited 7.93 ± 2.13% ID/g kidney
uptake and 4.07 ± 0.76% ID/g liver uptake at 1 h pi. The
nonspecific uptake in the muscle was at a very low level.
99mTc-NGR exhibited high tumor uptake at the early time
point (Figure 5), indicating the specific binding and relatively
longer circulation time.

A decrease of radioactivity was observed in all dissected
tissues and organs similar to SPECT imaging results in
blocking group (Table 2), with the change of tumor uptake
being the most significant reducing markedly from 2.52 ±
0.83% ID/g whereas the presence of nonlabeled NGR pep-
tide significantly reduced to 1.65 ± 0.61% ID/g at 1 h after
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Figure 3: In vitro cell uptake assay and cell-binding assay of HepG2 human hepatoma cells. (a) Cell uptake assay of 99mTc-NGR (𝑛 = 3,
mean ± SD). The background readings are reflected at time 0. (b) Cell binding assay of 99mTc-NGR on CD13 receptor of HepG2 cells (𝑛 = 3,
mean ± SD).
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Figure 4: Representative decay-corrected whole-body SPECT images of mice bearing HepG2 tumors on right front flank after intravenous
administration of 99mTc-NGR (∼7.4MBq) SPECT images of nude mice bearing HepG2 tumor at 1, 4, 8, and 12 h pi (tumors are indicated by
red arrows).

Table 2: Biodistribution data (%ID/g) of 99mTc-NGR in HepG2 hepatoma tumor-bearing nude mice at 1, 4, 8, and 12 h postinjection (𝑛 = 5,
mean ± SD).

1 h 4 h 8 h 12 h Blocking (1 h)
Blood 3.82 ± 0.41 1.75 ± 0.39 0.98 ± 0.22 0.75 ± 0.31 2.56 ± 0.34

Heart 3.74 ± 0.54 2.26 ± 0.33 1.15 ± 0.32 1.07 ± 0.25 2.73 ± 0.29

Lung 2.52 ± 0.83 2.13 ± 0.44 1.86 ± 0.38 1.21 ± 0.31 2.04 ± 0.28

Liver 4.07 ± 0.76 3.85 ± 0.73 3.44 ± 0.52 3.26 ± 0.47 3.27 ± 0.16

Kidney 7.93 ± 2.13 7.03 ± 0.95 6.21 ± 0.43 5.96 ± 0.41 5.03 ± 0.97

Spleen 2.37 ± 0.43 2.09 ± 0.60 1.88 ± 0.42 1.72 ± 0.37 1.89 ± 0.22

Stomach 3.07 ± 0.56 2.20 ± 0.26 1.61 ± 0.39 1.56 ± 0.32 3.41 ± 0.31

Intestine 2.65 ± 1.06 2.18 ± 0.96 1.93 ± 0.22 1.60 ± 0.27 2.40 ± 0.59

Muscle 0.53 ± 0.33 0.46 ± 0.11 0.43 ± 0.14 0.39 ± 0.22 0.48 ± 0.27

Tumor 2.52 ± 0.83 3.03 ± 0.71 3.26 ± 0.63 2.81 ± 0.25 1.65 ± 0.61

Tumor-to-normal tissue uptake ratio at 1 h postinjection
T/M 4.75 ± 0.91

T/L 0.62 ± 0.33

T/K 0.32 ± 0.15
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injection. For 99mTc-NGR nonblocking group, 4.07 ±
0.76% ID/g in liver and 7.93 ± 2.13% ID/g in kidney were
decreased to 3.27 ± 0.16% ID/g and 5.03 ± 0.97% ID/g by
blocking, respectively.

4. Discussion

In this study, we synthesized a novel NGR peptide and
investigated its biological targeting specificity, which turned
out to be a promising tumor molecular imaging probe for
clinical practice.

99mTc has favorable chemical and physical properties
and can be produced from the generator directly [11]. CD13
receptor is an attractive biological target, which has been
found to be overexpressed on newly formed neovascula-
ture and on a wide range of tumor cells types. The high
radiochemical purity of the radiotracer (>98%) stimulated
further analysis encompassing in vitro and in vivo evaluation,
without the time consuming steps of purification and drying
of the compound.The 99mTc-labeled tracer also showed good
stability (Figure 2) and affinity (Figure 3).The results showed
that imaging acquisition after injection within 12 h is enough
for detecting tumor clearly. The labeling process in this study
is so convenient that the probe is practical in future clinical
imaging.

The development of radiolabeled peptides for diagnostic
and therapeutic applications has expanded exponentially in
the last decades [8, 13, 14]. Peptide-based radiopharmaceu-
ticals can be produced easily and inexpensively and have
many favorable properties, including fast clearance, rapid
tissue penetration, and low antigenicity [6, 9, 15–17]. In this
study, the cysteine beside NGR motif formed a cyclic via
a disulfide linkage and the direct labeling method resulted
in a very stable product. At the meantime, breaking the
disulfide linkage in the NGR-containing peptide during

the directly labeling process may explain the slightly lower
binding affinity compared with our previous results [18].
Otherwise, the extra three glycines were added to protect
the core motif NGR and may increase peptide half-life and
stability [19]. Meanwhile, the liver and kidney uptake was
obviously reduced compared with previous study, which may
also be caused by adding glycine [18].

SPECT scans of 99mTc-NGR in nudemice bearingHepG2
hepatoma showed notable uptake in tumor and dominant
renal and hepatic clearance. But the unspecific binding on
the other tissues was decreasing and the tumor to nontumor
ratio was consequently increasing. The receptor specificity
of 99mTc-NGR was further confirmed by effective inhibition
of tumor uptake in the presence of excess nonlabeled NGR
peptide in biodistribution study (Table 1). Although the
99mTc-NGR uptake in liver and gastrointestinal tract was
lower than previous results, the practice in detecting tumor
and metastases in the abdominal area is inapplicable. Since
the excretion of the probe was mainly renal, fast blood
depuration should be another favorable feature.

In brief, our data demonstrated that synthesizing novel
99mTc-NGR was a promising synthetic strategy for SPECT
imaging in terms of in vitro and in vivo properties. Our
future work will continually focus onmore optimal approach
to reduce liver and gastrointestinal tract uptake by modify-
ing the peptide structure and keep the specificity binding.
Additionally, a thorough comparison between various NGR
peptides is warranted to screen the better radiotracers.

5. Conclusion

NGR peptide was successfully labeled with the generator-
produced 99mTc for SPECT imaging of tumor CD13 receptor.
99mTc-NGR exhibited good properties in terms of binding
affinity, cellular uptake, tumor uptake and retention, and
pharmacokinetics. 99mTc-NGR peptide is a potential SPECT
agent for imaging and early diagnosis of tumor.
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The primary aim of this study was to investigate the relationship between contrast-enhanced ultrasonography (CEUS) imaging
parameters and clinicopathological features of rectal carcinoma and assess their potential as new radiological prognostic predictors.
A total of 66 rectal carcinoma patients were analyzed with the time-intensity curve of CEUS.The parameter arrival time (AT), time
to peak enhancement (TTP), wash-in time (WIT), enhanced intensity (EI), and ascending slope (AS) were measured. Microvessel
density (MVD) was evaluated by immunohistochemical staining of surgical specimens. All findings were analysed prospectively
and correlated with tumor staging, histological grading, andMVD.Themean values of AT, TTP,WIT, EI, and AS value of the rectal
carcinoma were 10.84±3.28 s, 20.61±5.52 s, 9.78±2.83 s, 28.68±4.67 dB, and 3.20±1.10, respectively. A positive linear correlation
was found between the EI andMVD in rectal carcinoma (𝑟 = 0.295, 𝑃 = 0.016), and there was a significant difference for EI among
histological grading (𝑟 = −0.264, 𝑃 = 0.007). EI decreased as T stage increased with a trend of association noted (𝑃 = 0.096). EI of
contrast enhanced endorectal ultrasonography provides noninvasive biomarker of tumor angiogenesis in rectal cancer. CEUS data
have the potential to predict patient prognosis.

1. Introduction

It is well known that rectal cancer is an important contributor
to cancer mortality and morbidity [1]. Angiogenesis, which
involves sprouting of endothelial cells to form new vessels
and supplying nutriments and oxygen for the tumor cells, is
essential for tumor formation, growth, and dissemination [2].
Microvessel density measured by immunofluorescent analy-
sis is used to evaluate tumor angiogenesis activity as standard
method, but it is invasive and depending on experience

of operators [3, 4]. Noninvasive imaging modalities such
as dynamic contrast enhanced magnetic resonance (DCE-
MR) [5], perfusion computed tomography [6], and contrast
enhanced ultrasound (CEUS) are applied to observe tumor
vascularity. Ultrasound is low cost and convenient and no
radiation is associated. The second generation of ultrasound
contrast agents consists of microbubbles remaining strictly
intravascular, leading to CEUS becoming a promising indi-
rect method of evaluating blood flowwithin functional vessel
[7, 8]. Meanwhile, the analysis of time intensity curve (TIC)
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makes it possible to assess tumor vascularity quantitatively
[9].

Recent studies have demonstrated that CEUS perfusion
parameters are closely correlated with tumor vascularity in
several types of malignancies, such as hepatocellular carci-
noma, pancreatic carcinoma, prostate cancer, breast tumors,
and gastric carcinoma [10–13]; however, there is limited
experience in using CEUS to assess tumor vascularity in
rectal cancer. Zhuang et al. [14] demonstrated positive linear
correlation between TIC parameters by CEUS and MVD in
colorectal tumor, but only two rectal cases were concluded
in the study. The value of TIC parameters in assessing tumor
vascularity in rectal cancer remained to be investigated.

Some researchers also explored the relationship between
DCE-MRI perfusion parameters and prognostic factors in
rectal cancer, but results have been conflicting. Oberholzer et
al. [15] reported thatDCE-MRI parameter correlatedwith the
N category and k21 with the occurrence of distant metastases;
Hong et al. [16] reported that Erise was correlated with N
stage, and Tp was correlated with histologic grade, while
Kim et al. [4] found no correlation between any DCE-MRI
perfusion parameters and TN stage. Till now, there have
been few reported studies on relationship between CEUS
perfusion parameters and prognostic factors in rectal cancer.

Therefore, the purpose of this study was to investigate
the correlation of time-intensity curve (TIC) parameters with
microvessel density in rectal cancer and we also evaluate
the relationship between TIC parameters, MVD, and the
standard prognostic variables (tumor stage, lymphaticmetas-
tasis, distant metastasis, and histologic grade) to explore the
diagnostic value in tumor vascularity and prognostic value of
TIC parameters in rectal cancer.

2. Materials and Methods

2.1. Patients. A total of 66 patients with rectal cancer who
underwent endorectal ultrasound (ERUS) and CEUS exam-
inations were involved. All patients had undergone surgery
within 1 week after CEUS in our hospital between December
2009 and June 2013. None had undergone radiation or
chemotherapy before surgery. Patients with rectal mass who
had not been referred for ERUS andCEUS examinations or in
whom surgery was not undertaken within one week were not
included in this study. ERUS and CEUS examinations were
approved by theHospital Ethics Committee. Each patient was
consent informed. All of the patients had solitary lesions.The
diagnoses for all 66 lesions were confirmed by surgery and
pathology.

2.2. ERUS. All ERUS examinations were performed using
a Philips iU22 unit (Philips, Bothell, WA, USA). An end-
fire type endorectal probe (C5-9 sec) was utilized. Patients
stayed in the left lateral decubitus position, prepared with
enemas to remove all air, stool, and mucus from the rectum.
Instead of the standard water-balloon filling technique, we
developed a novel technique in our previous study, where
the coupling gel was injected into the rectum directly [17].
The amount of gel used was usually 100–150mL, depending
on filling degree of the rectum, which was to ensure the five
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Figure 1: Time-intensity curve (TIC) from region of interest (ROI)
within the tumor and the ultrasound TIC parameters. Arrival time
(AT), time to peak enhancement (TTP), wash-in time (WIT),
enhanced intensity (EI), and ascending slope (AS).

layers of the bowel wall and the tumor can be clearly seen.
The gel helped the US probe to pass through the tumoral
stenosis of rectum, minimized compression and distortion of
the lesion, and improved visualization of the rectal wall and
tumor. The tumors were evaluated for their size and depth of
invasion, echo pattern, and internal vascularity as well as the
localization of the rectal wall layers that were disrupted by the
tumor.

2.3. CEUS. CEUS examination was performed after the
ERUS examination. The mechanical index was 0.08–0.11.
2.4mL contrast agent SonoVue (Bracco, Italy) which was
administrated through a forearm vein in bolus through a 20-
gauge intravenous cannula within 1 to 2 seconds, followed
by a flush of 5mL of 0.9% normal saline solution. The
contrast agent wash in and wash out were recorded for 60
seconds. By using Q lab software (version 5; Philips Medical
Systems, Bothell, WA, USA) on the workstation; the region
of interest (ROI) of every lesion was manually drawn in
the most enhanced region within the tumor on contrast
ultrasonographic images and the ROI area was set to 25mm2.
The time-intensity curve was reconstructed for each ROI and
then arrival time (AT), time to peak enhancement (TTP),
wash-in time (WIT), enhanced intensity (EI), and ascending
slope (AS) were obtained. The AT was defined as the time
from injection until the enhancement. The TTP was defined
as the interval from injection to the peak of the time-intensity
curve. The WIT was defined as interval from beginning of
enhancement to the peak of the enhancement. The EI was
defined as peak intensity minus baseline intensity. The AS
was defined as the slope rate of ascending curve (Figure 1).
All contrast-enhanced ultrasound data were analyzed by two
experienced radiologists who were blinded to all clinical and
pathological information.

