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Abstract

Clinical use of high-intensity focused ultrasound (HIFU) under ultrasound or MR guidance as a non-invasive method
for treating tumors is rapidly increasing. Tens of thousands of patients have been treated for uterine fibroid, benign
prostate hyperplasia, bone metastases, or prostate cancer. Despite the methods' clinical potential, the liver is a
particularly challenging organ for HIFU treatment due to the combined effect of respiratory-induced liver motion,
partial blocking by the rib cage, and high perfusion/flow. Several technical and clinical solutions have been
developed by various groups during the past 15 years to compensate for these problems. A review of current
unmet clinical needs is given here, as well as a consensus from a panel of experts about technical and clinical
requirements for upcoming pilot and pivotal studies in order to accelerate the development and adoption of
focused ultrasound for the treatment of primary and secondary liver cancer.
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Current overview and unmet clinical need for
treating cancer in and of the liver

Introduction

Although hepatocellular carcinoma and metastatic liver
disease require completely separate analysis and study
protocols, the technological approach of high-intensity
focused ultrasound treatments is similar. Therefore, the
two indications will be discussed in parallel as promising
pilot studies. In addition, both available guidance methods
(ultrasound-guided and MR-guided focused ultrasound)
will be considered equally. Both approaches are applicable,
and both have advantages and disadvantages.

Primary liver tumors

The American Cancer Society's 2012 estimate for primary
liver and bile duct cancers in the United States amounts
to 28,720 new cases and 20,550 deaths [1]. Worldwide,
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liver cancer is the fifth most common cancer in men and
the seventh in women. An estimated 748,300 new liver
cancer cases occurred during 2008 [2]. Primary Liver can-
cer rates are the highest in East, Southeast Asia, West and
Central Africa [2]. Primary liver cancer occurs most com-
monly in previously damaged livers, as in cases of viral
hepatitis, alcohol abuse, obesity, and exposure to aflatoxin.

Treatment of liver cancer involves multiple strategies
used independently, or in combination, depending on
the stage of the disease. These include liver replacement
therapy, local therapy (resection, ablation), and regional
therapy. However, to date, only about 25% of the pa-
tients with primary liver tumors are considered to be
suitable candidates for curative treatment. Reasons for
patient non-eligibility for curative treatment include
factors such as the underlying parenchymal disease state
of the liver, tumor size, location, and multi-focality or
multi-centricity. HIFU has the potential to improve
these percentages by offering a local therapy which may
be less limited in terms of patient selection and one that
offers a lower threshold for treatment attempt in terms

© 2013 Aubry et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.


mailto:ahananel@fusfoundation.org
http://creativecommons.org/licenses/by/2.0

Aubry et al. Journal of Therapeutic Ultrasound 2013, 1:13
http://www.jtultrasound.com/content/1/1/13

of patient morbidity and complication. For example the
2010 Treatment Guidelines for hepatocellular carcinoma
from the American Association for the Study of Liver
Disease [3] stated that radiofrequency ablation should be
offered to patients with three or fewer primary tumors of
less than 3 cm each, yet HIFU has the potential to target
and ablate non-invasively, and in one session, a higher
number of lesions with lower treatment-related morbidity.

Patients with more advanced disease are currently of-
fered palliative treatment, including localized transarterial
chemoembolization (TACE) or systemic chemotherapy.
For this patient population, HIFU can offer the option to
combine a low morbidity local therapy.

Liver metastases

Metastatic liver tumors are more common than primary
tumors in the USA. The most common sites of primary
tumors that metastasize to the liver are breast, lung, and
colon. Some authors have reported hepatic metastases in
as many as 40% to 50% of adult patients with extra-
hepatic primary tumors [4].

Colorectal cancer (CRC) is the second most commonly
diagnosed cancer in Europe, with an annual incidence of
400,000 cases and an annual mortality of more than
200,000 patients [5]. Almost 70% of CRC patients de-
velop liver metastases during the course of disease [6].

Curative treatments for patients with liver metastases
can be aggressive in terms of the extent of damage to
liver tissue since there is usually no underlying liver dis-
ease. The existence of a liver metastasis means that the
primary cancer is stage IV and also requires systemic
therapy, unless contraindicated by other patient factors.

For patients with CRC metastases, all treatment strat-
egies are intended to cure [7] and are only limited by
allowing sufficient parenchyma to remain for survival.
Surgical resection can offer a 30%—50% 5-year and 17%—
26% 10-year survival after a successful procedure [8,9]. Yet
more than 80% of the patients are not surgical candidates
because of insufficient residual liver tissue, extra-hepatic
disease, anatomic constraints of the tumor, or medical
comorbidities.

Without treatment, the median survival of patients with
colorectal liver metastases is 6—12 months, and the 5-year
survival is less than 10% [10]. Local ablative therapies
targeting the liver metastases and surrounding tumor-free
margins in patients without extra-hepatic metastases can
achieve local tumor control and offer better survival
[11,12], even in patients with more than four metastases
[13] and in patients with repeated metastases [14,15].
Laser-induced thermo therapy, radiofrequency ablation,
microwave ablation, cryoablation, and trans-vascular
embolization have been applied for curative or palliative
ablation of liver metastases [16]. Local ablative techniques
result in a delayed and reduced residual intra-hepatic

Page 2 of 7

tumor growth and peritoneal tumor spread compared
with hepatic resection [17] due to a reduced growth factor
expression in comparison to surgical resection [18,19].
Also, for patients with liver metastases, HIFU has the
potential to offer local therapy which may be less limited
in terms of patient selection and one that theoretically
should have lower patient morbidity and complication.

