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� Abstract
We examined our hypothesis that high-intensity focused ultrasound (HIFU) treatment
of pancreatic ductal adenocarcinoma (PDAC) in nude mice models may lead to an
increased occurrence of hematogenous metastasis. The human PDAC cell line BxPC-3
transfected with mCherry was implanted into nude mice to establish orthotopic and sub-
cutaneous xenograft (OX and SX) tumor models. Mice were exposed to HIFU when
tumor sizes reached approximately 200–300 mm3. The OX and SX tumor models were
monitored continuously for tumor growth characteristics and hematogenous metastasis
using in vivo flow cytometric (IVFC) detection of circulating tumor cells (CTCs) from the
pancreas. We chose an appropriate mouse model to further examine whether or not HIFU
increases the potential risk of hematogenous metastasis, using IVFC detection. Our results
showed that the CTC number was greater in the OX model than in the SX model. The
CTC number in the OX model increased gradually over time, whereas the CTC number
in the SX model remained low. Therefore, the OX model was better for studying tumor
metastasis by IVFC detection. We found significantly decreased CTC numbers and tumor
volume after HIFU ablation. Our results showed the applicability of the PDAC OX tumor
model for studying the occurrence of tumor metastasis due to the generation of CTCs.
HIFU ablation substantially restricted PDAC hematogenous metastasis and provided effec-
tive tumor control locally. © 2020 The Authors. Cytometry Part A published by Wiley Periodicals Inc.,

on behalf of International Society for Advancement of Cytometry.
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DESPITE modern advances in early diagnosis and cancer treatment strategies,
pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malig-
nancies, due to its asymptomatic early disease phase and aggressive tumor biology.
Surgical resection offers the best possible chance for a cure; however, only 10–20%
of diagnosed patients present with potentially resectable PDAC (1,2). The noninva-
sive ablation of PDAC with high-intensity focused ultrasound (HIFU) energy cap-
tured widespread interest. Globally, HIFU is emerging as a therapeutic modality
with an increasing number of clinical applications (3). HIFU uses extracorporeal
high-intensity focused ultrasound energy to ablate tumor inside the body under the
guidance of real-time ultrasound imaging (4,5). However, HIFU treatment may lead
to ultrasound shear forces and inertial cavitation, which could lead to the dissemina-
tion of cancer cells and increase potential hematogenous metastasis risk (3,6,7).

The in vivo animal models offer a practical approach for studying malignancy
and metastasis. Many in vivo animal models have been used to study PDAC. The
classical models include the subcutaneous xenograft (SX) and orthotopic xenograft
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(OX) tumor models (8). The ability of these tumor models to
mirror the human cancer pathology and therapeutic clinical
response is directly related to the technical difficulties in gen-
erating the model and also the tumor microenvironment.
Although the SX tumor model has certain advantages, such as
simplicity of the procedure, the ease of tumor growth and
response to treatment, it lacks the orthotopic environment for
pancreatic tumor formation and also is less invasive. The OX
tumor model mimics the tumor environment, thus allowing
the growth of tumors and migration; however, it is more
complicated to establish (9).

Therefore, for studying the hematogenous metastasis
after HIFU ablation, an effective and reliable indicator is
required for continuous in vivo monitoring, and circulating
tumor cells (CTCs) could fulfill this requirement. CTCs are
cells shed from solid tumors into the circulation and shown
to be prognostic biomarkers for metastatic disease. The quan-
tification of blood CTC levels serves to monitor treatment
effectiveness (10). Although CTCs have been studied in
PDAC (11), their role as a biomarker is not well-established
compared to other solid cancers (12,13), and could be due to
the low sensitivity of conventional methods for detecting
CTCs in the peripheral blood of patients with PDAC. How-
ever, in vivo flow cytometry (IVFC) is optimized for continu-
ous noninvasive monitoring of fluorescently labeled tumor
cells entering the circulation system of live animals. The IVFC
detects fluorescent cells in fast-flowing blood that pass
through the laser slit across the artery and is capable of moni-
toring the tumor cells in circulation continuously. The speci-
ficity and sensitivity of IVFC have been verified earlier. In
addition, Fan et al showed a higher sensitivity of IVFC for
CTC detection compared to whole blood analysis by conven-
tional flow cytometry (14–16).