2.4. Histopathological Analysis. Histological sections were
reviewed by one experienced pathologist without knowledge
of the results of the ultrasound findings. The description of
the gross specimen and 4 𝜇m thick haematoxylin and eosin-
stained histological sections were reviewed. Morphologic
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Figure 2: Images of poorly differentiated rectal adenocarcinoma with T2 stage. (a) Endorectal ultrasonography showed that an irregular
hypoechoic lesion invaded muscularis propria. (b) Time-intensity curve was obtained from ROI with EI = 36.83 dB, AT = 6.87 s, TTP =
14.57 s, WIT = 7.70 s, and AS = 4.78. (c) Representative photomicrographs of Immunohistochemical CD34 staining in the same tumor (200x
magnification) showed microvasculature in brown and poorly differentiated rectal adenocarcinoma. The MVD value is 43.

prognostic factors including TNM stage and histologic grade
were identified according to the World Health Organiza-
tion classification. Rectal adenocarcinoma are graded by
the proportion of fully formed glands seen in microscopic
slides and classified as well-differentiated, moderately dif-
ferentiated, and poorly differentiated. Well differentiated
adenocarcinoma shows >95% gland formation. Moderately
differentiated adenocarcinoma shows 50–95% gland forma-
tion. Poorly differentiated adenocarcinoma is mostly solid
with <50% gland formation. To determine MVD, the tissues
obtained from the most representative paraffin blocks were
mounted on poly-L-lysine-coated slides for immunostaining.
The CD34 antibody (Dako, Glostrup, Denmark) was used
to label the vascular endothelium cytoplasm. The five most
vascularized areas (“hot spot”) with the highest number
of microvessel profiles were chosen subjectively from each
tumor section by examination under a low power lens (100x
magnification); the total number of microvessels labelled
with the CD34 antibody was counted for each area under a
high power lens (200x magnification). The mean value of the
microvessel number was the MVD value of the tumor [18].

2.5. Statistical Analysis. All analyses were performed with
SPSS version 20 forWindows personal computers (SPSS Inc.,
Chicago, IL, USA). All data were described as means (SD).
Two-tailed𝑃 values less than 0.05 were considered to indicate
a significant difference. Bivariate Pearson correlation analysis
was performed to investigate the correlation between CEUS
parameters with MVD values and clinicopathologic features.

3. Results
A total of 66 patients were included in the study. The
age of the patients ranged from 37 to 71 years (mean 55.8
years), with 46 male and 20 female patients. Following the
total mesorectal excision (TME) principle, all 66 patients
underwent standard rectal cancer resection, including Mile’s
and Dixon’s operations.

3.1. Time-Intensity Curve Analysis of Rectal Cancer. All of the
time intensity curve showed similar enhancement pattern.

Table 1: Correlations of CEUS time-intensity curve parameters with
MVD.

CEUS parameters
MVD Count

Correlation coefficient 𝑃

Arrival time, s −0.167 0.179
Time to peak enhancement, s −0.068 0.586
Wash-in time, s 0.025 0.840
Enhanced intensity, dB 0.295 0.016
Ascending slope 0.071 0.570
CEUS: contrast enhanced ultrasound.
MVD: microvascular density.
Statistical method: bivariate Pearson correlation analysis.

After the administration of contrast agent, signal intensity
increased linearly with time and then reached a plateau then
decreased gradually (Figures 2(b), 3(b), and 4(b)). Arriving
time ranged 4.35–19.47 sec (10.84 ± 3.28); time to peak
enhancement ranged 10.49–34.43 sec (20.61 ± 5.52); wash-in
time ranged 4.61–16.69 sec (9.78 ± 2.83); enhanced intensity
ranged 18.34–36.83 dB (28.68±4.67). Ascending slope ranged
1.44–6.51 (3.20 ± 1.10).

3.2. CEUS Perfusion Parameters andMVDCount. The corre-
lations of CEUS parameters with MVD count are shown in
Table 1. The MVD count ranged from 5 to 78 vessels/mm2
(26.63 ± 15.23) (Figures 2(c), 3(c), and 4(c)). The enhanced
intensity was positively correlated with MVD count (𝑟 =
0.295, 𝑃 = 0.016) (Figure 5). No statistic differences were
found in MVD count with other CEUS parameters (the
arriving time, time to peak, ascending slope, and wash-in
time) (𝑃 = 0.179–0.840).

3.3. CEUS Parameters and Clinicopathologic Features. All
of the 66 lesions were rectal adenocarcinoma. The median
diameter for all tumors was 2.5 cm (range 1.8–4.0 cm).
Histopathological tumor staging was determined to be T1
in 10, T2 in 12, T3 in 34, (Figures 2(a), 3(a) and 4(a)).
and T4 in 10 patients, and N0 in 40 patients, N1 in 10
patients, N2 in 16 patients. 9 patients had hepatic metastases
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Figure 3: Images of moderately differentiated rectal adenocarcinoma with T3 stage. (a) Endorectal ultrasonography showed an irregular
hypoechoic lesion proceeded beyond the muscularis propria and serosa and perirectal fat. (b) Time-intensity curve was obtained
from ROI with EI = 29.61 dB, AT = 5.83 s, TTP = 10.49 s, WIT = 4.66 s, and AS = 6.35. (c) Representative photomicrographs of
Immunohistochemical CD34 staining in the same tumor (200x magnification) showed microvasculature in brown and moderately
differentiated rectal adenocarcinoma. The MVD value is 24.

(a) (b) (c)

Figure 4: Images of well differentiated rectal adenocarcinoma with T1 stage. (a) Endorectal ultrasonography showed that an irregular
hypoechoic lesion invaded both the mucosa and submucosa layer. (b) Time-intensity curve was obtained from ROI with EI = 25.21 dB, AT
= 13.01 s, TTP = 25.12 s, WIT = 12.11 s, and AS = 2.08. (c) Representative photomicrographs of Immunohistochemical CD34 staining in the
same tumor (200x magnification) showed microvasculature in brown and well differentiated rectal adenocarcinoma. The MVD value is 16.

proved in enhanced CT follow-up. The tumors were well-
differentiated in 12, moderately-differentiated in 36, and
poorly-differentiated in 18 patients.The correlations of CEUS
parameters with TNM stage and histologic grade were shown
in Table 2. The enhanced intensity was negatively correlated
with histologic grade (𝑟 = −0.264, 𝑃 = 0.007) (Figure 6);
poorly differentiated tumors showed higher enhanced inten-
sity compared with well differentiated lesions. It was that
noted EI decreased as T stage increased (𝑃 = 0.096). A trend
of association was noted though statistical significance was
not reached.

4. Discussion

Angiogenesis is a prerequisite factor for tumor growth and
metastatic dissemination, and might be indicative for prog-
nosis and treatment option [19–21]. Nowadays, the standard
method used for quantitative evaluation of angiogenesis
is immunofluorescent analysis of intratumoral microvessel
density (MVD), which quantifies the number of vessels per
unit volume [22]. However, this method is limited by its
following disadvantages. Firstly, tissue samples have to be
obtained via invasive biopsy procedures. Secondly, tissue
samples only represent a certain area within the tumor.

40.0
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MVD (counts/HPF)

35.0

30.0
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80.060.040.020.00.0

Figure 5: Scatter plots showpositive correlations betweenMVDand
EI (𝑟 = 0.295, 𝑃 = 0.016).

Thirdly, tissue must be obtained repeatedly to monitor
changes in tumor angiogenesis. Fourthly, the results are not
immediately available for the clinician [23].
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Table 2: Correlations of CEUS time-intensity curve parameters with histologic grade and TNM stage.

CEUS parameter
Histologic grade T stage N stage Metastasis

Correlation
coefficient 𝑃

Correlation
coefficient 𝑃

Correlation
coefficient 𝑃

Correlation
coefficient 𝑃

Arrival time, s 0.104 0.287 0.037 0.696 −0.058 0.554 0.022 0.830
Time to peak enhancement, s 0.085 0.332 0.085 0.373 −0.021 0.829 0.058 0.569
Wash-in time, s 0.001 0.995 0.073 0.441 −0.024 0.804 0.018 0.859
Enhanced intensity, dB −0.264 0.007 −0.158 0.096 −0.026 0.789 −0.018 0.859
Ascending slope −0.116 0.232 −0.143 0.131 −0.008 0.934 −0.001 0.993
CEUS: contrast enhanced ultrasound.
Statistical method: bivariate Pearson correlation analysis.
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Figure 6: Scatter plots show negative correlations between histo-
logic grade and EI (𝑟 = −0.264, 𝑃 = 0.007).

Contrast-enhanced ultrasonography (CEUS) is a well
accepted and widely available imaging modality in recent
years [24–26], because it has overcome the limitations
of conventional ultrasonography and created a significant
opportunity for visualization of the microcirculation [27].
The second-generation contrast agents (e.g., SonoVue) com-
bined with a low-mechanical index ultrasonographic tech-
nique based on nonlinear acoustic effects on interactions
with microbubbles make the microbubbles more stable and
durable and therefore can facilitate continuous and dynamic
observation for a specific period and research of the perfusion
of tumor vessels [10]. Furthermore, gray scale CEUS is
thought to maximize contrast and spatial resolution, and the
diameter of second-generation contrast agent microbubble is
only about severalmicrometers, thereby leading the evolution
of CEUS from vascular imaging to imaging of perfused
tissue at the microvascular level [27]. Following injection,
the bubbles circulate throughout the vascular space and
constrictively confined in the microvasculature, which is
different from enhanced CT or MR. From time-intensity
curve, fractional vascular volume, and flow velocity, relative
perfusion rate can be obtained.

Zhuang et al. [14] assessed angiogenesis of colorectal
tumor using double contrast enhanced ultrasound (DCEUS).
In our experience, contrast-enhanced transabdominal ultra-
sound is useful in depicting colon cancer, but is not suitable
for rectal cancer. In this study, we adapted ERUS for diagnosis
of rectal cancer and introduced a novel gels-filling technique.
Instead of using a water bath around the probe, the new
technique improves the visualization of the rectal cancer and
contrast enhanced endorectal ultrasound is less affected by
attenuation of the enhancement with depth compared with
transabdominal sonography [17].

Recently, increasing positive results regarding the corre-
lation of CEUS parameters with MVD in various cancers
have been reported in literatures [10, 13, 28–30]. Although
CEUS TIC parameters were investigated in many other
malignancies, there are only few studies dealing with CEUS
in rectal cancer. Our study showed a positive correlation
between enhanced intensity and MVD (𝑟 = 0.295, 𝑃 =
0.016). Image intensity is proportional to the concentration
of bubbles in the vasculature and thus blood flow; increased
enhanced intensity showed a tendency toward stronger
enhancement and greater perfusion flow, thus correspon-
dent with increased MVD count. We found no association
between other CEUS parameters and MVD; this is might
be because AT, TTP, WIT, and ascending slope are time-
dependent parameters, represented the enhanced speed of
the tumor, which might related to spatial distribution of
clutter, vascular uneven thickness, distorting, and arteriove-
nous fistula formation happened in neoangiogenesis, but
not number of microvessels. Our findings were very similar
to that obtained reported in previous literatures [11, 12,
14]. Therefore, our study suggests that EI could be used
for noninvasive estimation of tumor angiogenesis in rectal
cancer.

TNM stage and histologic grade are important prognostic
factors in rectal cancer.With development of newmodalities,
additional prognostic indicator for more clinic information
may be provided. Some researchers explored the relationship
betweenDCE-MRI perfusion parameters and prognostic fac-
tors in rectal cancer, and results were not conclusive. Lollert
and Hong reported that DCE-MRI parameters correlated
significantly with theN category [31, 32]; Tuncbilek andHong
reported Erisewas correlatedwithN stage, and steepest slope,
maximal enhancement, and time to peakwere correlatedwith
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histologic grade, respectively [32, 33]. On the other hand,
Kim found no correlation between any dynamic contrast-
enhanced MRI perfusion parameters and TN stage [34].
In our study, enhanced intensity negatively correlated with
histologic grade (𝑟 = −0.295, 𝑃 = 0.007), and none of other
parameters correlated with TNM stage and histologic grade.
Some research also found significant correlation between
MVD and histologic grade of various type of tumors [35–
37], suggesting that increased MVD, signifying angiogenesis,
is accompanied with higher grade of tumor. Differences
in vascularization between well and poorly differentiated
tumors might reflect the stromal reaction, interaction of
the tumor cells with environments (matrix components,
enzymes, and growth factors), and a balance between pos-
itive and negative angiogenesis regulators. The process and
interaction between tumor cells, endothelial cells, and stroma
during tumor progression are very dynamic and determined
the tumor growth. At the later stages of tumor progression the
angiogenesis was stimulated and tumor cell presented with
more aggressive biological behavior. Poorly differentiated
tumor cells indicated rapid cell division and thus connote
a worse prognosis than well-differentiated tumors [38, 39].
A trend of negative association was seen between EI and T
stage. It may suggest that tumor perfusion differed with T
staging, but other confounding factors could also contribute
to T staging in addition to angiogenesis. The value of CEUS
perfusion parameters in indicating prognosis remains to be
further investigated.

5. Conclusion

In conclusion, enhanced intensity of contrast enhanced
endorectal ultrasonography provides noninvasive biomarker
of tumor angiogenesis in rectal cancer. CEUS data have the
potential to predict patient prognosis.

