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High intensity focused ultrasound (HIFU) applied to hepato-bilio-
pancreatic and the digestive system—current state of the art and
future perspectives
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Background: High intensity focused ultrasound (HIFU) is emerging as a valid minimally-invasive image-
guided treatment of malignancies. We aimed to review to current state of the art of HIFU therapy applied to
the digestive system and discuss some promising avenues of the technology.

Methods: Pertinent studies were identified through PubMed and Embase search engines using the
following keywords, combined in different ways: HIFU, esophagus, stomach, liver, pancreas, gallbladder,
colon, rectum, and cancer. Experimental proof of the concept of endoluminal HIFU mucosa/submucosa
ablation using a custom-made transducer has been obtained iz vivo in the porcine model.

Results: Forty-four studies reported on the clinical use of HIFU to treat liver lesions, while 19 series were
found on HIFU treatment of pancreatic cancers and four studies included patients suffering from both liver
and pancreatic cancers, reporting on a total of 1,682 and 823 cases for liver and pancreas, respectively. Only
very limited comparative prospective studies have been reported.

Conclusions: Digestive system clinical applications of HIFU are limited to pancreatic and liver cancer. It
is safe and well tolerated. The exact place in the hepatocellular carcinoma (HCC) management algorithm
remains to be defined. HIFU seems to add clear survival advantages over trans arterial chemo embolization
(TACE) alone and similar results when compared to radio frequency (RF). For pancreatic cancer, HIFU
achieves consistent cancer-related pain relief. Further research is warranted to improve targeting accuracy
and efficacy monitoring. Furthermore, additional work is required to transfer this technology on appealing

treatments such as endoscopic HIFU-based therapies.
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Introduction

High intensity focused ultrasound (HIFU) is a medical
technology which uses acoustic lenses or curved
piezoelectric transducers to focus beams of ultrasounds,
on a target located deep in the body. This translates
into the ability to deliver energy in the human body
transcutaneously, in a totally non-invasive manner. The
transfer and concentration of this mechanical vibrational
energy to the distant target point occurs with minimal
impact on the pathway followed, providing a good transonic
pairing between the source and the target (1). Highly
conductive means of acoustic energy (e.g., water) will allow
waves to pass through without generating echoes (transonic
= hypo echogenic) while low-conductive or non-conductive
media (e.g., bones and air) generate hyper echogenic
images, and block the transmission of US energy. US in
HIFU are generally used at relatively low frequency (0.8-
1.6 MHz) but when the beam is focused, typically in an
olive shape (its length is superior to its width according to
the axis of the transducer), the therapy acoustic power (W)
can be high enough to induce tissue damage. Destruction
of the target can be obtained either by localized thermic
effect (beyond the range of hyperthermia) which generates
coagulation necrosis or, at higher acoustic intensities, by
the phenomenon of cavitation. Inertial cavitation, i.e., the
generation of gas microbubbles within the fluids due to the
impact of HIFU, is a chaotic and unpredictable mechanical
effect, in which oscillating gas bubbles accumulate more and
more heat due to the mechanical friction with the US waves,
and can implode with consequent tissue damage (2). Tissue
ablation can be defined by the thermal dose which depends
on the actual heating temperature and by application
time. The volume of the target depends on the design of
the acoustic lens and on the ultrasound parameters. It can
range from 1 mm x 1.5 mm to 10 mm x 16 mm in size (3).
This fascinating technology has a long history, however,
it is only during the last decade that the HIFU have been
increasingly used to treat a variety of diseases, especially in
eastern countries. There is an increasing interest around
the potential application of HIFU energy, in various clinical
applications, and this interest is confirmed by a growing
number of players (corporate companies and start-ups)
which are currently manufacturing HIFU-based systems.
However, despite its great appeal, the clinical use of HIFU
remains quite limited. One of the reasons for the timid
uptake of HIFU technologies could be seen in the multiple
challenges to handle in the clinical setting, including cost/
effectiveness and logistic considerations and the relatively
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tiny treatment/complications cut-off.

Currently, FDA-approved clinical applications are limited
to bone metastases and uterine fibroids treatment (Focused
Ultrasound Foundation: http://www.fusfoundation.org).
Outside the United States, HIFU is being explored in
several conditions such as cancer of the prostate (4), the
breast (5), the pancreas (6), the liver (7) and also in non-
oncologic applications, e.g., the management of back pain,
neuromodulation for essential tremor, or Parkinson’s disease (8).
Preliminary trials are also being conducted to use HIFU to
treat hypertension by selective renal denervation (9).