To our knowledge, no reports exist on evaluating HIFU
effects on PDAC ablation using in vivo monitoring of CTCs.
Therefore, this study aimed to assess the hematogenous meta-
static risk of HIFU therapy by IVFC.

MATERIALS AND METHODS

Cell Culture and Sorting Procedure

The human pancreatic cancer cell line BxPC-3 was purchased
from the Cell Bank of the Chinese Academy of Sciences,
Shanghai, and were cultured in RPMI-1640 medium
(HyClone, USA) containing 10% fetal bovine serum (FBS,
Ausbian, Australia), 100 I.U./mL penicillin/streptomycin
(Gibco, USA) and incubated under 5% CO2 atmosphere at
37�C. The BxPC-3 cells in exponential growth phase were
seeded at a density of 2–3 × 105/mL in 6-well plates in 1 ml
culture medium with 6 μg/ml of polybrene and 2 μl pLVX-
mCherry-C1 (Takara, Mountain View, USA) lentiviral vector

containing the puromycin resistance gene and grown for
24 h. The mCherry positive cells were selected with 2.5 μg/ml
puromycin (Gibco, USA), and subcultured with trypsin
(Gibco, USA) when cell growth reached 80% confluence.
Approximately 107 mCherry-BxPC-3 cells were trypsinized to
prepare a cell suspension. Cells exhibiting the highest fluores-
cence (top 1%) were sorted by fluorescence-activated cell
sorting (FACS, MoFlo Astrios, Beckman, USA). Flow cyto-
metry (CytoFlex S, Beckman, USA) analysis was used to
detect the fluorescence intensity before and after FACS, and
at least 104 cells were analyzed from each sample. The trans-
fection efficiency of mCherry-BxPC-3 cells was above 99%
based on fluorescence microscopic evaluation (Nikon, Japan)
(Fig. 2A,B). To maintain the high intensity of mCherry fluo-
rescence, the sorted cells were cultured with puromycin
(0.4 μg/ml) before the animal experiment.

Experimental Animal Models

Balb/c nude mice (Shanghai Laboratory Animal Center, Chinese
Academy of Science) aged 4–6 weeks, weighing 20 � 2.0 g, were
raised under specific pathogen-free (SPF) conditions at the
Shanghai Sixth People’s Hospital Experimental Animal Center.
Animal care and experimental protocols were following the
Institutional Animal Care and Use Committee (IACUC) of
Shanghai Jiaotong University Affiliated Shanghai Sixth People’s
Hospital guidelines. The IACUC approved this study. The nude
mice were anesthetized by intraperitoneal injection of 50 mg/kg
of 1% sodium pentobarbital, and all efforts were made to mini-
mize animal discomfort.

Approximately, the sorted mCherry-BxPC-3 cells were
cultured for at least three passages before implantation
(Supplementary Fig. 1). 107/200 μl of mCherry-BxPC-3 cells
were implanted subcutaneously on the flank of the mice for
establishing the tumor. After the subcutaneous tumor size
reached almost 400–500 mm3, the tumor tissue was excised
and cut into small cubes (1 mm3 each), then tumor cubes
with relatively uniform brightness were selected under a fluo-
rescence microscope. These cubes were randomly implanted
into mice in each group. For the SX tumor model, the tumor
cubes were re-inoculated into the right flank of the nude
mice. For the OX tumor model, the implantation was done
under aseptic conditions. The recipient mice were anesthe-
tized with sodium pentobarbital. The upper abdomen was
prepared with 70% alcohol and betadine scrub. A 1-cm inci-
sion beside the rectus muscle of the left upper abdomen was
made. The spleen and the tail of the pancreas were exposed,
the pancreatic capsule was cut, and the 1mm3 cube of the
mCherry-BxPC-3 tumor was implanted into the tail of the
pancreas. The incision in the pancreas was closed with a 7–0
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suture, and the two layers of the abdominal cavity were closed
with a 5–0 suture.