Study Limitations

Our study has some limitations. Firstly, the most enhanced
region within the tumor from ultrasonography images was
drawn as ROI, which might not be correspondent to the hot
spot in the histopathological analysis precisely. Secondly, the
record time of 60 seconds inCEUS examinationwas relatively
short to include later wash-out phase of perfusion. Thirdly,
we did not observe reoccurrence free survival and overall
survival rates with a long-term follow-up.
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Angiogenesis plays a vital part in the pathogenesis and treatment of cardiovascular disease and has become one of the hotspots that
are being discussed in the past decades. At present, the promising angiogenesis therapies are gene therapy and stem cell therapy.
Besides, a series of studies have shown that the ultrasound targeted microbubble destruction (UTMD) was a novel gene delivery
system, due to its advantages of noninvasiveness, low immunogenicity and toxicity, repeatability and temporal and spatial target
specificity; UTMD has also been used for angiogenesis therapy of cardiovascular disease. In this review, we mainly discuss the
combination of UTMD and gene therapy or stem cell therapy which is applied in angiogenesis therapy in recent researches, and
outline the future challenges and good prospects of these approaches.

1. Introduction

Angiogenesis is a complex blood vessel formation process,
involving a variety of angiogenic growth factors synergistic
effect. Angiogenesis is divided into two types (physiological
and pathological), and the latter always leads to many
diseases, such as cardiovascular disease, tumor, and inflam-
mation. Therapeutic angiogenesis, which can improve blood
flow, revascularization, and myocardial function, has proved
to be one of the most promising therapies for cardiovascular
disease. Furthermore, therapeutic angiogenesis has been
mainly used for the treatment of ischemic diseases (such
as ischemic heart disease). Owing to the disadvantage of
invasiveness, limited drug diffusion or lack of selectivity
towards targeted tissues, previous drug, or surgical treatment
cannot meet the demands of patients and doctors any longer.
At the moment, an emerging technique, UTMD, has been
proposed for a noninvasive and targeting specific approach
in angiogenesis therapy of cardiovascular disease. UTMD
refers to that microbubble is exposed to ultrasound (US); on

a certain condition, it will be gradually or suddenly activated
and/or collapsed. It maybe creates a series of biological
effects, including local tissue damage, transient membrane
permeability improvement, and extravasation, which are
going to facilitate the targeted genes or drugs entering into
the tissue or cell of interest [1–4]. UTMD technique has an
advantage over other gene delivery methods, mainly reflect-
ing in (1) high safety (being low toxicity and immunogenicity
compared with viral vectors and getting rid of threatening
ionizing radiation), (2) high cost effectiveness and broad
availability (compared with other imaging modalities, a high
cost effectiveness makes it more acceptable to be used in
clinical application), (3) noninvasiveness and repeatability
(microbubbles being always administered intravascularly
which makes it possible for repeated applications), and
(4) high tissue specificity [5, 6] (drugs or targeted genes
being selectively delivered to the only region of interest,
rather than nontargeted position). In a word, there are so
many advantages that make UTMD a good alternative in
angiogenesis therapy of cardiovascular disease.
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2. The Proposed Mechanism of UTMD

UTMD stands for a technique that molecular bioactive
substance or therapeutic gene, injected or incorporated into
microbubble in blood circulation, can be eventually released
into the targeted tissue or organ under the action of ultra-
sound. The biological effects produced by ultrasound are
used to facilitate gene transfection into targeted tissues or
cells; thus, the purpose of targeted therapy is successfully
achieved [7].The commonly used microbubbles, being about
1–10 𝜇m in diameter, can smoothly go through the capillaries,
but cannot reach targeted tissue through endothelial gap.
Consequently, UTMDmediated gene therapy ismainly based
on the biological effects which were produced by the inter-
action among ultrasound, cell membrane, and endothelial
cells. Ultrasound can promote gene-loaded microbubbles
local accumulation in lesions, and the biological effects of
ultrasound can improve the permeability of the blood vessels
and cell membrane, promoting gene exosmosis to targeted
lesion and improving the therapeutic effect. These biological
effects mainly include the cavitation effect and sonoporation
effect. Cavitation effect refers to the cavitation nucleus that
is existing in the liquid, after ultrasound exposure, and can
produce the dynamic processes mainly including oscillation,
collapse, expansion, and contraction [8]. Microbubble can
be used as a kind of man-made cavitation nuclei. After
injection of microbubble, the concentration of cavitation
nucleus in the blood will be increased, which maybe reduces
the cavitation threshold, finally enhancing the ultrasonic
cavitation effect. Cavitation effect can be divided into instan-
taneous cavitation and steady-state cavitation. It is generally
believed that ultrasound cavitation effect is produced by
the following three different mechanisms [9], including (1)
producing transient pores on vascular endothelial cell surface
to promote macromolecular absorption into the cells; (2)
destroying the integrity of the vascular endothelium to make
large molecules transfer through the intercellular transfer;
and (3) stimulating cell endocytosis function to enhance
the intracellular delivery [10]. Sonoporation is described as
the phenomenon of forming temporary small holes on cell
membrane after ultrasound exposure, which can promote
the uptake of extracellular substance into the cell [11, 12].
Numerous studies have showed that sonoporation effect
was related to microstreaming, microjet, and shock wave,
especially the inertial cavitation, after ultrasound exposure.
Moreover, sonoporation has long been regarded as the main
mechanism of improving delivery efficiency and it is neces-
sary to optimize sonoporation protocols to obtain a higher
transfection rate [13]. In fact, the precise and underlying
mechanism of UTMD mediated gene transport in vivo has
not been very clear. However, based on what we have known
at present, UTMD can be well applied to angiogenic therapy.
With the aid of the proposed mechanism of UTMD (such
as cavitation effect and sonoporation effect), targeted genes
or stem cells can be delivered to ischemic myocardium to
promote angiogenesis and restore flow perfusion (Figure 1).
Along with the development of mechanism, UTMD technol-
ogy will play a more andmore important role in angiogenesis
therapy.

Probe

Gene Stem cells

Microbubble

Angiogenesis

Figure 1: Schematic illustration of UTMD inducing angiogenesis
therapy. With the aid of UTMD, targeted genes or stem cells can be
delivered to ischemic tissue or organ to promote angiogenesis and
increase flow perfusion.

3. Gene Therapy

With the rapid development ofmolecular biology techniques,
gene therapy is developing as a novel and promising angio-
genesis therapy. Among the researches of gene therapy for
cardiovascular diseases, the ischemic heart model is more
commonly used. Although the basic research on gene therapy
showed the tempting prospects, the results in most of the
clinical trial did not achieve the goal of effective treatments,
mainly due to the low gene transfection rate and lack of
safety [14]. For this reason, there is a great need for designing
a safe, efficient, and noninvasive gene delivery approach,
which has become a crucial problem to be solved in the gene
therapy research. Some researchers began to focus on the safe
and noninvasive ultrasound andmicrobubble. Microbubbles,
firstly only developed for clinical diagnostic applications,
are now well admitted as nonviral vectors for gene therapy
[15]. When they were exposed to ultrasound, microbubbles
could strengthen the cavitation effect and facilitate targeted
gene delivery [16]. To date, UTMD has been explored as an
innovative gene delivery strategy and attracted the attention
of many researchers [17]. During the last decade, many
efforts and studies have focused on exploring the feasibility
of UTMD in angiogenesis therapy and demonstrated that
UTMD was a safe and effective targeted transfection strategy
for angiogenesis therapy in myocardial ischemia and limb
ischemia animal models.The following research was a typical
example. In hind-limb ischemia mouse models, Chappell et
al. [18] prepared nanoparticles which associated with the
gene encoding fibroblast growth factor-2 and injected them
into the mouse adductor muscles in the presence of 1MHz
ultrasound. Two weeks later, they observed arteriolar caliber
and density were apparently improved in fibroblast growth
factor-2 treated group.
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3.1. Growth Factors Gene Therapy. There are an increasing
number of genes for therapeutic angiogenesis, although
what are commonly used are still proangiogenic growth
factors, mainly including vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), and angiogenin (Ang). Proangiogenic growth
factors, endogenous or exogenous, can markedly promote
angiogenesis with the aid of UTMD.

3.1.1. VEGF Gene Therapy. In mammal animals, the VEGF
family has five isoforms, includingVEGF-A,VEGF-B,VEGF-
C, VEGF-D, and placental growth factor [19]. VEGF is nec-
essary throughout the angiogenic process involving vascular
endothelial cell migration, infarct size improvement, and
apoptosis inhibition. Recent studies show that an increased
VEGF expression can promote angiogenic response, under
the mechanical effect of UTMD. Taken together, previous
studies showed that via increasing the expression of VEGF,
the gene therapy could significantly promote angiogenesis
and improve cardiac function after myocardial damage [20].
Kobulnik et al. [21] compared the VEGF

165
gene transfection

rate via two delivery methods, ultrasound mediated (UM)
of intravenous injection and intramuscular (IM) injection.
At 14, 17, 21 and 28 days and 8 weeks following iliac artery
ligation, microvascular blood volume (MBV) and microvas-
cular blood flow (MBF) and total transfection efficiency
were examined and measured to monitor and evaluate the
efficiency of therapeutic angiogenesis. Their results showed
that the UM delivery had an advantage over IM delivery in
improvement of MBV and MBF, in spite of a lower gene
transfection efficiency. This superiority may be related to a
wider diffusion and distribution of transgenewhichwasmore
beneficial to promoting angiogenesis (Figure 2).

Similarly, Leong-Poi et al. [22] conducted a study which
was associating ultrasound with microbubbles loaded plas-
mid DNA encoding the VEGF

165
in the setting of serious

peripheral arterial disease. The results showed that the
VEGF

165
/GFP-treated group could significantly enhance the

tissue blood perfusion as showed in contrast-enhanced ultra-
sound (CEU) imaging and remarkably enhance themicrovas-
cular density comparedwith control groups (Figure 3). In this
study, the recovery in skeletal muscle perfusion was highly
related to the increased noncapillary blood volume, with
perfusion peaking at 14 days after transfection. Therefore,
they also verified that the UTMD technique held great
promise in gene therapy for ischemic disease.

In an animal model of postcoronary artery ligation, Fujii
et al. [23] incubated perflutren lipidmicrobubbles with empty
plasmid, plasmid DNA encoding VEGF, stem cell factor
(SCF), or GFP. The formative mixture was intravenously
administered into the heart which was exposed to Acuson
sequoia C256 system (New York, Siemens Medical Solutions
Inc) under the ultrasound irradiation (8MHz, 1.6mechanical
index, 20min irradiation time, and 500ms time interval).
Two weeks later, they found that GFP was expressed in the
infarcted heart, meaning the success of gene transfection.
Additionally, vascular density, left ventricular myocardial
perfusion, and myocardial function were both observably
improved compared with the control group, due to a much

higher expression of VEGF and SCF (Figure 4). In con-
sequence, it is hypothesized that the UTMD provides an
effective and noninvasivemethod for delivering targeted gene
after myocardial infarction.

3.1.2. FGF Gene Therapy. Asahara et al. [24] were first to
demonstrate that FGF gene could facilitate angiogenesis and
enhance tissue blood perfusion in a rabbit model of limb
ischemia.Themajor and typical FGF family members, FGF-1
(also called aFGF) and FGF-2 (also called bFGF), are themost
commonly used in research. Negishi and his colleagues [25]
have delivered the bFGF plasmid DNA and bubble liposomes
(BL) into the adductor muscle of the hind-limb ischemia
model in the presence of a low intensity of ultrasound expo-
sure. Compared to other treatment groups, a highly efficient
gene transfection, the increase of capillary vessels, and quick
recovery of the blood flow were observed in the BL with US
exposure treatment groups. In this study, UTMD technique
was proved to be an effective, noninvasive, and nonviral
method in angiogenesis therapy of various ischemic diseases
(such as ischemic heart disease). Based on that intramuscular
injection could make gene transfection colocalize in the
region of the administration site in the previous studies,
subsequently, they expanded the previous study for a further
step. Therefore, with the aid of US, plasmid DNA, and BLs
were systemically administrated into hind-limb ischemia area
in the experiment. They found that this method could obtain
a more effective and efficient gene transfection and was
more suitable for gene therapy of ischemic diseases (such
as myocardial infarction) [26]. In a rat model of ischemic
myocardium, Zhao et al. [27] elucidated the feasibility of
targeting delivery of heparin modified microbubbles (HMB)
carrying aFGF into ischemic myocardium with the help of
UTMD technique. A remarkably promotion of myocardial
vessel neogenesis, which was proved byM-mode echocardio-
graphy, contributed to remarkable enhancement of regional
and global cardiac functions. As shown in hematoxylin
and eosin staining of acute myocardial infarction, ischemic
myocardium was significantly improved in aFGF-HMB +
US treatment group, being consistent with cardiac function
results. This study suggested that cavitation induced by
ultrasound and HMB could accelerate FGF gene therapy of
ischemic myocardium.