Image-guidance is crucial to plan the treatment strategy
and also to follow-up the results of HIFU treatment (10-12)
and the different devices used, including US and/or MRI-
guidance.

In 2012, we created a scientific foundation, IHU-
Strasbourg, to develop the concept of minimally invasive
hybrid image-guided therapies for the digestive system (13).
Our aim is to create a joint venture between the three
main interventional disciplines (minimally invasive surgery,
interventional radiology and interventional endoscopy) and
to create the “hybrid physician” with cross abilities in order
to optimize patient outcomes (14). In this context, HIFU
immediately appeared as one of the potential weapons
which deserved attention to improve the treatment of
digestive cancers, particularly for those in which HIFU
remains only conceptual, like gastrointestinal tumors.

We aimed to review the current state of the art of
HIFU therapy for the digestive system, and provide
some perspectives on potential improvements and some
preliminary experimental results on the endoluminal use of
miniature HIFU systems.

Materials and methods

Until November 2014, a systematic search of the literature
was performed interrogating PubMed and Embase search
engines. The following keywords were used in various
combinations: high intensity focused ultrasound (HIFU);
HIFU and esophagus, stomach, liver, pancreas, gallbladder,
colon, rectum, and cancer. A prefilled excel database was
used to enter the records according to a defined exclusion
criteria algorithm. Exclusion criteria applied hierarchically
were: (I) not relevant to HIFU technology; (II) not
relevant to the digestive system; (III) not including human
subjects; (IV) not in English; (V) review articles. Abstracts
were manually screened by LS and MD separately,
and subsequently matched for accuracy. Pertinent full-
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Figure 1 PRISMA flowchart. PRISMA, Preferred Reporting Items
for Systematic Reviews and Meta-Analyses.

text articles were retrieved and analyzed, and data were
extracted on the database. The flow chart of article
selection is described following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (15) (Figure I).

Results
Study selection and level of evidence

The initial database literature search yielded 2,007 records,
including duplicates and non-pertinent articles. After
manual screening of the abstracts, 1,596 records were
excluded as non-pertinent to our search. The remaining
411 articles were further assessed for eligibility. After
removal of duplicate records (n=47), 364 articles were
assessed according to selection criteria. At that stage,
n=37 records were not pertinent to HIFU technology;
n=46 were not pertinent to the digestive system; n=100
referred to experimental non-human trials, n=31 were not
in English and n=83 reviews or editorials were excluded
from data analysis. A total of 67 articles were identified and
were included for data extraction. From this pool, 46 were
included for quantitative analysis and the remaining for
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qualitative analysis (Figure I).

No articles discussed the use of HIFU technology to
treat hollow organ pathologies (esophagus, colon, rectum,
and gallbladder).

Forty-four studies reported on the clinical use of HIFU
(7,10-12,16-33) to treat liver lesions (34-55), while 19 series
were found on HIFU treatment for pancreatic cancers
(6,56-73) and 4 studies included patients suffering from both
liver and pancreatic cancers (74-77), reporting on a total of
1,682 and 823 cases for the liver and pancreas, respectively.
However, the real number of patients who benefited
from HIFU treatment is much larger, since a recent
review article from Zhou reported on over 3,000 cases
of advanced pancreatic cancer treated with HIFU alone or
in combination with chemotherapy (CHT) or radiotherapy
(RT) (78). On the other hand, a recent and authoritative
systematic review of the literature on the use of HIFU
in advanced pancreatic cancer by Dr. Wu, a very active
researcher in the field, reported data on 561 patients (79).
Several trials have been published in languages other than
English and were excluded from our analysis.

Demographic and clinical data are summarized in Table 1.

While the majority of pancreatic cancer patients
undergoing HIFU therapy were in the advanced stages
(37.5% stage III and 61% stage IV), in selected case HIFU
was used for less advanced cases of hepatocellular carcinoma
(HCCQ), e.g., as a “bridging therapy” in cirrhotic patients
listed in an orthotopic liver transplantation (OLT) waiting
list (37,44,51).