In Vivo Flow Cytometry

The mCherry positive CTCs in the peripheral blood was moni-
tored (Fig. 1B) by IVFC as described earlier (14–16). Briefly,
trans-illumination with a 535 � 15 nm light-emitting diode
(LED) was used to illuminate an artery of 50–70 μm in diame-
ter. Light from the 561 nm laser was focused on a slit by a
cylindrical lens and imaged across the selected ear artery.
When the mCherry labeled tumor cells passed through this slit,
the emitted fluorescence was detected with a photomultiplier

tube. The resulting data were collected and stored on a com-
puter (Fig. 1C,D).

The CTC’s hemodynamics was measured by positioning
the anesthetized mice on the stage for detecting mCherry pos-
itive CTCs. The IVFC was estimated for over 1 h for each
mouse every 3 days starting from tumor implantation till
death. Each group included at least six mice.

Tumor Volume Measurement by Ultrasound

In vivo ultrasound images were acquired by Aplio500
(TOSHIBA, Japan) to assess tumor growth. In experi-
ments, mice were anesthetized, and the tumor images
acquired at a frequency of 18 MHz to measure the largest

Figure 1. Schematic diagram of high-intensity focused ultrasound (HIFU) ablation and in vivo flow cytometry (IVFC) detection. (A) The

schematic illustration of the ultrasound-guided HIFU ablation on the orthotopic mCherry-BxPC-3 tumor-bearing nude mouse. (B) Red

fluorescence-labeled tumor cells intravasate into the vascular and circulate throughout the body as circulating tumor cells (CTCs). (C)

Optical path design of 561 nm excited IVFC. M1: reflection mirrors. CL: cylinder lens. DM1, DM2: dichroic mirrors. MS1, MS2: mechanical

slits. F1, F2: filters. AL1, AL2, AL3: achromats lens. PMT: photomultiplier tube. CCD: charge coupled device. (D) Mouse ear blood vessels

obtained by light-emitting diode (LED) transmission illumination. The mCherry-BxPC-3 cells passed through the laser slit, then the

fluorescence signals from the excited cells were recorded. Scale bar, 50 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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section of the mass. The tumor volume was calculated
as follows:

Volume = long diameter× short diameter2
� �

=2:

HIFU Equipment and Treatment Parameters

We used the HY2900 HIFU therapeutic system (Wuxi
Haiying Technology, Wuxi, China) in this study (Fig. 1A). A
3.5 MHz diagnostic transducer was positioned in the center
of the therapeutic transducer to guide and monitor the HIFU

irradiation. HIFU exposure was performed in a tank filled
with degassed water. The temperature in the water bath was
maintained by a thermostat set to 36�C. The anesthetized
tumor-bearing mouse was treated when the tumor volume
reached approximately 200–300 mm3.

The following acoustic parameters were set as reported earlier
(17): Tumor treatment was accomplished by progressive scanning
of the entire tumor volume point-by-point with the following set-
tings: TON (the irradiation time at each single point): 500 ms,
TOFF (the irradiation interval time): 2000 ms, the output acoustic
power was set to 47.92 W. The interval between two points was

Figure 2. The brightest (top 1%) mCherry-BxPC-3 cells were sorted by fluorescence-activated cell sorting(FACS), then CTCs measurement by

in vivo flow cytometry(IVFC) after nude mice implantation. (A) Differential interference contrast image of tumor cells; (B) Fluorescent image of

tumor cells. Scale bar, 50 μm; (C) before FACS, the proportion of the brightest cells was 73.52%; (D) After FACS, the brightest cells accounted

for 99.38%; (E) Showing off a piece of blank control data. The animals in the blank control group (n = 6) did not undergo tumor implantation;

(F) Visualization of digitized IVFC signals of mCherry-BxPC-3 cells using software developed on MATLAB platform. A 10 min recorded data on

day 12 of the OX tumor model was shown (arrow, a single cell trace). [Color figure can be viewed at wileyonlinelibrary.com]

Cytometry Part A � 97A: 900–908, 2020 903

ORIGINAL ARTICLE

http://wileyonlinelibrary.com


1-mm, and the spatially averaged intensity was 1,134 W/cm2.
Three-dimensional reconstruction of the B-mode ultrasound
images was performed on the computer. Before and after HIFU
irradiation, B-mode US, color Doppler US, power Doppler US,
and superb microvascular imaging (SMI) mode were conducted.
Examination variables such as the probe frequency, gain, focus
points, focus range, and depth was adjusted to obtain the best
images. Conventional B-mode US was used to observe the echo
gray change and echo distribution within the tumor before and
after HIFU ablation, color or power Doppler US and SMI mode
was used tomonitor blood flowwithin and around the tumor.