3.1.3. HGF Gene Therapy. Previous studies have shown that
HGF played an important part in cell growth and motility
and angiogenesis process. Therefore, it may be a better
candidate gene for angiogenesis therapy [28]. In a rabbit
ischemia model, HGF gene therapy has been firstly proven to
effectively promote gene transfection, with the help ofUTMD
[29]. In 2011 [30] and 2012 [31], Yuan et al. demonstrated
that the combinations of an angiogenic gene and UTMD
technique could enhance the expression efficiency of the
delivered gene. As a consequence, it was identified as a useful
angiogenic gene therapy of ischemic heart disease. Along the
same line, they had a deeper and further research. In the
experiment, they tested the therapeutic effect of combining
UTMD with plasmid DNA encoding the HGF in treatment
of myocardial infarction. They found that HGF + MB + US
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(a) (b) (c)

(d) (e) (f)

Figure 2: Representative immunofluorescent staining of IM-therapy ((a)–(c)) and UM-therapy ((d)–(f)) ischemic hind-limb muscle, at 17
days following iliac artery ligation, CD31 staining (red); TO-PRO-3-nuclei staining (blue); colocalization of GFP and red CD31 staining
(yellow). Within IM-therapy groups: (a) areas without discernable GFP signal (yellow arrows), (b) regions with strong GFP signal (white
arrows), and (c) arterioles with little GFP signal (red arrows). In comparison, in UM-therapy groups, a wider diffuse of GFP signal was
distributed in (d) both capillaries endothelial (yellow arrows), (e) the adjacent areas (white arrows), and (f) small- to medium-sized arterioles
(red arrows). Scale bar = 50𝜇m. Adapted from [21].

PI 1 s PI 3 s PI 5 s PI 10 s PI 20 s

Cont

GFP
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Figure 3: CEU perfusion images of ischemic skeletal muscle were performed at 4 weeks after ligation, showing the corresponding pulsing
intervals (PI) versus signal intensity from the animals in the 3 treatment groups. There was a stronger and faster contrast enhancement in
VEGF treatment group. Adapted from [22].

treatment group could significantly reduce the infarct size
and left ventricle weight, along with augmenting microvessel
density, which was consistent with their previous research
results [32]. In addition, Zhou et al. [33] have reported that
after the UTMD-induced gene delivery, the expression of
HGF gene was significantly improved while only a negligible
impact on cell viability was observed. At the same time, it
could also improve angiogenesis, blood flow, and fibrosis in

myocardial ischemia. Therefore, it was identified as a novel
and promising gene therapy of cardiovascular disease.

3.1.4. Ang Gene Therapy. Ang is one of much concern
cytokines that promote angiogenesis, with its familymembers
mainly including Ang1, Ang2, Ang3, and Ang4. Ang1 and its
receptor Tie2 are most widely studied and Ang1/Tie2 system
has an effect on angiogenesis in the late stage, predominantly
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Control VEGF SCF
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Figure 4: Representative images obtained by myocardial contrast echocardiography performed before (D0) and 14 days (D14) after UTMD
mediated empty plasmid (in control group), VEGF, or SCF gene transfection in coronary artery ligationmice. Compared to the control group,
blood flow volume was greatly improved in both VEGF and SCF treatment groups. Adapted from [23].

accelerating endothelial cell migration and maintaining his
survival. Previous studies have proved that UTMD can
significantly improve transfection efficiency of Ang-1 gene
both in vitro and in vivo, suggesting that this transfection
strategy can be used for angiogenic therapy. Furthermore,
in order to enhance the hAng-1 gene transfection efficiency,
Zhou et al. [34] explored and tested some transfection
parameters (such as FBS, the cell suspension, and adherent
mode), no longer limited to ultrasound irradiation parame-
ters in previous studies. The obtained optimized transfection
parameters lay the foundation of future research of UTMD
assisted angiogenic gene therapy of cardiovascular disease.
Meanwhile, they pointed out that we should not blindly
pursue themaximal gene transfection rate, while ignoring the
cell or tissue damage.

3.2. Other Gene Therapies. Except for common angiogenic
growth factors, an increasing amount of genes have been
studied the potentiality for treatment of cardiovascular dis-
ease. Taking the protein kinase Akt as an example; previous
studies have showed that Akt could protect heart from
damage and restore cardiac function.Therefore, Akt also was
regarded as a therapeutic target for gene therapy of cardiovas-
cular disease. Taking into consideration the low transfection
rate of the commercially available Definity microbubble; Sun
et al. [35] used a cationic microbubble, which has the ability
to bear more plasmid DNA, to transfer the Akt targeted
gene to the animal model of ischemic myocardium. The
measured data showed that the combination of UTMD and
Akt therapeutic gene had a bright future in angiogenesis
therapy. Moreover, Li et al. [36] also tested the feasibility and
safety of exogenous Akt1 gene delivery under the condition

of UTMD in the myocardium of new-born gender rats.
When several ultrasound parameters were simultaneously
optimized, it was possible to improve the efficiency of gene
transfection and only produce a minor side reaction. Their
study suggested the method of UTMD-assisted exogenous
Akt1 gene transfection had a chance to be applied to gene
therapy of cardiovascular disease.

Additionally, previous study indicated that thymosin beta
4 (TB4) played an important role in facilitating cardiac
neovascularization, promoting cell proliferation and differ-
entiation, and maintaining myocardial function following
the adult heart ischemic damage [37]. In order to avoid
other nontargeted organs affected and obtain a higher and
longer targeted gene transfection, Chen et al. [38] combined
the piggybac transposon-mediated gene-delivery systemwith
UTMD technique in an experimental study. In their study,
they systemically administrated exogenous TB4 gene and
then dealt with them under the UTMD. Results showed
that adult resident cardiac progenitor cells were induced
to proliferate and form three major cardiac lineages. In
addition, the treatment groups could dramatically augment
coronary artery and capillary density, indicating generating
angiogenesis and arteriogenesis (Figure 5). Based on the
above results, it is considered as that the therapeutic method
could be used for angiogenesis therapy.

3.3. Multigene Therapy. Angiogenesis is a complex blood
vessel formation process, involving a variety of angiogenic
growth factors synergistic effect, and it finally comes into
being mature vascular beds. Successful therapeutic angio-
genesis should be able to enhance their treatment effects as
well as alleviate the undesirable impact by complementary
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Figure 5: Representative microscopic images of angiogenesis after UTMD mediated TB4 treatment (scale bar = 150mm). ((a)–(c)) The top
panels are stained antibodies against smooth muscle a-actin (SMaA) (red) and nucleus (blue). Groups from left to right are, respectively,
normal control, DsRed control, and UTMD-TB4 treated. An increase in SMaA was observed in the UTMD-TB4 treatment group, being
consistent with coronary arteriogenesis response. ((d)–(f)) The middle panels are similar except the antibody is against CD31. Adapted from
[38].

effects of several angiogenic growth factors. Some researches
on combinations of several growth factors have been explored
in animal models of coronary artery disease and peripheral
arterial disease. With the aid of viral vectors, a combination
gene therapy of VEGF early and Angiopoietin-1 (Ang-1)
has been demonstrated that it could promote angiogenesis,
facilitate cardiomyocyte proliferation, and decrease apoptosis
and ventricular remodeling [39, 40]. Smith et al. [41] designed
a similar experiment with the aid of UTMD. In a rat
model of chronic hind-limb ischemia, delivering VEGF early
and Ang-1 5min later was performed under the UTMD.
VEGF with Ang-1 late delivery groups could increase and/or
sustain vessel density, blood flow, and flow reserve, along
with enhancing pericyte coverage at 8 weeks after ligation
(Figure 6). They also came up with that it was of great
importance to imitate the timeline of endogenous gene
expression in order to promote angiogenesis.

3.4. Assessment of the Efficacy of GeneTherapy. Gene therapy
of angiogenesis has turned out to be a promising method in
preclinical studies; however, the therapeutic effect in clinical
trials has not reached the target that was expected initially.
Therefore, it is necessary to exploit new means to monitor
and evaluate the efficacy of gene therapy of angiogenesis.
For example, CEU and targeted microbubbles was one of the
approaches. What is important, the noninvasive technique
not only can detect the safety of some novel therapeutic
methods before they get into clinical application, but also can
evaluate the treatment effect and guide the next step therapy.
The feasibility of this approach was firstly demonstrated

by Leong-Poi et al. [42]. In a model of chronic hind-limb
ischemia rat, the treated group was injected FGF-2 via
intramuscular after iliac artery ligation. They observed and
assessed blood flow (by CEU perfusion imaging) and oxygen
tension (by phosphor quenching) at 0, 4, 7, 14, or 28 days after
ligation. They observed that the signal generated by Integrin
𝛼V𝛽3-targeted microbubble was markedly augmented at 4
days after ligation in FGF-2 treated group, coinciding with
a greater angiogenic response (Figure 7). Therefore, they
draw a conclusion that CEU and targeted microbubbles
could assess gene therapy of angiogenesis. Meanwhile, CEU
imaging can provide more information about the patho-
physiology of angiogenesis, and it will greatly promote the
development of angiogenesis therapy. Therefore, we should
take full advantage of this technique in the future, not only in
the preclinical but also in clinical trials.

4. Stem Cell-Based Therapies

Stem cells have been proved an alternative angiogenesis ther-
apy approach of cardiovascular diseases (such as peripheral
vascular disease and myocardial infarction disease). Bone
marrow cell (BMC) is a typical example. In a systematic
review, the treatment effect of migrated adult BMC was
critically evaluated by meta-analysis, after follow-up of the
patients who suffered from ischemic heart disease. It came to
a conclusion that the therapeutic benefits were considerable
and positive, and this therapeutic method has a prospect
on ischemic heart disease [43]. However, the low trans-
plantation efficiency and poor survivability of migrated cells
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Figure 6: Representative images of pericyte coverage from nonischemic and schematic adductor muscle in respective therapy group at 8
weeks after ligation, von willebrand factor (vWF)-endothelial cells (red), and TOPRO-3-nuclei (blue). (a) NG2-pericyte coverage, (green).
Scale bar = 100𝜇m. (b) Platelet-derived growth factor receptor (PDGFR)-beta-pericyte coverage, (green). Scale bar = 20𝜇m, colocalization
of vWF and either NG2 or PDGFR-beta (yellow). There were the greatest pericytes expressing NG-2 (a) and PDGFR-beta (b) in VEGF +
Ang-1 late groups. Adapted from [41].

were the major limiting factors in the development and
application of stem cell-based therapy [44]. Hence, it is very
necessary to improve the poor engraftment rate. Currently,
ultrasound and microbubble can also be regarded as a
novel and promising gene delivery methods for facilitating
drug, gene, and stem cells targeted transportation [45].
Due to spatially and temporally targeting tissues, noninva-
sive UTMD technology can make sure that stem cell can
be selectively delivered into area of interest. Studies have
proved the combination of UTMD and stem cell treatment
could strengthen the efficacy of transplantation and was a
promising method in angiogenesis therapy of cardiovascular

disease. In a rat model of ischemic hind-limb, Imada et
al. [46] demonstrated that the combination of UTMD and
bone marrow mononuclear cells (BMMNCs) method could
facilitate angiogenesis and arteriogenesis response. They
observed that BMMNCs were transplanted and attached
to the endothelium via electron microscopy. In addition,
as showed in angiography, newly formed collateral vessels
were obviously enhanced in Bubble + US + BMMNC i.v.
group, on postoperative day 28 (Figure 8). Therefore, the
method of combination of UTMD and BMMNCs maybe
has potential applications in myocardial infarction disease
treatment.
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Control FGF-2

Day 0

Day 4

Figure 7: Representative color-coded CEU images reflecting retention fraction of Integrin 𝛼V𝛽3-targeted microbubbles in control and
ischemic proximal hind-limb adductor muscles from untreated and FGF-2-treated rats after ligation (Day 0) and at day 4 after ligation (Day
4). Color scales appear at bottom. Adapted from [42].

Control Bubble +US +BMMNC i.v. BMMNC i.m.

Bubble +US BMMNC i.v.

Figure 8: Compared with the BMMNC i.v. Group, the collateral vessel formation in the Bubble + US + BMMNC i.v. and BMMNC i.m.
Groups were very obvious, respectively, enhancing 4.2 ± 0.2-fold and 4.3 ± 0.2-fold; the Bubble + US Group was 1.8 ± 0.1-fold, being much
less than Bubble + US + BMMNC i.v. Group; Control Group was an equal degree. Adapted from [46].

While they are applied to imaging, microbubbles also
can be used as a nonviral vector for inducing stem cell
homing [47]. The mechanism of UTMD in promoting stem
cell transplantation is possible to be related to sonoporation.
The mechanical effect of UTMD could improve myocar-
dial permeability to markedly enhance mesenchymal stem

cells (MSC) transplantation to the ischemic myocardium.
In addition, with the aid of UTMD, the damaged heart or
blood vessels can be stimulated to secrete many kinds of
cytokines (such as VCAM-1). Finally, it can accelerate stem
cells or progenitor cells attachment and homing, promote
angiogenesis, and repair the damaged heart cells [47]. The
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Control SDF-1 EPC SDF-1+EPC

Figure 9: At 2weeks after iliac artery ligation, all groupswere performed onCEU.Above color-codedCEUperfusion images showed ischemic
hind-limb muscle blood flow, indicating CEU signal from microbubbles was strongest for combination of SDF-1 and EPC-treated ischemic
muscle. Adapted from [50].

Table 1: Summary of experimental studies of UTMDmediated stem cell therapy of angiogenesis.