There is only one small-sized prospective randomized
clinical trial comparing HIFU combined with trans arterial
chemo embolization (TACE) vs. TACE alone (30). The
largest published series on HIFU treatment for liver cancer
included 151 unresectable cases which were prospectively
compared to 30 comparable patients receiving only
supportive palliative care (21). The largest series of HIFU
treatment for pancreatic tumors reported on 224 cases (6).

Technical considerations

The vast majority of reported cases were treated using the
US-guided HIFU delivery devices JC Model Chongqing
HIFU Technology Co, Ltd., Chongqing, China, and the
FEB-BY02 HIFU system (Yuande Biomedical Engineering
Limited Corporation, Beijing, China), which differ
essentially in ergonomics of HIFU energy delivery to the
patient. Both can deliver up to 300 W of acoustic power
(which corresponds to a focal peak intensity of about
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Table 1 Demographic data
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Characteristics Liver Pancreas
Patients (n) 1,682 823
Age, mean (SD) (years) 55.6 (9.14) 61.96 (6.49)
Age, median [range] (years) 56 [0.25-89] 61.3 [28-89]

Cancer type

Primary (n)

Metastatic (n) 219"

Not reported (n) 68
Number of tumors/patient, mean (SD) 1.47 (0.7)
Tumor size, mean (SD) (cm) 4.93 (3.43)
Tumor size, median [range] (cm) 3.14[0.8-22]
Child Pugh A/B/C (%) 72.82/23.19/3.99
Preoperative KPS, mean (SD) 67 (8.4)
Previous treatments before HIFU (n)

RFA 24

PEI 4

TACE 582

Sequential TACE + DCRT 120
Sequential TACE + PVE 32
Sequential TACE + CHT 41
Sequential TACE + PEI 28

CHT

CHRT

RT

Intent-to-cure surgery
Palliative surgery/stent

1,377 (HCC); 6 (CCC); 12 (HBL) 814 (ADC); 3 (atypical cells); 1 (squamous); 3 (neuroendocrine)

2 (1 kidney, 1 colon)

0
1
4.56 (1.8)
4.5[1-10]

69.55 (24.92)

292
10
26

8
15/23

*, 112 CRC, 6 breast, 10 stomach, 5 ADC unknown origin, 15 pancreas, 3 kidney, 3 sarcomas, 2 lung, 2 neuroendocrine, 3 biliary
tract, 2 esophagus, 1 ovary, 55 N/A. SD, standard deviation; KPS, Karnofski performance score; HCC, hepatocellular carcinoma;
CCC, cholangiocellular carcinoma; HBL, hepatoblastoma; ADC, adenocarcinoma; RFA, radio-frequency ablation; TACE, trans
arterial chemo embolization; PEI, percutaneous ethanol injection; 3-DCRT, three-dimensional conformal radiotherapy; PVE, portal

vein embolization; CHT, chemotherapy; CHRT, chemoradiation; RT, radiotherapy; CRC, colorectal cancer; N/A, not available.

20 KW/cm?®). No clinical MRI or CT-guided procedures
were reported. One study reported the use of pre-HIFU
CT to determine the optimal depth of treatment ensuring
safe ablation (71).

In case of liver treatment, the HIFU ablation procedure
is more frequently performed under general or epidural
anesthesia, while in pancreatic procedures, it is often
performed without anesthesia but only under analgesia
and/or sedation. HIFU total sonication time is largely
variable. It may take up to 30 minutes and mainly depends
on the size and location of the tumors. Total HIFU session

© HepatoBiliary Surgery and Nutrition. All rights reserved.

duration (from first to last sonication) may range from 30-
40 minutes to several hours (33). Several HIFU sessions,
with a few interval days, might be required to treat large
lesions, especially in advanced pancreatic cancers.

To optimize acoustic windowing, pre-HIFU surgical
rib removal (approximately two weeks before liver lesions
treatment) has been reported in 95 cases (21,29,34,54).
Planned iatrogenic right hydrothorax with intra-pleural
infusion of warm saline solution was reported in 272 cases,
to enhance HIFU coupling in cases of liver dome tumor
(26,35,36,38,41,45,52,55,75). Other studies reported on
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the use of artificial pleural infusion or artificial ascites
in selected cases, without detailing the number of
patients (42-44,49,51).

Intragastric water filling and colon irrigation have
also been described to optimize acoustic coupling and
consequently reduce the risks of burn injuries to air-filled
viscera that might interpose between the HIFU transducer
and the target (41). The placement of degassed water-
filled balloons on the application site, with slight pressure
to displace bowel and clear gas, is an additional mean to
enhance the coupling and reduce the risk of injuries to
innocent organs.