Review of clinical trials and technological developments
in ultrasonic liver therapy

Clinical trials

HIFU has been explored as a method for non-invasive
localized thermal ablation for many vyears [20,21].
Vallancien et al. [22] was the first to report the use of
therapeutic ultrasound to treat the liver. In this study,
liver metastases were targeted under ultrasonic guidance
with a retractable imaging probe in two patients. Imaging
probes have more recently been integrated into the thera-
peutic heads on clinical devices: 474 patients with primary
and metastatic liver cancer have been treated by Wu et al.
[23] between 1997 and 2001 with the JC model from
Chonggqing Haifu (Chongqing, China). Other teams have
taken advantage of magnetic resonance (MR) imaging to
monitor liver tumor treatments [24,25]. Nevertheless, the
ultrasound (US)-guided JC model remains to date the only
system with a significant clinical track record in liver and
a regulatory approval for liver applications (CE mark and
Chinese CFDA).

All these clinical studies suggest that HIFU may be a
safe and feasible technique capable of complete tumor
ablation, but the same reports describe a significant inci-
dence of skin burns. [23,26-28]. The presence of the rib
cage enhances the probability of skin overheating due to
the high value of the ultrasonic absorption coefficient of
the bone [29] which causes indirect skin heating. In vivo
measurements of temperature elevation on pork ribs
have been reported by Daum et al. [30] with MR
temperature monitoring: temperature elevation during
sonication was five times higher on the ribs than in the
intercostal space. Moreover, reflection and refraction of
the ultrasonic wave by the rib cage affects the focusing
[31] and, thus, degrades the efficiency of the treatment
at the target.

Technological developments

Shadowing effect of the ribs

In order to minimize the heating effects of the ribs, most
of the clinical studies cited previously have taken advan-
tage of sub-costal sonication. Wu et al. [26] proposed the
resection of a portion of the ribs overlying the targeted
region of the liver in order to provide an acoustic window.
It was suggested in the late 1990s that the liver could be
treated using a phased array to sonicate between the ribs
[32-34], but this could not be tested experimentally at that
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time. Civale et al. [35] recently lowered the temperature of
the ribs during sonication by switching off up to three ele-
ments of a linearly segmented HIFU transducer. Even
though no focal lesions were induced and the energy from
the remaining active elements was not sufficient for a clin-
ical application, this study confirmed the proof of concept
introduced by McGough et al. [32] and Botros et al. [33].
Multi-element-phased arrays made of hundreds of ele-
ments have since been developed [36-39]. Aubry et al. [40]
used a 300-element semi-random array to show that time
reversal is well suited in focusing through the rib cage for
therapeutic applications: the temperature elevation on the
rib surface was decreased to a negligible level (a mean of
0.3°C). This can be achieved automatically and non-
invasively by computing the decomposition of the time re-
versal operator based on the backscattered echoes [41,42].
Such a technique makes it possible to focus between the
ribs and not through the ribs. This can also be achieved by
physical blocking using a mask [43].

Breathing motion

Another medical and technical characteristic of ultrasonic
treatment of the liver is that respiratory movement affects
the precision and the efficiency of all extracorporeal treat-
ments—HIFU as well as radiotherapy. Several studies
[44-47] have shown that abdominal organs can move up
to 20 mm during a respiratory cycle, reaching speeds of
up to 15 mm/s.

(a) Breath holding: One solution is to have the patient
undergo ventilator-controlled breath-holds while
under general anesthesia. This has been used
effectively in small patient studies [48,49].

(b)MR-based motion tracking: Alternatively, a
technologically more difficult solution is to steer the
beam during continuous breathing. This requires
tissue-motion tracking, and a variety of methods
have been investigated for tracking liver motion in
the MR system. Navigator echoes have been
investigated [50]. de Senneville et al. [51] proposed a
technique based on an analytical model of the main
global motion defined during a pretreatment
procedure. The average motion is then estimated
and used in order to anticipate the motion during
treatment. Ries et al. [52] proposed tracking the
target position in the image plane with 2D optical
flow-based image registration, while out-of-plane
motion is compensated by dynamic slice tracking.
This technique allows sufficient temporal resolution
and precision but is very sensitive to the tracking
frequency and beam steering latency.

(c) US-based motion tracking: For US-guided HIFU,
ultrasound-based techniques have been shown to be
able to track the 3D motion of biological tissues
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locally [53-56]. Such an approach is based on
tracking temporal shifts in the backscattered RF
signals, resulting from the displacements of the
tissues. The main advantage of the ultrasound-based
method is the high penetration rate of ultrasound in
the human body and its real-time capabilities.
Hence, the natural ultrasonic scatterers in biological
tissue can be used as markers to track the local
motion of tissues located deep within organs.