Pathology

Tumor specimens before and after HIFU irradiation were
obtained from the SX and OX tumor models, and sections
were stained with hematoxylin and eosin (H&E).

Statistical Analysis

Unless stated otherwise, all experimental data were analyzed
using two-way ANOVA followed by Sidak’s multiple compar-
isons test (at least three replicates in each group). The overall
survival rate was calculated by the Kaplan–Meier analysis and
compared by the log-rank test, and analyzed with the Gra-
phPad Prism Version 7.0 software. Before and after HIFU
ablation, the grayscale change in each tumor shown on B-
mode US imaging was analyzed by ImageJ Version 1.45

software. The differences in the mean gray values between
the two groups were tested using unpaired two-tailed
Student’s t-test. P < 0.05 was considered statistically significant.

RESULTS

In Vivo CTCs Counting by IVFC

After tumor cell sorting, the mCherry positive cells were
above 99% (Fig. 2C,D) of the total population. Positive signals
had high peaks compared to the low background noise
(Fig. 2F). Due to non-uniformly expressed intracellular red
fluorescent proteins, each signal showed different peak
heights. Peak width represented the time that cells passed
through the laser slit. We did not detect a noticeable signal
peak in mice without implanted tumors (Fig. 2E). The results
validated the feasibility of IVFC detection of BxPC-3-mcherry
tumor-derived CTC.

Growth Characteristics of OX and SX Tumor Models

For establishing the PDAC OX and SX tumor models,
BxPC-3 tumor cells were labeled with mCherry and
implanted into the pancreatic tail and the right flank of nude
mice. After tumor implantation, the OX and SX tumor for-
mation rates in mice models were 100%.

A comparison of mice weights between the OX and SX tumor
models vs. the tumor-free control group (tumor-free group) (n = 6

Figure 3. Growth characters and CTCs dynamics of mCherry-BxPC-3 cells in the OX and SX tumor models. (A) The line graph showed

mice weight in the OX tumor model, SX tumor model, and normal control group. 10 days after tumor implantation, the OX tumor model

weight began to lose, which were significant differences compared to the SX tumor model and normal control group. There was no

difference in mice weight between the SX tumor model and the normal control group. (B) The survival rate of the OX model (n = 12) was

significantly lower than that of the SX model (n = 7). (C) The column graph showed tumor volume at each point. 10 days after tumor

implantation, the tumor volume in the OX tumor model was significantly larger than the SX tumor model. (D) Measured by IVFC for once

every 3 days and at least 1 h, there was a difference in CTCs counts between the OX and SX tumor model. (n = 6 for each group,

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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for each group), showed invasive tumor growth in the abdominal
cavity of the OX tumor animal model, and appearance of dyscrasia
in the late period. The OX model mice began to lose weight after
day 10. In contrast, in the SX tumor group, although the tumor
grew over time, the tumor site was located under the right flank
skin with less tissue and organ involvement. Hence, dyscrasia was
not noticeable. There was no significant difference in body weight

between the SX and tumor-free group and maintained tumor
growth over 25 days (Fig. 3A). Next, we investigated the overall
survival rate of the OX and SX tumor models. As shown in
Figure 3B, the median survival of the OX tumor model, was
19.5 days compared with 55.0 days in the SX tumor model.
Although no animals died in the SX tumor group, all animals in
the OX tumor group died and were significantly different.We used

Figure 4. Ultrasound imaging of the OX tumor model before and after HIFU ablation. (A) a representative image of the OX tumor on day