HIFU setting parameters, i.e., therapeutic frequency
(MhZ), therapy power (W), focal peak intensity (W/cm?),
were highly variable depending on the study, even when
considering populations of homogenous patients. One
study (66) reported a preliminary dosimetric analysis in
136 patients presenting advanced pancreatic cancer, which
suggested a minimal dose intensity of 11 KJ/cm’ and a
minimal therapy power of 260 W.

Outcomes

"Tumor ablation rates as assessed by post-procedure imaging
(US and/or CT and/or MRI) are reported in Tables 2 and 3.
The variability of ablation rates is very wide and protocols
and patient characteristics are also very inhomogeneous.
No relationship could be established, based on those
published data, between sonication parameters, tumor size
and ablation rates or the occurrence of complications. Mean
follow-up was 26.16+18.8 months (reported in 711 patients
with liver lesions) and 25.07+19.09 months (reported for
264 patients with pancreas tumors).

Real-time increase of US reflection intensity during
tumor ablation was predictive of a >30% tumor ablation
ratio (70).

For pancreatic cancer, there was only a small sized
(n=12) study in which HIFU alone was compared with
concurrent CHT and HIFU (59), demonstrating a clear
survival advantage in the combined group. In remaining
studies, HIFU was used as adjuvant treatment to RT or
systemic CHT. In advanced pancreatic cancer, HIFU could
provide significant relief of cancer pain (56-58,62-64) and
significant improvement of the Karnofski performance score
(KPS) (21,64).

In liver lesions, HIFU was also mainly used as a co-
adjuvant therapy in sequential protocols. However, in
few studies, some prospective comparisons have been
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performed between HIFU and TACE or radio frequency
(RF) ablations (Tzble 4). When HIFU was compared as
sole strategy vs. radio-frequency ablation (RFA) alone, in
selected cases presenting with recurrent HCC (43), there
were comparable results with no significant differences in
terms of survival, and a tendency towards a better tolerance
profile with HIFU.

When compared to TACE (44,50), a significantly higher
tumor response and higher survival along with decreased
length of hospital stay was reported in the HIFU group.

Studies reporting HIFU as a co-adjuvant of TACE,
including the only randomized trial (30), suggested, almost
univocally, that this combination achieves better disease
control as compared to TACE alone (1able 4).

Complications

Post-HIFU complications or side-effects were reported
in 31/48 and 16/23 trials, describing liver and pancreatic
oncologic cases, respectively. The most frequent
complications were skin burns at the application sites
and osteonecrosis of ribs or vertebra along the US
pathway (Tables 5,6). Post-HIFU pain was not assessed
systematically and was reported in 17 studies (384 patients
undergoing liver HIFU procedures) (7,12,19-22,24,
26,28,29,32,39,41,45,49,54,75) and 6 studies (62 patients
receiving HIFU for pancreatic malignancies) (56,59,62,
70,71,75). In only a few of those trials, a semi-quantitative
evaluation tool was used to report pain level, based on the
analgesic requirements (mild = no analgesic; moderate =
non-steroidal anti-inflammatory drugs; severe = required
morphine) (7,19,20,24,39). Post-HIFU pain was generally
described as transient and mild, with less than 10% of
patients requiring narcotics.

Similarly, post-HIFU fever, as part of the “post-ablation
syndrome”, was not systematically reported and was
described in approximately 10% of post-hepatic and 15%
of post-pancreatic treatments (as mild or transient fever).
The occurrence of some rare miscellaneous complications is

detailed in Tibles 5,6.

Discussion

Recent fascinating discoveries are revealing new insights
in the mechanisms of action of HIFU which go beyond
the mere local generation of hyperthermia for tumor
ablation (80).