Author Candidate
stem cell Animal model Main finds and results

Tong et al. [57] BMSCs Myocardial infarction (rat)
have no effect on the proliferation or apoptosis of MSCs; more efficiently
migrate MSCs; a much higher expression of CXCR4, SDF-1 and VEGF;
markedly improve the cardiac function and capillary density

Ling et al. [58] MSCs Myocardial infarction
(mongrel dogs)

markedly improve myocardial perfusion; significantly improve heart
function and the wall motion score index; markedly enhance MSC
transplantation

Xu et al. [47] MSC Myocardial infarction (New
Zealand rabbits)

markedly improve the cardiac function; much more capillaries; increase the
expression of adhesion molecule and VEGF; enhance the myocardial
permeability of microvessel; significantly decrease the area of cardiac
fibrosis

Song et al. [59] BMSC Myocardial infarction
(rabbits)

improve the efficacy of cardiac cell therapy; improve cardiac function in
infarcted heart; strengthen the collateral circulation

Kuliszewski et al. [50] EPC Chronic hind-limb
ischemia (rats)

targeted delivery to the vascular endothelium; greater local engraftment of
EPCs; the most obvious improvement in tissue perfusion and capillary
density

Ghanem et al. [60] MSC
After acute myocardial
infarction (female wistar

rats)

enhance endothelial cell targeting adhesion; augment myocardial
engraftment of MSCs

Zhong et al. [61] MSC Ischemic myocardium
(mongrel dogs)

a much higher expression of various cytokines; provoke inflammatory
response and minor myocardial injure; markedly enhance MSCs
transplantation to the ischemic myocardium.

nMesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), and bone marrow mesenchymal stem cells (BMSCs).

recent researches of the combination of commonly used stem
cells and UTMD in therapeutic angiogenesis are showed in
the Table 1.

5. Genetically Modified Stem Cell Therapy

Stem cell therapy is identified as a promising and useful
treatment method for regenerative medicine. However, the
limited proliferation and poor survivability of migrated cells
impede their development and application. Recent literatures
have reported that geneticmodification of stem cellsmethods
could enhance the therapy efficacy in cardiovascular disease.
Meanwhile, it came to a conclusion that the stem cell-based
gene therapy could overcome the weakness of each other
and make both better by complementary of two methods
[48]. In previous studies, microbubbles usually served as
a nonviral vector to deliver drugs or genes into targeted
tissues and cells. Recently, microbubbles have begun to be
applied to inducing stem cell-based gene therapy. Otani et
al. [49] have reported that UTMD could markedly increase

the efficiency of delivering migrated stem cells (MSC and
adipose tissue-derived stromal cells) which were genetically
modified by small interfering RNA. Despite that this new
method maybe produces cell damage, it is better than a
viral technique-assistance in the past. Therefore, they came
to a conclusion that the novel method had therapeutic
potential for cardiovascular diseases in the future. Based
on their previous research results, Kuliszewski et al. [50]
hypothesized that UTMD in combination with stromal cell-
derived factor-1 (SDF-1) had the ability to promote the
homing and recruitment of delivered EPCs into chronically
ischemic tissue, which proved neovascularization response.
In a rat model of hind-limb ischemia, they intravenously
administeredmicrobubbles bearing SDF-1 plasmid DNA and
exogenous EPCs into the ischemic tissue with the aid of
UTMD. At 14 days after delivery, blood perfusion and vas-
cular density in chronically ischemic area were significantly
enhanced in the combination of SDF-1 and EPCs treatment
group (Figure 9).
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6. Summary and Prospect

Overall, UTMDmediated gene therapy and stem cell therapy
have emerged as novel methods to enhance angiogenesis. So
as to get the best curative effect based on UTMD, future
studies should go on to explore the UTMD technique to
both obtainmaximal transfection efficiency andminimal side
effect. Here are some questions that are worthy of attention
and further research.

6.1. Security. Ultrasound was applied into medical treatment
since 1930s. Later, the safety of ultrasound in therapeutic
application has been also a problem worthy of concern and
a complicated research at the same time. A large number
of works have reported that the application of ultrasound
and microbubbles could cause adverse bioeffects (such as
a negative chronotropic effect [51] and renal tissue damage
[52]). Most of the current studies of UTMD technology
are only in the preclinical stage (either in vitro or in small
animalmodels), and there is stillmuch room for development
in the future. Taking into account the security concerns,
future research should focus on large animals to continue to
repeatedly identify the possible human adverse events before
clinical trials begin.

6.2. Transfection Efficiency. In the previous research, some
investigators have demonstrated that UTMD technique
appears to be feasible as a noninvasive and effective approach
for angiogenesis therapy. However, there are still many
influential factors that limit its application in the clinical
treatment. Transfection efficiency is one of very important
factors. At present, many researchers have studied the trans-
fection parameters (such as microbubble concentration and
composition, the ultrasonic intensity, duty cycle, plasmid
DNA concentration, and DNA phosphate ratio) which can
dramatically affect the transfection efficiency [34, 53, 54].
And they found that a higher transfection efficiency and
a lower cell death could be simultaneously obtained by
means of optimizing parameters [55]. Numerous studies have
proved that microbubbles could increase the gene transfec-
tion efficiency [54, 56]. When microbubbles were exposed
to ultrasound irradiation, it would produce a temporary
increase of cell membrane permeability, thus promoting
gene transfection into the target tissue. However, if the
microbubbles concentration is too high or too low, it will
be unfavorable for gene transfection. Only under a moderate
microbubbles concentration, can be achieved a higher gene
transfection, not causing serious cell or tissue damage at the
same time. In the future, it is of necessity to explore and build
novel microbubbles which will be more beneficial to improve
gene transfection.

In the process of UTMD induced gene transfection, with
the transfection rate increasing, it is likely to result in a
decreased cell viability. For this reason, we should choose the
appropriate level of ultrasonic radiation intensity, exposure
time, and concentration ofmicrobubbles in future researches.
Under such conditions, it is possible to achieve a higher
transfection efficiency, as well as ensure a lower cell or tissue
damage. There are still many deficiencies in the current

research work. What needs to be done in the future is to
continue to systematically study and explore the optimization
of transfection parameters, laying the theoretical foundation
for more effective gene therapy.

Moreover, it is necessary to promote collaboration
between UTMD technology and other transfection methods.
Believing that with further collaboration among stem cell
transplant experts, ultrasound engineers, and cardiovascular
biologists, there will be developingmore innovative andmore
mature methods for angiogenesis therapy of cardiovascular
disease.
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Aim. To explore acoustic radiation force impulse (ARFI) elastography in assessing residual tumors of hepatocellular carcinoma
(HCC) after radiofrequency ablation (RFA).Materials andMethods.Therewere 83HCC lesions among 72 patients. All patients were
examined with ARFI, contrast enhanced ultrasound (CEUS), and CT or MRI. Tumor brightness on virtual touch tissue imaging
(VTI) and shear wave velocity (SWV) were assessed before and approximately one month after RFA. Results.There were 14 residual
tumors after RFA. VTI showed that all the tumors were darker after RFA. VTI was not able to distinguish the ablated lesions and the
residual tumors. 13 residual tumor lesions were detected by CEUS. All completely ablated nodules had SWVdemonstration of x.xx.,
while with those residual nodules, 6 tumors had x.xx measurement and 8 tumors had measurable SWV. nine lesions with residual
tumors occurred in cirrhosis subjects and 5 lesions with residual tumors occurred in fibrosis subjects; there was no residual tumor
in the normal liver subjects. Conclusion. VTI technique cannot demonstrate residual tumor post RFA. While SWV measurement
of less than x.xx is likely associated with residual tumors, measurement of less than x.xx cannot exclude residual tumors. Liver
cirrhosis is associated with decreased chance of a complete ablation.

1. Introduction

Primary hepatocellular carcinoma (HCC) is one of the
most commonmalignancies. Although surgery demonstrates
highest possibility for curing HCC, only 20–30% patients
have opportunities of surgical treatment because HCC often
occurs on the basis of hepatitis and liver cirrhosis and
presents with multifocal lesion [1–3]. Recently radiofre-
quency ablation (RFA) is developed as one of the popular
techniques for tumor ablation [2]. Using resistive ionic
heating through electrodes, it can lead to coagulation necro-
sis of tumor. This technique is commonly used clinically

because it is highly effective, minimally invasive, and requires
fewer sessions [2]. Several randomized clinical trials have
also confirmed that for small HCC, treatment efficacy of
thermal ablation is comparable to that of surgical resection
[3–5]. However, after RFA residual tumor may still exist
[2]. The evaluation of treatment efficacy after percutaneous
ablation therapy for HCC is essential for the determination
of subsequent treatment and follow-up strategy. Dynamic
contrast-enhanced CT and MRI are the standard techniques
to evaluate the clinical effectiveness of RFA [6, 7]. Contrast-
enhanced Ultrasound (CEUS) is also used to evaluate treat-
ment efficacy after ablation therapy. The agreement between
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CEUS and contrast-enhanced CT, as well as MRI, has been
reported to be good [8].

Acoustic radiation force impulse (ARFI) imaging is a
new ultrasound-based diagnostic technique that, evaluating
the wave propagation speed, allows the assessment of tissue
stiffness [9]. ARFI does not need external compression
so the operator dependency is reduced. By short-duration
acoustic radiation forces (less than 1ms), ARFI generates
localized displacements in a selected region of interest (ROI)
identified on a conventional B-mode image. Depending on
the interactions with the transducer, the generated wave scan
provides qualitative (imaging) or quantitative (wave velocity
values, measured in m/s) responses, by virtual touch tissue
imaging (VTI) and virtual touch tissue quantification (VTQ)
techniques, respectively (Siemens, Erlangen, Germany) [9].
VTI image is based on the degree of lightness and darkness
in the regions of interest for different tissue elasticity coded
display of hardness, with the more light color indicating the
more soft tissue, the darker color the more hard tissue. VTQ
is based on the conventional two-dimensional sonogram
with a longitudinal wave emitted by the probe, resulting in
a horizontal elastic shear wave propagation in tissue and
detect the shear wave velocity to provide information on
tissue stiffness, with themore hard tissue showing faster shear
wave velocity. There are a number of studies using ARFI in
differentiating cancer from benign disease [9–12]. However,
few studies on using ARFI techniques to assess the outcome
of RFA treatment in liver carcinoma have been reported [13].
In this prospective study, we aimed to investigate whether
ARFI could be one alternative technique of CEUS to assess
RFA outcomes in HCC.

2. Materials and Methods

2.1. Patients. The prospective study was carried out during
May 2010 and December 2011. It was approved by the
local research ethics committee and informed consent was
obtained for each subjects. RFA was performed on 186
consecutive HCC patients; all of them had histopathological
confirmation and did not have surgery indication or willing-
ness. Patients included in this study had a tumor diameter
equaling or less than 3 cm and the number of masses was
≤2. Exclusion criteria included: (1) patients could not hold
their breathing; (2) the distance between lesion and skin
greater than 8.0 cm; (3) lesions close to heart and big vessels
such as aorta and inferior vena cava; (4) lesions close to
dome of diaphragm (within a distance of approximately 5 cm)
and lesions obscured by gas in intestine. 83 HCC masses
in 72 patients satisfied the above inclusion and exclusion
criteria. Of these patients, 61 patients showed single HCC
mass, 8 patients had two HCC masses, and 3 patients had
one recurred HCC mass after RFA. HCC patients with
comorbidities of liver fibrosis (≤stage F3) due to hepatitis B or
C and liver cirrhosis (stage F4) accounted for 83.3% (60/72)
of the sample size.

2.2. Acoustic Radiation Force Impulse Method. The ultra-
sound systemwas Siemens Acuson S2000 with color Doppler
ultrasonography and 4C1 convex array probe operating at

the frequency of 2.0∼4.0MHz. This system was equipped
with ARFI imaging and contrast enhanced-imaging pulse
sequence. Conventional gray scale ultrasoundwas performed
to show the lesions before and after the RFA. VTI was
initiated with appropriate adjustments of sampling frame
size, until the ablation lesion and parts of the surrounding
liver parenchyma were covered. The lesion sites were divided
into three categories based on their brightness, being high-
echo (softer), iso-echo (similar echo-intensity as the sur-
rounding liver parenchyma), and low-echo (harder). After
VTI images acquisition and storage, VTQ technology was
initiated which involves the selection of an anatomic region
to be interrogated for elastic properties with the use of
an ROI cursor by placing a “measuring box” of 10mm
long and 5mm wide. The ROI was included entirely within
the lesion, excluding all vessels and biliary structures. The
shear waves were detected by sonographic detection pulses
and the numeric values of the shear wave velocity (SWV,
m/s) were calculated and displayed on the monitor. For
liver parenchyma and pre-RFA measurement lesion, seven
measurements were carried out on each lesion with sampling
frame distributed evenly in the lesion. The highest value and
lowest value were discarded; the average of the remaining 5
values was taken as the measurement for the lesion [14, 15].
For post-RFA measurement, at least 7 measurements were
attempted and the sampling frame evenly covered the tumor.
When measurements were out of the tolerable range of the
system for shear wave velocity calculation, the shear wave
velocity was displayed with “x.xx” [12, 13]. If the system
displays “x.xx m/s”, according to the literature, a value of
9m/s was used after the exclusion of cystic changes in the
lesion [12]. Our previous experiences suggest that any post-
RFAmeasurement with value lower than 9m/s would suggest
viable tissue, and therefore residue tumor [16].

2.3. Contrast-Enhanced Ultrasound. Ultrasound contrast
agent (SonoVue, Bracco, Italy) was a freeze-dried powder
formulation of sulfur hexafluoride phospholipid. Before
use, 5mL saline solution was mixed with the powder into
a homogeneous suspension by oscillation. 2.4mL of this
contrast agent was injected through the elbow superficial
vein by a rapid bolus followed by 5mL saline flush, then a
built-in timer started ultrasound scanning.With the entering
of CEUS status, acoustic output power, focus and gain were
adjusted, and the mechanical index was set to 0.05 using
a low mechanical index gray-scale continuous real-time
ultrasound scanning technology. Real-time continuous
observation of the lesion contrast perfusion and echo
intensity were carried out. If the arterial phase perfusion of
contrast agent was required again for the ablation assessment,
the second contrast injection was made 15min later than
the initial injection. Dynamic contrast-enhanced ultrasound
movies and single-frame still images were recorded and then
reviewed.