12 acquired by the B-mode ultrasound. The tumor possesses a long diameter of 10.0 mm and a short diameter of 7.5 mm, total volume

almost 281.25 mm3. (B and C) The same section shown by superb microvascular imaging (SMI) mode, circular blood flow around the

tumor. (D) Before or (E) after HIFU ablation immediately, image of the tumor (line). (d) Before or (e) after HIFU ablation, measurement of

mean tumor gray intensity by ImageJ software. (F) The column graph showed a significant difference in mean gray intensity of before

and after HIFU ablation. (n = 6 for each group, *P < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. The HIFU ablation restricted hematogenous metastasis of OX tumor model, and provide effective local tumor control. (A) In the

OX tumor model, CTCs dynamics after HIFU ablation and the control group. HIFU treatment taken on day 12 after IVFC, monitoring CTCs

counts for every 3 days. (B) The volume of tumor in the HIFU ablation group and the control group were shown above. (n = 6 for each

group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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ultrasound imaging to measure tumor size every 5 days. There was
no significant difference in tumor volume between OX and SX
tumorswithin 10 days; however, 10-days after tumor implantation,
sizes of the tumors were significantly larger in the OX model than
in the SX model (Fig. 3C). These results indicated that the PDAC
in the OXmodel grew faster than in the SXmodel.

Different CTCs Dynamics in OX and SX Tumor Models

We investigated whether the OX and SX mCherry-BxPC-3
tumor models have different CTCs dynamics by conducting
IVFC over 1 hour for each mouse (n = 6 for each group),
every 3 days after tumor implantation. There was a significant
difference between the two CTCs dynamics curves (Fig. 3D).
For the OX tumor model, CTCs dynamics showed a gradually
rising trend until the last few days, whereas the CTCs from
the SX model fluctuated at a low level.

It is apparent that the tumor progression in the two ani-
mal models was quite different, and the OX tumor group
corresponds more with the clinical situation; hence, it is well-
suited for PDAC metastasis research.

CTCs Dynamics after HIFU Therapy in OX Tumor

Model

Considering the significant differences between the tumor
growth characteristics and CTCs dynamics in the OX and SX
tumor models, the OX model was used for subsequent experi-
ments. On day-12 after tumor implantation, when the tumor
reached approximately 200–300 mm3, mice in the treatment
group were irradiated by HIFU (n = 6). A B-mode US imag-
ing and SMI mode shows (Fig. 4A–C), irregular low echo
zone with strong echo in the middle, and circular blood flow
around the tumor, which indicated the lack of blood supply,
characteristic of PDAC. After HIFU ablation, a coagulative
necrotic lesion was induced in the target area. The visible
grayscale changed in the target area, suggesting effective abla-
tion (Fig. 4D,E). The mean gray intensities increased after
HIFU ablation as measured by ImageJ software histogram
analysis (Fig. 4d,e,F).

We monitored CTCs dynamics by IVFC three times at
3-day intervals after HIFU-ablation of the OX tumor model
(n = 6). CTCs counts decreased compared to the untreated

group (Fig. 5A). In addition, HIFU ablation suppressed the
tumor growth, resulting in smaller tumor volume compared
to the untreated group (Fig. 5B).

Histopathologic Analysis

For investigating the tumor growth characteristics, the OX
and SX tumors were subjected to histopathology (Fig. 6A,B)
and showed remarkably different tumor growth characteris-
tics. The SX tumor was limited to subcutaneous growth with
a clear boundary; in contrast, the OX tumor grew invasively
in the pancreatic tissue. Furthermore, compared to the SX
tumor model, the increased blood supply in the OX tumor
model resulted in a rapid growth rate and hematogenous
metastasis, factors vital for CTCs formation. The histological
results of the OX tumor 24 h after HIFU ablation, showed
significant tissue necrosis within the ablation lesions. The dis-
tribution of small blood vessels was reduced within the abla-
tion lesions, and cellular structures were damaged and
became fuzzy (Fig. 6C).

DISCUSSION

In the clinic, more than 80% of patients have locally advanced
or metastatic PDAC, and are unsuitable for curative surgical
resection, due to difficulties in early-stage metastasis detection
(18). Chemotherapy, radiotherapy, or a combination of the
two are the standard options available for treating patients
with unresectable pancreatic cancer. However, PDAC often
shows poor response to either chemotherapy or radiotherapy
(19). Therefore, HIFU is being investigated currently as an
additional potential therapeutic strategy with the intention of
local tumor control, pain palliation, and enhancing tumor
drug delivery and radiation therapy effects (20–24).