In fact, synergistic and distinct thermal and non-thermal

HepatoBiliary Surg Nutr 2016;5(4):329-344
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Table 2 Liver lesions ablation rates
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First author Treatment N of patients Ablation Ablation Ablation Evaluation Imaging
100% 50-100% <50%
Leslie (22) HIFU 7 3 1 3 Decreased MRI
enhancement
Zhou (23) HIFU 15 8 7 (partial) 0 n.s n.s.
Park (26) Sequential 13 3 10 Goldberg criteria MRI or CT
Zhang (28) HIFU 39 21 18 Decreased MRI
enhancement
Zhang (27) Sequential 6 0 Captation CT
Li (30) TACE vs. 44 (TACE + HIFU) 12 20 12 Decreased MRI
TACE + HIFU enhancement
Orsi (74) HIFU 23 21 2 0 Decreased MRI or CT
enhancement or PET/CT
Numata (31) HIFU 21 18 3 0 Decreased 3D US,
enhancement CT, MRI
Zhang (11) HIFU 27 27 0 Necrosis MRI
Jin (34) TACE + HIFU 73 33 40 Decreased MRI
enhancement
Orgera (76)  HIFU 8 (13 lesions) 11 2 0 Decreased PET/CT
enhancement /no FDG  or CT
uptake
Ng (35) HIFU 49 39 10 0 absence of T2 MRI
hyperintensity
Xu (36) HIFU/HIFU + 145 34 72 39 Decreased CT and/or
TACE or PEI enhancement MRI
Fukuda (33) HIFU 12 12 0 0 Decreased CT, MRI
enhancement
Leslie (12) HIFU 31 28 3 0 Tumor dimensions MRI
Cheung (38) Various* 100 87 13 0 n.s MRI
Cheung (52) HIFU 1 1 0 0 n.s. CT
Cheung (37) HIFU 1 0 1 0 Necrosis MRI
Cheung (44) HIFU vs. TACE 10 (HIFU) 1 0 Recist criteria CT or MRI
Chan (43) HIFU vs. RFA 27 (HIFU) 23 4 0 Decreased CT or MRI
enhancement/no T2
signal
Wang (55) TACE + HIFU 12 10 0 0 Decreased CT or MRI
enhancement
TACE + HIFU 12 0 12 0 Decreased CT
enhancement
Cheung (50) HIFU vs. TACE 26 (HIFU) 13 2 11 n.s CT or MRI
Chok (51) HIFU vs. TACE 21 (HIFU) 0 3 7 Necrosis in excised liver MRI
Wu (19) TACE vs. TACE 24 (TACE + HIFU) 0 24 0 Decreased us, CT,
+ HIFU enhancement MRI

Table 2 (continued)
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Table 2 (continued)
First author Treatment N of patients Ablation Ablation Ablation Evaluation Imaging
100% 50-100% <50%
Wu (54) HIFU and TACE 55 0 55 0 n.s us, CT,
+ HIFU MRI
Rossi (48) HIFU 1 0 1 0 n.s CT
Total 803 420 304 72

*: HIFU as primary treatment (n=27); as bridging therapy before OLT (n=3); recurrence of HCC after TACE (n=41); HIFU after partial
hepatectomy (n=28); HIFU after OLT (n=1). HIFU, high intensity focused ultrasound; TACE, trans arterial chemo embolization; PEI,
percutaneous ethanol injection; OLT, orthotopic liver transplantation; HCC, hepatocellular carcinoma.

Table 3 Pancreas lesions ablation rates

First author Treatment N, of Ablation  Ablation - Ablation Evaluation Imaging
patients 100%  50-100%  <50%
Zhao (58) CHT + HIFU 39 2 15 22 n.s CT
Sung (62) HIFU 46 38 8 3 Stack model (unenhanced area) MRI
Sofuni (61) CHT + HIFU 1 1 0 Vascularization CT
Orgera (60)  RT or CHT + HIFU 2 1 0 Vascularization CT
Wang (63) CHT/RT + HIFU 40 0 7 33 Decreased enhancement CT
Li (64) HIFU 25 18 0 0 Enhanced echoes and decreased US, CT
tumor blood supply, tumor
necrosis/reduction on CT
Orgera (65) HIFU 1 1 0 0 Decreased enhancement CT
Wang (66) HIFU 136 0 17 119 Decreased enhancement CT or MRI
Ge (70) RT or CHT + HIFU 31 0 14 17 Decreased enhancement CT
Chen (68) HIFU 1 1 0 0 Decreased enhancement CT
Sofuni (72) CHT or RT + HIFU 30 24 0 0 n.s CT
Ge (71) HIFU 20 0 4 16 Decreased enhancement CT
Xiong (73) HIFU (n=84), CHT 89 6 83* Absence of perfusion on imaging  CT, MRI
+ HIFU (n=5)
Total 461 86 72 293

*: complete response, 0%; partial response, 14.6%; no change, 57.3%; progressive disease, 28.1%. CHT, chemotherapy; HIFU,

high intensity focused ultrasound; RT, radiotherapy.

effects have been recognized, with blurred boundaries.
Among non-thermal effects, the transfer of mechanical
energy seems to be able to induce cascade phenomena that
could profoundly affect the host response.