2.4. Contrast-Enhanced CT or MRI. Tissue surrounding the
RF ablated surrounding may have the short term inflam-
matory edema. Contrast-enhanced CT or MRI evaluation
of liver was performed approximately one month after the
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ablation so that inflammatory edema subdued (Figure 1).
Siemens Somatom Sensation 64-slice spiral CT or GE Signa
HD 1.5T magnetic resonance imaging system were used for
examinations.

2.5. Radiofrequency Ablation Treatment. Patients were
treated with RFA using the Cool-tip RF System (Radionics,
Burlington, Massachusetts, USA) with 0–200W of power
and 480 kHz of frequency, and at cold cycling and RF pulse
transmission mode. Ultrasound was performed to determine
the suitable puncture track, followed by local anesthesia
and RF electrode was advanced into the tumor interior. The
intended ablation area covers the entire tumor and extended
1.0 cm beyond the border. Treatment started after confirming
the correct location of the RF electrode. The treatment lasted
12min each time.

2.6. RAF Efficacy Evaluation. Conventional ultrasound,
ARFI, CEUS, contrast-enhanced CT, or MRI were read,
respectively, by one experienced sonographer and one radi-
ologist blinded to patient history, and the lesion size or
ablation size measurement was performed. Lesion ablation
measurement was performed at the same standard section
for conventional Bmode ultrasound, CEUS, enhanced CT, or
MRI. For residual lesion assessment, if both the interior and
peripheral parts of the primary tumor showed no enhance-
ment, the post-treatment results of “complete ablation” was
established. If radiologic evaluation showed the post-ablation
lesion had interior or rim enhancement at arterial phase with
portal phase subsiding, then the diagnosis of “partial residual
tumor” was established.

Statistical analysis was performed using software SPSS
(version 12.0 for Windows; SPSS, Chicago, Ill). Mann Whit-
ney𝑈 test was used for comparison between the groups. One-
way analysis of variance (ANOVA) and linear trend test was
used in comparing SWV and ablation size in liver cirrhosis,
liver fibrosis, and normal liver parenchyma subjects.

Reexamination of routine ultrasound, CEUS, ARFI, and
contrast-enhancedCTorMRIwas performed in about 20∼30
days after RFA (Figure 1). Enhanced CT or MRI manifesta-
tionswas regarded as reference standard for assessing residual
tumor after RFA. Biopsy was performed for residual tumors
when detected by post-RFA imaging.

3. Results

Prior to RFA procedure, on VTI images 25 tumors out of
83 (30.1%) were in the high-echo group, 17 tumors (20.5%)
fell into the iso-echo group, and 41 tumors (49.4%) were in
low-echo group. All tumors displayed low-echo after the RFA
(Figures 2 and 3). The lesion size was 2.39 ± 0.47mm with
B mode US measurement, while was 3.03 ± 0.53mm with
VTI measurement (𝑃 < 0.05). Lesion size measurement
from CEUS was 2.93 ± 0.51mm (𝑃 > 0.05 versus VTI
measurement). B mode measurement underestimated the
lesion area (Figure 3), while ARFI-VTI measurement had
good agreement with CEUS.

Among the 83 tumor lesions, after RFA there were
14 lesions had residual tumors detected by CT or MRI
(Table 1). VTI was not able to detect residual tumors. Out
of the 14 residual tumor lesions, 13 were detected by CEUS
(Figure 4), and CEUS missed one lesion with residual tumor.
CEUS reported two false positive residual tumors which was
negative on CT or MRI, and confirmed to be negative by
biopsy. Compared with those had completed ablation, the 14
tumors with residual nodule had no difference in lesion size,
both before and after RFA procedure, and also there was no
tumor SWV difference before RFA procedure (Table 2). All
the completely ablated nodules had a SWV demonstration of
x.xx. While with those residual nodules, 6 (42.9%) had x.xx
measurement, and 8 (57.1%) had measurable SWV (3.08 ±
0.59m/s).

When the 83 tumorswere divided into three groups based
on whether the patients had normal parenchyma (𝑛 = 12,
14.5%), liver fibrosis (𝑛 = 44, 53.0%), or liver cirrhosis
(𝑛 = 27, 35.5%), the liver parenchyma SWV showed a value
of 1.52 ± 0.412 (m/s), 2.13 ± 0.42 (m/s), 2.71 ± 0.44 (m/s),
respectively, representing a significant increasing trend (𝑃 <
0.05); while the ablation size showed a value of 4.17 ±
0.74 (cm), 4.16±0.60 (cm), and 4.07±0.50 (cm), respectively,
representing a significant decreasing trend (𝑃 < 0.05).
9 lesions with residual tumor occurred in liver cirrhosis
subjects (9/27, 33.3%), 5 lesions with residual tumor occurred
in liver fibrosis subjects (5/44, 11.4%), while there was no
residual tumor in the normal liver parenchyma subjects
(0/12).Therefore there was an increased possibility of residual
tumor associated with increasing liver parenchyma stiffness.

4. Discussion

Local therapies, especially percutaneous ablation therapies,
have gained increasing attention in treatment for liver cancer
because of their advantages such as mini-invasiveness, easy
manipulation, repeatability, and cost-effectiveness. RFA tech-
nique employs ultrasound, CT, or other imaging techniques
to guide an electrode needle to be inserted into the interior
of tumors, and it causes local lesions tissue temperature
to arise, resulting in localized tumor lesion hyperthermia
and coagulation necrosis [2]. Ultrasound-guided RFA is
particularly widespread for HCC treatment [11]. A potential
eradicative RFA should include the entire tumor plus a 5–
10mm peritumoral safety margin in an ideal sphere of necro-
sis, whereas an area of coagulation smaller than expected
may lead to local recurrence [17]. In clinical practice, many
factors (i.e., probe gauge, tip length, temperature achieved,
heating duration, heat-sink effect of nearby blood vessels, and
incomplete fusion of RFA lesions between prongs of expand-
able electrodes or surgical clips near the tumor) may alter
this ideal geometrical shape producing an irregularly sized,
distorted, or incomplete area of necrosis. It has been reported
that conventional RFA devices with a single electrode or
deployed electrode arrays with a thermal diameter of 3–4 cm
provide a complete ablation rate of more than 90% for small
tumors, but yield lower rates of 53–61% for medium-sized
tumors (diameter 3.1–5 cm) and 20–45% for larger tumors
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Figure 1: A flow diagram of the imaging and radiofrequency ablation (RFA) schedule.

(b)(a)

Figure 2: 2D conventional US (a) and virtual touch tissue imaging (VTI, b). Tumormass after RFA is remarkably darker (stiffer) than adjacent
hepatic parenchyma on VTI. The ablated size of VTI (34.8mm × 43.1mm) is larger than that of 2D conventional US (27.1mm × 38.7mm).

(>5 cm) [17]. To correctly judge the location and extent of
necrosis after RFA is a key evaluation for treatment effect, and
it is directly related to prognosis of the patient.

Enhanced CT and MRI are often used as the reference
diagnostic standard for post RF ablation efficacy evaluation.
Enhanced CT and MRI determine whether RFA ablated
completely the tumor or there are residual tumors based
on whether the tumor is enhanced, that is, to use whether
the contrast agent enters the tumor as a criterion. No
enhancement means that the ablation is complete, with the
pathological basis that when coagulation necrosis occurs
there is no blood supply to the tumor, and therefore without
contrast agent entering the tumor. By using ultrasound
contrast agents and contrast specific imaging techniques,
CEUS is able to depict the micro and macrocirculation in
the liver and the treated lesion, thus allowing assessment of
the treatment efficacy for HCC after percutaneous ablation
therapy in a similar fashion with CECT or CEMRI [10, 18–
21]. Different to CT or MRI contrast agents, ultrasound
contrast agents do not diffuse into the intercellular space,
and as such they reflect the blood supply of liver tumors
by observing blood microcirculation characteristics. CEUS,
similar to CECT or CEMRI, also follows the guideline of

the modified Response Evaluation Criteria in Solid Tumor
(mRECIST) [22]. In this guideline, viable HCC is defined
as uptake of contrast agent in the arterial phase of CEUS;
while complete response is defined as disappearance of any
intratumoral arterial enhancement in HCC lesions [22, 23].
Researches showed CEUS in the assessment of RF ablation of
liver cancer have the similar accuracy as contrast enhanced
CT or MRI [24, 25].

VTI and VTQ are used to obtain tissue elasticity image
and elasticity value, respectively. After RF ablation tissue stiff-
ness in the necrotic areas is different from the surrounding
normal tissues. By detecting the change of tissue hardness
ARFI is used to determine the extent of inactivation of
tumor. Among the 83 lesions, we carefully compared the 14
residual tumors with the 69 tumors had a complete ablation.
The VTI display was all black, that is, overall hardness of
the ablated zone being higher than the surrounding liver
parenchyma. As the previous report by Kwon et al. [13], all
the tumors appeared dark color after RFA treatment. This is
likely due to that the RF ablated site was comprised of hard
lesions that showed coagulative necrosis and fibrotic scarring
[13]. This study shows that VTI imaging could estimate the
tumor lesion area accurately, being consistent with the values
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(a) (b)

Figure 3: Virtual touch tissue quantification (VTQ) before (a) and after (b) RFA. Before RFA the shear wave velocity of this tumor is 1.32m/s,
while after RFA the shear wave velocity in the ablated area shows x.xx m/s (i.e. out of the range of the measurable values).

Table 1: ARFI measurements of 14 residual tumors.

Sex Age Comorbidity Tumor size∗ Tumor size∗ Tumor size∗ SWV∗∗ RFA size∗

B-mode VTI CEUS after RFA VTI
M 62 Cirrhosis 2.72 2.89 2.81 x.xx 3.78
M 72 Fibrosis 1.91 2.22 2 x.xx 3.3
M 50 Fibrosis 2.22 2.51 2.5 3.15 3.14
M 72 Cirrhosis 1.58 3.02 2.82 3.97 3.66
M 55 Cirrhosis 2.5 3.52 3.33 3.78 4.24
F 74 Fibrosis 1.98 3 3 2.57 3.63
M 64 Cirrhosis 2.31 3 3 x.xx 3.7
M 73 Fibrosis 2.6 3.13 3 3.12 4.12
M 65 Cirrhosis 3 3.82 3.71 2.47 4.58
F 71 Fibrosis 3 3.61 3.46 2.38 4.26
M 60 Cirrhosis 1.72 2 2 3.21 3.69
M 61 Cirrhosis 2.38 2.92 2.87 x.xx 4.51
M 59 Cirrhosis 3 3.65 3.54 x.xx 4.23
F 54 Cirrhosis 2.6 3.14 3 x.xx 4.6
M: male; F: female; ARFI: acoustic radiation force impulse; HCC: hepatocellular carcinoma; SWV: shear wave velocity; RFA: radiofrequency ablation; VTI:
virtual touch tissue imaging; ∗unit in cm; ∗∗unit in m/sec.

(a) (b)

Figure 4: (a): Virtual touch tissue quantification (VTQ) in a HCC residual tumor area (arrow) after RFA with a shear wave velocity of
2.82m/s. (b): CEUS image of the same residual tumor. Left part of lesion with residual tumor (arrow) shows enhancement after contrast
injectionwhereas contrast perfusion cannot be observed in the completely ablated area.The border between residual tumor area and complete
ablation area can be displayed clearly by CEUS.
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Table 2: The ARFI results comparison between the 14 residual tumors and 69 complete ablated sites.

𝑛
VTI before RFA VTI after RFA Tumors site before RFA Liver parenchyma tissue

size (cm) size (cm) SWV (m/s) SWV (m/s)
Completely ablated tumors 69 2.93 ± 0.56

§
4.19 ± 0.63

§
2.45 ± 0.54

§
2.01 ± 0.55

∗

Lesions with residual tumor 14 3.03 ± 0.53
§

3.91 ± 0.46
§

2.31 ± 0.57
§

2.65 ± 0.45
∗

§Indicates no significant difference between the two groups (𝑃 > 0.05).
∗Indicates significant difference between the two groups (𝑃 < 0.05).

from CEUS, and show a larger measurement than those
obtained from the conventional B mode ultrasound. It has
been previously reported that CEUS shows larger HCC size
than conventional US measurement [26].

Our study suggested VTI could not distinguish between
tumor residuals and complete ablation.This is consistent with
results reported by Fahey et al. [27]. Kwon et al. [13] reported
completely ablated lesion had VTQ value of x.xx. The 62/83
(74.7%) completely ablated lesions in our study agreed with
Kwon et al’s report, all showing x.xx measurement. With
the 14 residual tumor lesions, 6 residual lesions also had a
VTQ value of x.xx, another 8 lesions demonstrated measur-
able values. It is possible that the measurable SWV value
may be partially due to the sampling frame of ROI being
relatively large and may sample both residual tumor and
necrotic tissues. Our results suggest that a post-RFA VTQ of
measurable elasticity values indicates residual tumors, while
a x.xx measurement cannot guarantee a complete ablation.