The energy deposition of HIFU on a target tissue could
induce irreversible death through coagulative necrosis by two
predominant mechanisms, the thermal effect, and cavitation.
During HIFU treatment, the temperature at the core could
rise rapidly above 65–80�C, which leads to effective cell kill-
ing. The cavitation effect occurs due to the ultrasound waves
subjecting the tissue molecular structure to alternating cycles
of compression and rarefaction. Intracellular water turns into

Figure 6. Histological observation of the tumor collected from the tumor-bearing nude mice, the tissue sections were stained with H&E.

(A) The SX tumor limited to subcutaneous growth with a clear boundary on day 12. (B) the OX tumor invasive growth in pancreatic tissue

on day 12. (C) The OX tumor 24 h after HIFU ablation, the lesions showed significant necrosis with fuzzy cellular structures. Scale bar,

50 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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a gaseous phase and causes microbubble development, which
collapses rapidly, producing high mechanical stress which
destroys target tissue (25). However, HIFU raises a new ques-
tion: could the thermal and cavitation effects enhance the
potential risk of metastasis of malignant tumors (6,7,26).

To address the question, we used the OX PDAC tumor
model instead of the SX PADC model because the former
mimics real tumor growth much better. It exhibits rapid
tumor growth rate compared to the SX tumor model,
suggesting tumor cells grown in the subcutaneous region
might be influenced by the tumor type and cell number
(27,28). In addition, the subcutaneous tumor implantation
often results in local growth but rarely causes distant metasta-
sis, as shown by the continuous low-level CTCs counts and
health status of tumor-bearing mice, such as weight loss and
cachexia, which only appear in OX tumor model. Further-
more, considering the role of tumor microenvironment on
tumor growth and progression, lack of an orthotopic micro-
environment, especially the blood supply and growth space,
makes the SX model less attractive than the OX model for
metastatic PDAC research (28,29). Furthermore, we assessed
tumor progression and CTCs dynamics as therapy outcomes
after HIFU therapy in the OX tumor model. We observed
low CTC counts after HIFU ablation, which was significantly
different from the untreated group. In addition, HIFU abla-
tion effectively suppressed local tumor growth. These conclu-
sions were also confirmed by recent clinical reports showing
that HIFU caused significant early and long-lasting pain relief
and reduction in tumor size in patients with advanced PDAC
(30,31). A possible reason for this observation is HIFU-
induced enhancement of cancer-specific immunity after treat-
ment. As several studies indicate, ablation generated a large
amount of tumor debris in situ, releasing multiple biomole-
cules such as tumor antigens and damage-associated molecu-
lar patterns, which increased infiltration and activation of
CD4+ and CD8+ T cells (21,24). The other mechanism that
may also enhanced cellular immunity involving the release of
heat shock proteins, which could stimulate cytotoxic-T-cell
activity (32,33).

There are three limitations to this study. One relates to
the use of fluorescently labeled cells. Fluorescent proteins
allow real-time CTC detection in the blood vessels; however,
due to heterogeneity in fluorescence intensity, and fluorescent
protein loss in the anoxic conditions of a growing tumor may
lead to underestimation of CTCs counts (34,35). Another lim-
itation is the detection of IVFC penetration depth for bio-
medical research and the clinic. The fluorescence-based IVFC
could only detect a maximum depth of approximately
330 μm underneath the skin, thus limiting its clinical applica-
tion, since human vessels are deeper than 330 μm (36). Third,
our HIFU procedure did not include the measurement tools
for cavitation and temperature, which are important for
understanding the pathophysiology and further improving
the efficacy of HIFU treatment. However, further studies are
required in the future.

In conclusion, the results from this study do not support
the hypothesis that HIFU exposure would enhance the

potential risk of hematogenous metastasis of PDAC in the
OX tumor mice. Furthermore, HIFU ablation substantially
restricted hematogenous metastasis, resulting in effective
tumor control (26). Although HIFU ablation is used as a
promising approach for the palliative treatment of advanced
PDAC (37), larger, prospective, multicenter randomized clini-
cal trials are required to assess the long-term efficacy and to
determine HIFU role for treating advanced PDAC.
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