A most intriguing phenomenon is the modulation of
immune-response: the disintegration of neoplastic masses
induced by vibration seems to enhance the anti-tumor
immune-surveillance by amplification of cancer antigens
(81,82). Zhou et al. demonstrated a significant decrease of
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immunosuppressive cytokines after HIFU, which means a
shift towards improved anti-cancer immune response (23).

For those reasons and for the intrinsically non-invasive
delivery modality, HIFU could play a major role in the
management of neoplasia of the digestive system, although
epidemiology and anatomical factors impose organ-specific
considerations.

For pancreatic cancer, as we could verify through our
systematic review, the frequent diagnostic delay with the

HepatoBiliary Surg Nutr 2016;5(4):329-344
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Table 4 Comparative studies in liver ablations using HIFU vs. other techniques

N of patients

N of patients

First author Treatment o Comments
receiving HIFU other
Kim (41) TACE vs. TACE + 2532 HCC) 32 (46 HCC) Higher disease control rate “per tumor” (78% vs. 54%,
HIFU P=0.035) and higher median survival time (57 vs. 36 months;
P=0.048) in the combined group
Cheung (44)  HIFU vs. TACE 10 29 Significant shorter LOS (median 1, range 1-9 vs. median 2,
range 1-21 days; P<0.0001), significant higher response rate
(48% vs. 3%) in the HIFU group
Chan (43) HIFU vs. RFA 27 76 Comparable results, with no significant differences
Cheung (50)  HIFU vs. TACE 26 52 Significantly higher median survival for HIFU patients
(29.81+9.57 vs. 17.55+5.04 months; P<0.001)
Chok (51) TACE vs. TACE + 21 20 The addition of HIFU increased the rate of patients receiving
HIFU bridging therapy to OLT
Wu (19) TACE vs. TACE + 24 26 Significantly higher survival rate and higher tumor size
HIFU reduction in the combined group
Li (30) TACE vs. TACE + 44 45 Randomized. Significantly higher tumor response and
HIFU disease-free survival rate in the combined group
Cui (39) TACE + PVE vs. 32 36 Significantly higher disease control rates, survival rates and

TACE + PVE + HIFU

survival time in the group adding HIFU in the sequential
protocol

HIFU, high intensity focused ultrasound; TACE, trans arterial chemo embolization; HCC, hepatocellular carcinoma; RFA, radio-
frequency ablation; OLT, orthotopic liver transplantation; PVE, portal vein embolization.

Table 5 HIFU-related complications

Table 6 Miscellaneous (most significant) complications

Complications Liver  Pancreas
Total n of trials reporting complications ~ 31/48 16/23
Total n of patients considered 1,493 588
Skin burns on the application site (total n) 453 53

| and Il degree (n) 284 51

Il degree (n) 52

Oedema/eritema 107

Blisters 4

Bruising 6 0

Subcutaneous fat tissue necrosis 0 28
Rib osteonecrotic injuries 128 0
Vertebral osteonecrotic injuries 1 41

HIFU, high intensity focused ultrasound.

ineluctable poor prognosis associated with advanced stages,
relegates HIFU to a mere role of co-adjuvant therapy,
the best effects of which are probably linked to pain
management and quality of life for patients (83). In fact,
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Pancreatitis (biological or clinical symptoms) (n=34)
(6,56,62,70-72,75)

Post-HIFU reactive pleural effusion in absence of artificial
pleural infusion (n=15) (21,24,45)

Cholecystitis (n=4) (24,75)

Biliary tract obstructions (n=2) (26,75)

Renal impairement and hematuria (n=9) (24,38)
Supraventricular tachycardia (n=5), hypertension (n=8) (24)
Liver abscess (n=2) (34,38)

HIFU, high intensity focused ultrasound.

advanced pancreatic cancer often presents with severe pain
which is commonly managed with morphine administration
and/or celiac plexus alcoholization (84). HIFU can
achieve a spectacular decrease of cancer-related pain and
could complement or even replace opioids and plexus
neurolysis. The mechanical effect of HIFU seems to induce
neuromodulation and pain relief through a reversible block
of nerve activity (85). Different considerations have to be