Our study demonstrated that liver cirrhosis was associ-
ated with decreased chance of a complete ablation of HCC.
With the normal liver parenchyma, liver fibrosis, or cirrhosis,
the ablation sizes were 4.17 ± 0.74 (cm), 4.16 ± 0.60 (cm),
and 4.07 ± 0.50 (cm), respectively, representing a significant
decreasing trend. 9 residual tumors occurred in liver cirrhosis
subjects (9/27, 33.3%), 5 residual tumors occurred in liver
fibrosis subjects (5/44, 11.4%), while there was no residual
tumor in the normal liver parenchyma subjects (0/12). In
a recent study by Kang et al. [17], the correlation between
RFA extent and hepatic parenchymal SWV was evaluated.
It was shown that a highly significant negative correlation
between parenchymal mean SWV and RFA extent. The
results showed the higher the parenchymal SWV, which
indicates hepatic fibrosis, the smaller the RFA extent, which
indicates decreasing RFA efficacy.Therefore the parenchymal
SWV measured by ARFI is an important parameter in the
prediction of RFA treatment extent. Kang et al. suggested if
the peritumoral SWV is higher than the cut-off value 2.41,
multiple session of RFA may be needed to ablate the tumor
with free safe margin [17].

There are a number of limitations for the current study.
The major weak point of this study is that the measured stiff-
ness on ARFI imaging was not correlated with real stiffness
determined by histopathological examination. Patients with
limitations of ARFI applicationwere excluded from the study,
such as those tumors located too deep (>8 cm). Additionally,
we did not link the ARFI or CEUS results to the survival
data. Out of the 14 residual tumor lesions, CEUS missed one
lesion with residual tumor and reported two false positive
residual tumors. These results suggested CEUS was slightly

inferior in assessing residual tumor after RFA than contrast
enhanced CT/MRI. This result has been recently reported by
Zheng et al. [18]. Hyperenhancement in the arterial phase of
CEUS lasts only few seconds so CEUS has no enough time
to scrutinize the whole lesion. As a consequence, CEUS may
miss some residual tumor tissue that declines from hyper to
iso or hypoenhancement [18].

In conclusion, our study suggested that while VTI tech-
nique shows accurate lesion size estimation, it cannot reliably
demonstrate residual tumors post RFA. All fully ablated
tumors have VTQ measurement of x.xx, but VTQ results
of x.xx in the ablated lesion cannot exclude residual tumor.
ARFI cannot replace CEUS or CT/MRI for residual tumor
assessment. Our study further confirms liver cirrhosis is
associated with decreased RFA efficacy for HCC.
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Aim. It was aimed to monitor early treatment response of Sunitinib in U87MG models mimicking glioblastoma multiforme
by longitudinal 18F-FLT microPET/CT imaging in this study. Methods. U87MG tumor mice were intragastrically injected with
Sunitinib at a dose of 80 mg/kg for consecutive 7 days. 18F-FLT microPET/CT scans were acquired on days 0, 1, 3, 7, and 13
after therapy. Tumor sizes and body weight were measured. Tumor samples were collected for immunohistochemical analysis of
proliferation and microvessel density (MVD) with anti-Ki67 and anti-CD31, respectively. Results. The uptake ratios of tumor to
the contralateral muscle (T/M) of 18F-FLT in the Sunitinib group decreased from baseline to day 3 (T/M

0
= 2.98 ± 0.33; T/M

3
=

2.23 ± 0.36; 𝑃 < 0.001), reached the bottom on day 7 (T/M
7
= 1.96 ± 0.35; 𝑃 < 0.001), and then recovered on day 13. The T/M of

18F-FLT uptake in the control group remained around 3.0.There was no difference for the tumor size between both groups until day
11. 18F-FLT uptakes of tumor were correlated with Ki67 staining index and MVD. Conclusion. Early therapy response to Sunitinib
could be predicted via 18F-FLT PET, which will contribute to monitoring antiangiogenesis treatment.

1. Introduction

Angiogenesis is a fundamental physiological process to form
new blood vessel to support cancer growth and development
by providing nutrients and oxygen. It occurs for almost all
solid tumors such as glioblastoma (GBM) and thus antiangio-
genesis therapeutics are increasingly applied to treat various
cancers. GBM is the most aggressive primary malignant
brain tumor in humans with a 5-year survival rate under 5%
and median overall survival of only 12–14 months [1]. GBM
features rich vascularization due to the high expression of
various proangiogenic factors, whichmakes antiangiogenesis
as an attractively newly emerging targeted therapy strategy of
GBM, although the standard treatments of GBM are still sur-
gical operation, radiotherapy, and chemotherapy at present
[2]. For instance, vascular endothelial growth factor inhibitor,
bevacizumab, has been the sole antiangiogenesis targeted
therapeutic licensed by the FDA for use in GBM [3]. In order
to discover more effective anticancer agents, multitargeted

tyrosine kinase inhibitors (TKIs), such as Sunitinib, are
being under clinical investigations owing to their antitumor
capabilities via the pathways of antiangiogenesis as well as
antiproliferation [4]. Sunitinib as antiangiogenic therapeutic
has already been used to treat renal carcinoma, gastroin-
testinal stromal tumors, lung cancer, and other solid tumors
[5, 6]; however, it showed controversial value in primary
or recurrent GBM therapy [7–9]. Moreover, antiangiogenic
treatment faces currently some other challenges, such as low
objective response rate and a huge economic burden of the
high price [4, 10]. Since TKIs are predominant cytostatic
therapeutics rather than cytotoxic therapeutics, decrease in
tumor size caused by TKIs therapy might take 3–6 months
or might not always occur [11, 12]. As results, conventional
methods relying on tumor size changes, that is, response eval-
uation criteria in solid tumors (RECIST) is insufficient and
even inappropriate for the response evaluation bymonitoring
the variation of tumor size after targeted therapies. Notably
and importantly, size-based treatment evaluation is unable
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to discriminate residual viable tumor tissue from fibrosis.
In contrast, molecular imaging by PET/CT with specific
functional probes can visualize and evaluate biological and
metabolic activity status of tumor cells [13]. So far, 18F-
FDG PET/CT as the core role of PET response evaluation
criteria in solid tumors (PERCIST) has been successfully used
for monitoring early response of cytotoxic chemotherapy.
However, it showed some limitations for 18F-FDG PET/CT
to follow the therapy efficacy of antiangiogenesis due to the
nonspecific uptake in benign tissues [14–16]. Therefore, it is
in great demand to develop an alternative molecular imaging
method using suitable PET probes for the early effective
therapy evaluation of targeted treatment.

Beyond 18F-FDG, 3-deoxy-3-18F-fluorothymidine (18F-
FLT) is another widely used PET molecular imaging probe
in preclinical and clinical studies and has presented its
superiority to predict early therapeutic response of can-
cers due to its unique cell uptake mechanism involved in
DNA synthesis pathway via thymidine kinase-1. 18F-FLT is
a radiolabeled nucleoside analogue and is generally used
to image cell proliferation by PET/CT for tumor detection
and grade. Moreover, previous studies had already shown
that 18F-FLT PET/CT played a clinically useful role for
predicting treatment response of cytotoxic chemotherapy and
radiotherapy [17–20]. However, 18F-FLT PET/CT as response
biomarker for cytostatic therapeutics of antiangiogenesis
has not been fully proved and is still without universal
understanding according to current publications [14, 15].
Consequently, more efforts are needed to further confirm the
potential of 18F-FLT PET/CT inmonitoring early response to
antiangiogenic agents [21]. In the current study, we proposed
to investigate the feasibility of 18F-FLT PET/CT to monitor
early treatment response of antiangiogenesis via Sunitinib in
a xenograft U87MG tumor model mimicking GBM.

2. Materials and Methods

2.1. Cell Lines and Tumor Models. The human glioblastoma
multiforme cell line U87MG was purchased from Cell
Bank, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, and grown in DMEMmedium (Gibco)
supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin (P/S) under a humidified 5% CO

2
atmo-

sphere at 37∘C. The cells were collected by trypsinization
with 0.25% trypsin/EDTA. Female athymic Balb/c nudemice
(4–6 weeks) were obtained from Department of Laboratory
Animal Science, FudanUniversity, and allowed to acclimatize
for oneweek in the animal facility before any interventionwas
initiated.The U87MG tumor model was generated by subcu-
taneous injection of 5 × 106 tumor cells in the right shoulders
of the mice. Caliper measurements of perpendicular axes of
the tumor were performed to follow up tumor growth. The
mice weight was also measured. The treatment was initiated
when the tumor reached a diameter between 8.0 and 12.0mm
(3-4 weeks after inoculation).

2.2. Experimental Design. Table 1 demonstrated the exper-
imental design in this study. Mice were randomized into

Table 1: Experimental design for longitudinal 18F-FLT microPET/
CT imaging of Sunitinib treatment efficacy.

Parameter Day
0 1 2 3 4 5 6 7 13

18F-FLT
Sunitinib ✓ + ✓ + + ✓ + + + + ✓ ✓
Control ✓ + ✓ + + ✓ + + + + ✓ ✓

Histology
Sunitinib × + × + + × + + + + × ×
Control × + × + + × + + + + × ×
✓: microPET/CT; +: vehicle or Sunitinib treatment; ×: tumor sampling.

two major groups: the imaging group (𝑛 = 10) and the
immunohistochemical (IHC) staining group (𝑛 = 27). The
main purpose of using additional group mice for the IHC
staining was to ensure the accuracy of the data in IHC group
and not disrupt the consistency in the imaging group. Each
major group was then divided into Sunitinib treatment group
and control group. The treatment group was intragastrically
administratedwith Sunitinib (DalianMelone Pharmaceutical
Co., Ltd.) at a dose of 80mg/kg for consecutive 7 days while
the control group received oral administration of vehicle
alone. Sunitinib was suspended in carboxymethylcellulose
(CMC) solution (CMC 5%, NaCl 1.8%, Tween 80 0.4%, and
benzyl alcohol 0.9% in distillated water). The imaging group
was scanned with 18F-FLT microPET/CT on days 0, 1, 3, 7,
and 13 after therapy initiation.Mice in the IHC staining group
were sacrificed on corresponding imaging time points for
IHC analysis. There were up to 3 mice sacrificed in Sunitinib
and control groups, respectively, on each time point. Tumor
dimensions andmice bodyweightweremeasured every other
day to follow up tumor growth. The tumor volume was
calculated from the following formula: tumor volume = 𝑎 ×
(𝑏
2
)/2, where 𝑎 and 𝑏 represent the tumor length and width,

respectively.

2.3. MicroPET/CT Imaging. MicroPET/CT scans and image
analysis were performed using an Inveon microPET/CT
(Siemens Medical Solution). Each U87MG tumor-bearing
mouse was injected with 11.1MBq (300 𝜇Ci) of 18F-FLT via
tail vein. Ten-minute static scans were acquired at 1.0 h
after injection and animals were maintained under isoflurane
anesthesia during scanning period. The images were recon-
structed using three-dimensional ordered-subset expectation
maximization (OSEM3D)/maximum algorithm. For each
microPET/CT scan, 4.0mm diameter spherical regions of
interest (ROIs) were drawn over both the tumor and the
contralateral muscle on decay-corrected images using Inveon
Research Workplace to obtain percentage injected dose per
gram (%ID/g) and standardized uptake values (SUV). The
highest uptake point of entire tumor was included in ROI and
no necrosis area was allowed. The mean %ID/g (%ID/gmean),
maximal %ID/g (%ID/gmax), mean SUV (SUVmean), and
maximal SUV (SUVmax) were measured. Additionally, the
ratio of %ID/gmax of tumor to the contralateral muscle (T/M)
was calculated.
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Figure 1: Antitumor activity of Sunitinib in U87MG xenografts. (a) Tumor volume or (V − V
0
)/V
0
of U87MG tumor-bearing mice treated

with vehicle or Sunitinib. There was significant difference for the tumor size between the Sunitinib group and control group after day 11
(𝑃 = 0.015). (b) Body weight of U87MG tumor-bearing mice treated with vehicle or Sunitinib. There was no difference for the mice weight
between the Sunitinib group and control group. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

2.4. Immunohistochemistry and Histology. On days 0, 1, 3, 7,
and 13 after therapy initiation, in order tominish the sampling
error of IHC staining, three U87MG tumor-bearing mice in
each group were sacrificed and tumor samples were collected
to fix in 10% formalin neutral buffer solution for paraffin
embedding. Paraffin-embedded tissues were cut into 4𝜇m
sections and stained with mouse anti-human Ki67 antibody
(1 : 100, Abcam) and rat anti-mouse anti-CD31 (Abcam).
Endogenous peroxidase activity was blocked with 3% H

2
O
2

for 15min. Antigen retrieval was performed by boiling the
sections for 10min in citrate buffer (pH 6.0) and cooling at
room temperature, followed by blocking with 10% normal
goat serum for 1.0 h. The sections were incubated with
optimal dilutions of anti-Ki67 and anti-CD31 overnight at
4∘C, and then Ki67+ cells and CD31+ areas were detected with
horseradish peroxidase- (HRP-) conjugated anti-mouse/rat
secondary antibodies using an EnViSion Detection kit (Gene
Tech Co., Ltd., Shanghai, China). After washing with PBS
three times for 5.0min each time, the immune complexes
were visualized using a Peroxidase Substrate DAB kit (Gene
Tech Co., Ltd., Shanghai, China) according to the manufac-
turer’s instructions. Finally, the slices were counterstained
with hematoxylin and dehydrated. Ki67+ cells and CD31+
areas were counted on 4 randomly selected visual fields per
section of each sample under high power.

2.5. Immunohistochemistry Analysis. Adobe Photoshop CS5
software was used to assess the total number of Ki67-positive
cells and CD31-positive vessels. The Ki67 staining index (SI)
was defined as the percentage of positive nuclei in relation
to the total number of nuclei. CD31-positive vessels counting
method was modified from the protocol described by Wei-
dner et al. [22]. Microvessel density (MVD) was assessed by

light microscopy in areas containing the highest numbers of
CD31-positive vessels per area (neovascular “hot spots”) [22].
All stained endothelial cells or cell clusters were counted as
one microvessel. When two or more positive foci seemed to
belong to a single continuous vessel, they were counted as
one microvessel. Vessel lumens were not essential. For each
section, individual microvessel counts were made on four
randomly high-powered fields at 200x magnification. MVD
count was defined as the average of the vessel numbers on
the 4 fields.

2.6. Statistical Analysis. Quantitative data were presented as
mean± SD.Oneway analysis of variancewas used to compare
groups of two by SPSS 16.0. 𝑃 values <0.05 were considered
statistically significant.

3. Results

3.1. Sunitinib Treatment Inhibited U87MGTumor Growth. As
expected, intragastrical administration of consecutive 7 doses
of Sunitinib (80mg/kg) led to a delay in tumor volume. A
time-related increase in tumor volume was observed in the
control group (Figure 1(a)), in which the average percentage
of tumor volume increases, expressed as (V − V

0
)/V
0
, were

18.5±12.2%, 77.9±20.8%, 234.6±60.6%, and 750.6±201.9%
on days 1, 3, 7, and 13, respectively. As a comparison, Sunitinib
treatment resulted in lower (V −V

0
)/V
0
of 7.6 ± 4.2%, 15.9 ±

9.1%, 87.0 ± 26.7%, and 272.1 ± 45.9% on days 1, 3, 7, and
13, respectively.There was significant difference for the tumor
size between the Sunitinib group and control group after day
11 (𝑃 < 0.05). In the treatedmice, average percentage of tumor
volume increase on day 9, (V −V

0
)/V
0
= 188.8 ± 64.8%, was

slightly above the trend line, which may be attributed to the
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Figure 2: 18F-FLT microPET/CT imaging of U87MG tumor-bearing mice. (a) Representative decay-corrected whole-body coronal
microPET/CT images at 1.0 h after intravenous injection of 18F-FLT (11.1 MBq per mouse) on days 0, 1, 3, 7, and 13 after treatment was
initiated. (b) The ratios of %ID/gmax of tumor to the contralateral muscle (T/M) in the Sunitinib and control groups based on quantitative
ROIs analysis from 18F-FLT microPET/CT on days 0, 1, 3, 7, and 13 after treatment. The tumors are indicated by arrows. ∗∗𝑃 < 0.01, within
the Sunitinib group, compared to day 0. ◼◼𝑃 < 0.01, between the Sunitinib group and the control group.

rebound phenomenon that resulted from the sudden stop of
Sunitinib (picture inset in Figure 1(a)). This change was also
observed in a previous report [23, 24]. Mice body weight was
measured as an indicator of the toxic side effects of Sunitinib.
As shown in Figure 1(b), no significant body weight loss was
observed during the treatment period at the dosage 80mg/kg
of Sunitinib used in this study.

3.2. Sunitinib Treatment Inhibited Tumor Cell Proliferation.
StaticmicroPET/CT scans (Figure 2(a)) at 1.0 h after injection

of 18F-FLT were acquired on days 0 (baseline), 1, 3, 7, and
13. Figure 2(b) described the ratios of %ID/gmax of tumor to
the contralateral muscle (T/M) of 18F-FLT in the Sunitinib
and control groups. After Sunitinib treatment, the U87MG
tumor uptake of 18F-FLT decreased from baseline to day 3
(T/M
0
= 2.98 ± 0.33, T/M

3
= 2.23 ± 0.36, 𝑃 < 0.001),

rapidly reaching the bottom on day 7 when therapy stopped
(T/M
7
= 1.96±0.35,𝑃 < 0.001), which represented a decrease

of up to 34%. On day 13, 6 days after the withdrawal of
treatment, 18F-FLT uptake recovered (T/M

13
= 3.09 ± 0.29).
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Figure 3: Quantitative ROIs analysis of tumor uptake from 18F-FLT microPET/CT. ((a) SUVmax, (b) SUVmean, (c) %ID/gmax, and (d)
%ID/gmean)

∗
𝑃 < 0.05 and ∗∗𝑃 < 0.01, within the Sunitinib group, compared to day 0. ◼𝑃 < 0.05, between the Sunitinib group and the

control group.

Compared to the drastic fluctuations in the Sunitinib group,
T/Mof 18F-FLT uptake in the control group remained around
3.0 throughout the two-week study. Significant differences
between the treatment group and the vehicle group were
observed on days 3 and 7, where both of 𝑃 values were less
than 0.001.

3.3. SUV
𝑚𝑒𝑎𝑛

, SUVmax, %ID/g
𝑚𝑒𝑎𝑛

, and %ID/gmax. In this
study, we compared 5 different parameters (SUVmean,
SUVmax, %ID/gmean, %ID/gmax, and T/M) to choose out the
most suitable evaluation criterion. No significant differences
were observed between the Sunitinib group and the control
group for SUVmax, %ID/gmean, and %ID/gmax, whereas only
for SUVmean this was observed on days 3 and 7. Within
the Sunitinib group, decreases in SUVmean and %ID/gmean
showed statistical differences on days 3 and 7, compared to the
baseline (day 0), while decreases in %ID/gmax only revealed
significant differences on day 3 (Figures 3(a)–3(d)).

3.4. Immunohistochemistry and Histology. Figure 4 shows
representative tumor sections of haematoxylin and eosin
(H&E), CD31, and Ki-67 staining for the control and Suni-
tinib groups on days 0, 1, 3, 7, and 13 after therapy. CD31-
positive staining was broadly observed in all untreated
tumor sections, which demonstrated relatively abundant
microvessel density (MVD). After Sunitinib treatment, the
MVD level in tumor sections decreased remarkably, which
indicated effective antiangiogenic activity of the drug. The
MVD level lowered to 36.33 ± 3.64% on day 1 after therapy,
compared with that of the vehicle group (61.88 ± 0.16, 𝑃 =
0.003) and continuously declined until day 7 (𝑃 < 0.001)
(Figure 4(e)). The Ki-67 SI showed a remarkable decrease
after the initiation of treatment, which was the most pro-
nounced one on day 3 compared with that for the control
tumors (𝑃 = 0.005). On day 13, the Ki-67 SI returned yet
to be still less than the baseline level. The untreated tumors
remained with a relatively high proliferation rate with Ki67
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Figure 4: Continued.
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Figure 4: Immunohistochemical and histologic analysis of tumor sections about CD31, Ki67, and H&E on days 0, 1, 3, 7, and 13 after therapy.
Top line showed H&E staining in the Sunitinib group. CD31 staining in the Sunitinib group revealed effective antiangiogenic activity from
day 1 to day 7 ((a) control, (b) Sunitinib, and 40 × 10, (e)). Ki67 showed a remarkable decrease after the initiation of treatment, which was the
most pronounced one on day 3 compared with that for the control tumors ((c) control, (d) Sunitinib, and 40×10, (f)). T/M of 18F-FLT uptakes
of tumor in the treatment group were correlated well with the quantitative data of MVD (g) and Ki67 SI (h). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01,
within the Sunitinib group, compared to day 0. ◼𝑃 < 0.05 and ◼◼𝑃 < 0.01, between the Sunitinib group and the control group.

SI of more than 90% (Figure 4(f)). T/M of 18F-FLT uptakes
were correlated well with the quantitative data of MVD and
Ki-67 SI (Figures 4(g)-4(h)).

4. Discussion

Angiogenesis, the formation of new blood vessels, has been
proved to be critical in the growth and invasiveness of solid
tumors, which makes antiangiogenesis become the widely
used targeted therapy of cancer up to today [25]. Antian-
giogenic agents include tyrosine kinase inhibitors (TKI) like
Sunitinib and vascular endothelial growth factor- (VEGF-)
targeted antibody Bevacizumab. Sunitinib is a multitargeted
TKI which results in VEGF signaling blockade to suppress
cancer cell growth. Thus, compared with the conventional
cytotoxic agents, TKI may provide a more tolerable cyto-
static therapy against solid tumors with diverse histology,
either as monotherapy or in combination with radiation
and/or additional chemotherapy [26]. Various TKI agents,
such as SU11248 (Sunitinib), Bevacizumab, and GW786034
(Pazopanib), have been approved by FDA for clinical appli-
cations [27–30]. Single-agent TKIs have low objective rates
of response, which are usually less than 50% in the selected
patients [10, 31]. Therefore, noninvasive visualization and
quantification of antitumor and antiangiogenesis potency
would be of importance for patient selection, dosage opti-
mization, and dose intervals of compounds in this category
[16]. Herein, we aimed to monitor antiangiogenic treatment
response of Sunitinib in U87MG tumor xenografts mimick-
ing GBM by dynamic 18F-FLT microPET/CT imaging in this
study.

Our longitudinal study proved the value of quantitative
18F-FLT PET/CT imaging in monitoring early response to

the antiangiogenic therapy (ATT) of Sunitinib in U87MG
tumor xenografts. In the Sunitinib treatment group, the ratio
of %ID/gmax of tumor to the contralateral muscle (T/M)
of 18F-FLT decreased by 25% on day 3 and by 34% on
day 7, whereas T/M in the control group remained around
the baseline level throughout the study. It was beyond our
expectation that another 4 parameters (SUVmax, SUVmean,
%ID/gmean, and %ID/gmax) had not shown statistical value in
this study. They were often used to evaluate therapy response
in previous studies and gave rise to controversial results [14–
16, 23], because they as single measured values (SUVmean,
SUVmax, %ID/gmean, and %ID/gmax) could be influenced by
various factors such as individual difference among mice,
change of physical state, operation errors, and therapeutic
intervention, even to the utmost extent avoiding the impact
of those factors. It might remind us that the parameters
beyond SUV and %ID/g could be of benefit to response
evaluation. Significant difference for the tumor size between
the Sunitinib group and control group was observed until
day 11 according to the traditional RECIST. Quantitative 18F-
FLT PET/CT imaging can not only reflect the status of tumor
cell proliferation but also distinguish residual viable tumor
tissue from fibrosis [13]. For example, Figure 2(a) showed
a large necrosis area without 18F-FLT uptake in Sunitinib-
treated tumors on day 13. Although tumor sizes in untreated
group were larger than that in Sunitinib-treated group, it
yet displayed uniform tumor uptake of 18F-FLT without
remarkable necrosis area, which further illustrated the ATT
effects of Sunitinib.This was also validated by the decrease of
Ki67 SI and MVD after therapy initiation.

There have been several reports about the use of various
PET tracers to predict ATT efficacy of TKIs in solid tumors
[16, 23, 32, 33]. For example, Battle et al. used 18F-Fluciclatide
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to detect the therapeutic response after a 2-week dosing
regimen (60mg/kg) of Sunitinib in U87MG tumors [23].
They found that the uptake level of 18F-Fluciclatide in tumor
sites from the Sunitinib-treated group immediately decreased
on day 2, and a level of MVD expression was observed
on day 13 significantly lower than that in control animals.
However, 18F-Fluciclatide as a new PET biomarker is without
easy accessibility at present and another limitation of their
study was not to compare longitudinal MVD level due to
the lack of histopathologic data from tumor samples at
early time points. Morrison et al. applied 18F-AH111585 to
monitor ZD4190 therapy response of Calu-6 nonsmall cell
lung tumor xenografts [32]. A significant decrease (31.8%) in
18F-AH111585 uptake was discovered, which proved that 18F-
labeled RGD tracer could noninvasively monitor the antian-
giogenic effect of ZD41190. Yang et al. establishedMDA-MB-
435 breast cancer xenografts and evaluated the early response
to ZD4190 by 18F-FDG, 18F-FLT, and 18F-FPPRGD2 [16]. In
ZD4190-treated tumors, the uptake of 18F-FLT decreased by
8.1% on day 1 and by 21% on day 3, which was confirmed
by Ki67 SI. However, 18F-FDG uptake in tumors with or
without treatment showed no significant difference, even
increasing slightly in ZD4190-treated tumors on day 3. The
uptake of 18F-FDG in inflammatory cells may lead to an
overestimation of the viable tumor cells. In contrast, 18F-FLT
uptake would be less disturbed by the inflammatory response
because inflammatory cells have only minor proliferation
tendency [34]. They found that 18F-FPPRGD2 PET/CT
imaging showed lower background and higher tumor/muscle
ratio compared with 18F-FLT imaging, and the magnitude
of the changes in tumor uptake of 18F-FPPRGD2 was also
higher than that of 18F-FLT. As a result, they considered
that 18F-FPPRGD2 would be superior to 18F-FLT as a
PET probe for predicting the early response of tumor to
ZD4190. Nevertheless, 18F-FPPRGD2 has not been put into
the clinical application due to its complicated synthesis steps
and relatively low radiochemical yield. 18F-Fluciclatide and
18F-AH111585 faced also the same kind of limitations as
those of 18F-FPPRGD2 under current conditions. Therefore,
18F-FLT, a well-established PET molecular imaging probe,
was selected to monitor treatment response of Sunitinib in
U87MGxenografts in our study.At last, our results proved the
great potential value of 18F-FLTPET/CT imaging protocol for
monitoring the early response of Sunitinib.

5. Conclusions

We investigated the feasibility of longitudinal 18F-FLT
PET/CT to monitor the early response of antiangiogenesis
therapy of Sunitinib in U87MG xenografts. This protocol
could be easily translated into clinical trials and make
contribution to treatment plan of antiangiogenesis treatment
in the future.
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