HepatoBiliary Surg Nutr 2016;5(4):329-344
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made for HIFU in liver lesions, in which the hepatobiliary
multidisciplinary team (surgeons, oncologists, interventional
radiologists), faces multiple layers of complexity: primary
vs. metastatic, location, size, preserved vs. impaired liver
function, criteria for OLT etc. Data published so far suggest
some advantages of HIFU treatment of liver lesions under
some precise conditions. For example, in presence of ascites
or coagulopathy, HIFU could be the only possible option to
keep a patient in an OLT list or to treat HCC recurrences,
as the other more invasive locoregional ablative therapies
[cryoblation, percutaneous ethanol injection (PEI), TACE,
and RFA] are contraindicated. A recent meta-analysis
demonstrated that combined HIFU and TACE treatment
for HCC confers higher survival when compared to
TACE (86) alone. The only randomized trial comparing
TACE vs. TACE + HIFU, showed higher disease control
and increased disease-free survival (30). This enhanced effect
seems to be due to the increased action of HIFU on the
tissue retaining the ethiodized oil (lipiodol) used for TACE.

Two main techniques are used as a protective means
during liver HIFU ablations: (I) pre-HIFU surgical rib
removal (approximately two weeks before) to obtain a
favorable acoustic therapeutic windowing to the liver
(21,29,34,54); and (II) intra-pleural infusion of warm
saline solution. Although effective, those methods
drastically reduce the appeal of HIFU in terms of minimal
invasiveness.

A fundamental development lies in the ability to perform
HIFU treatment without the need to stop breathing.
This would allow to increase the number of patients that
could be treated under conscious sedation, instead of
using general anesthesia, and might reduce the length
of procedures, in either pulsed or continuous HIFU
applications. Breathing movements generate a very large
cranio-caudal displacement of the liver, up to several cm,
even during quiet breathing as can be seen in Figure 2. The
ability to track organ displacement and constantly focus on
the same target requires some technological developments
which are currently underway. An interesting solution has
been proposed by Auboiroux et 2/. who placed an MRI-
compatible camera to track respiratory movements and
synchronize HIFU delivery (87). We propose different
approaches.

One of our main fields of expertise is the concept of
augmented reality (AR) applied to the digestive system.
AR is an image-guided surgical navigation system in which
computer-based patient-specific images (virtual clone
of the patient) are overlapped (registered) with real-life
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images. This allows to visualize some anatomical structures
such as vessels (88,89) by transparency. The virtual clone
of the patient is obtained through 3D reconstruction of
preoperative CT or MRI images and computed with a
specific software to obtain organ segmentation. In addition
to allowing to visualize resection planes and plan the
procedure, the VR-RENDER® software, developed at the
Research Institute against Cancer of the Digestive System
(IRCAD), can also calculate resection and future remnant
volumes. It has been applied to minimally invasive liver
resections (90,91), in video-assisted minimally invasive
parathyroidectomies (92,93), and in duodeno-cephalo-
pancreatectomy (94-96). A targeted therapy, surgical or
ablative, can be simulated on the virtual model to plan the
most adapted strategy. Intraoperatively, the 3D model may
be superimposed with real-time patient images (Figure 2).
The main problems with registration of AR in digestive
surgery and interventional radiology include organ
deformation or displacement by surgical manipulation,
needle insertion, transducer application, and during
breathing motion. To overcome these problems we
have developed software which is able to predict organ
motion (97) and organ deformation (98), based on
biomechanical properties (99) (Figure 2).

Those works on “flexible” AR might be transferrable to
predict organ motion and allow a constant targeting using
a robotized arm and a visual servoing tracking system, and
constantly adjust the direction of the HIFU transducer.

Perspectives: conceptual application

Inspired by the transrectal HIFU probes for prostate cancer
ablations (e.g., Ablatherm, EDAP, France), we aimed to
use an endoscopic mounted miniature HIFU transducer
in direct contact with the gastrointestinal mucosa. We
formulated the hypothesis that HIFU could replace RF
ablation of premalignant lesions (e.g., Barrett’s esophagus)
and potentially treat gastric or colon malignancies. The
potential advantage of HIFU over RF in this specific
application, could be in the possibility to prevent US
energy spread to adjacent structures by injecting a bolus
of air (which would block the diffusion of the HIFU) in
the submucosal space. This technique could mimic the
oncologic performance of an endoscopic submucosal
dissection (100) with the advantage of being easier to
perform. A flexible surgical endoscopy robotized platform
equipped with an integrated ultrasound probe and HIFU
applicator, has been already described (101). Recently, a
similar endoscopic HIFU system has been successfully tested

HepatoBiliary Surg Nutr 2016;5(4):329-344
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Figure 2 Prediction of cranio-caudal displacement of the liver during breathing. (A) 3D reconstruction of the liver in non-forced expiration;
(B) same case, reconstruction in non-forced inspiration; (C) a structured light beam is projected on the abdominal wall to track movements
of the abdominal wall during respiration; (D) 3D model of the liver showing the cranio-caudal displacement during respiratory cycle;
(E) the virtual clone of the patient, including biomechanical modeling of the liver’s elastic properties, is projected onto the patient’s skin and
registered using fixed points (anterior superior iliac spine): in this Augmented Reality image the patient is in non-forced expiration; (F) same
as E, but in non-forced inspiration: note the predicted displacement of the liver by the biomechanical modeling.
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Figure 3 Endoscopic HIFU to ablate GI mucosa. (A) Endoscopic view of the miniature HIFU transducer during application on the gastric

mucosa, after a submucosal protective air-cushion has been obtained to block HIFU delivery beyond the submucosa layer; (B) effect of a
30 W 10 s sonication (300 J); (C) effect of a 30 W 20 s sonication (600 J); (D) histology aspect of the mucosa, showing ablated mucosa and
submucosa on the application site (10x). HIFU, high intensity focused ultrasound.

in the animal model to achieve transluminal (transgastric)
ablation of liver or pancreatic tumors (102). Our aim is
to treat lesions directly originating from the GI tract and
we have developed a miniature piezoceramic transducer
mounted on the tip of an endoscope. The device can
deliver acoustic intensities from 14 to 30 W/cm® Based on
preliminary studies, the device was set to deliver 600 joules
(30 W x 20 sec) for stomach sonications and 350 J for colon
sonications to create effective destruction down to the
submucosa layer. Tests were performed in porcine models,
under Animal Care Committee protocol approved by
the French Ministry of Superior Education and Research
(acronym FURTHER, Focused UltRasound THERapies,
protocol number: 38.2014.01.062).

A bolus of air was injected in the submucosal space,
to create a protective interface and a long-lasting lifting
of the mucosa (Figure 3). The effects of the sonications
were assessed by confocal endomicroscopy (Cellvizio®,
MaunaKea Technologies, France) (Figure 4). The system
could achieve effective ablation of the mucosa/submucosa
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without creating full-thickness lesions and burns to adjacent
organs. Confocal endomicroscopy could provide some
optical signature of efficacy (disappearance of enterocyte
borders signs of coagulation necrosis). However, the
limited depth of penetration of the laser, could only provide
information on the mucosa. Histology also presented
mucosa/submucosa architecture distortion and coagulation
necrosis. Further studies are underway to refine the
technique and establish optimal doses and effects profiles.

Conclusions

Digestive system clinical applications of HIFU are limited
to pancreatic and liver cancer. It is a safe and well tolerated
therapeutic modality. The exact place in the algorithm for
the management of HCC remains to be defined. However,
HIFU seems to add clear survival advantages over TACE
alone and similar results when compared to RFA. Current
evidence is insufficient and only very limited comparative
prospective studies have been performed. The role in

HepatoBiliary Surg Nutr 2016;5(4):329-344
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Figure 4 Confocal imaging of the burned area. (A) Endoscopic view of confocal endomicroscopy probe scanning porcine sigmoid mucosa

before HIFU application; (B) confocal probe scanning of the ablated mucosa; (C) microscopic confocal image of sigmoid before HIFU:

note the regular shape of enterocytes; (D) same spot after burning: note the loss of imaging of mucosa with some phantom images of round

enterocytes. HIFU, high intensity focused ultrasound.

pancreatic cancer seems to be mostly palliative, with
consistent effects when it comes to cancer-related pain
relief. Further research is warranted to improve targeting
accuracy and efficacy monitoring. Additional work is
required to transfer this technology to appealing treatments
such as endoscopic HIFU-based therapies.
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