(d)Motion compensation by electronic beam steering:
Once the 3D movement of the organ is measured,
the ultrasonic beam can be electronically steered in
order to compensate for this and to follow the tissue
motion in real time. Marquet et al. [57] achieved
motion compensation ten times per second by
interleaving ultrasonic motion detection during the
first 20 ms, followed by electronic beam steering
calculation and hardware phase adjustment (10 ms)
and 70-ms high-intensity sonication, allowing a 70%
duty cycle while tracking the organ. Two studies
pulled together the required technologies of motion
tracking, beam steering, and MR thermometry to
demonstrate the production of HIFU lesions during
continuous breathing [58,59].

Monitoring

(a) MR temperature monitoring in the presence of
motion: In order to work, the MR thermometry
method must be insensitive to respiratory motion
[60]. This requires that both the thermometry
processing method and the acquired data are
robust in the presence of such movement. For the
processing method, multi-baseline [50,51,61,62],
referenceless [63-65] and hybrid multi-baseline/
referenceless [66] techniques have been
developed. With these techniques available in
processing the thermometry data, the acquired
data has been shown to be robust in the presence
of respiratory-like motion in a phantom [67] and
a pig model [58,59].

(b)US monitoring in the presence of motion: Most
clinical studies in liver have been performed with B-
mode ultrasonic monitoring [23,26-28] of a
hyperechogenic signature of the treated area. A rate
of 20 to 50 frames per second can be achieved, so
that such monitoring is not affected by the liver
motion. Nevertheless, liver motion has a major
impact on US-based temperature monitoring as this
relies on tracking apparent displacements due to the
heat-related change of the speed of sound [68,69].
Such apparent displacement and liver motion are
superimposed, making it difficult to differentiate
between each effect. Elastography-based temperature
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monitoring [70] might be the most practical way of
achieving US temperature monitoring in the liver.

Unmet needs

The current unmet need is to provide non-invasive, low
morbidity, localized tissue destruction to the significant
patient population that is currently being offered palliative
treatment. HIFU should be able to provide this due to its
non-invasive and highly precise nature. HIFU can be used
in close proximity to sensitive structures, and it has the
potential to target multiple lesions without the need for
multiple incisions or needle insertions (which may cause
bleeding, infection, and/or tumor spread). Focused ultra-
sound also has the potential to facilitate focal targeted
drug release which in the future may be an option to en-
hance chemotherapy.

Pilot study consensus

A pilot study should address the feasibility and safety of
localized tissue destruction using HIFU and provide the
information needed to design a pivotal study. The recom-
mendation of the assembled quorum is to choose patients
with localized liver lesions who are scheduled for surgery
and to treat these patients using HIFU before the surgery,
(i.e., ablate-and-resect study). This approach can provide
the following outcomes:

(1)Short-term safety: All patients would be followed for
1 week following their HIFU ablation procedure to
record any immediate post-procedural adverse
effects (such as bleeding, damage to bowel or
adjacent organs, and near-field skin/fat/muscle
burns).

(2)Post-treatment radiological follow-up data:
Following treatment, patients would be imaged by
contrast-enhanced MR imaging and/or computed
tomography (CT or PET CT if available) to record
the post-treatment appearance of the treated lesion,
to correlate it with pathological findings, and to
asses targeting accuracy.

(3)Post-treatment pathological findings: The excised
specimen would be used as a gold standard in an
analysis which evaluates correlation between the
planned, imaged, and ablated tissue, and would
confirm the completeness of the tissue destruction.

Since the goal of the pilot study is to establish evidence
for the efficacy and safety of HIFU for localized thermal
ablation of tissue in the liver, the patient population could
include both primary and secondary liver tumor patients.
However, it would be advisable that the first several pa-
tients recruited and treated in this study would be CRC
patients in order to reduce the risk of introducing patient/
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liver-related complications due to the underlying liver
disease in primary liver tumor patients.

The proposed pilot study is a single-arm ablate-and-
resect study, targeting patients with primary or secondary
liver cancer who are candidates for surgical resection.
After enrollment, the patients would undergo HIFU treat-
ment and be followed for a period of 1 week. After 1 week,
the treated lesion would be excised and sent for patho-
logical analyses. A potential approach to gradually increas-
ing total dose used could be in the initial treatments to
partially ablate the targeted tumor tissue and (2) in later
treatments to completely ablate the tumors, including a
tumor margin.

Pivotal study

The pivotal study should target the patient population
identified in the unmet need section: primary liver can-
cer patients who are not candidates for surgical resec-
tion and who are receiving palliative treatment. This
patient population could include patients with more
than three lesions, patients with one lesion bigger than
5 cm, patients with ascites, or patients with lesions close
to major blood vessels or other structures that make re-
section or radiofrequency ablation difficult or impos-
sible. The specifics of what population to include from
the list above would take into consideration results and
learned lessons on HIFU capabilities in terms of accur-
acy and treatment speed as were demonstrated in the
pilot study. We suggest a double-arm study where the
control arm would get TACE and the test arm would
get TACE and HIFU. The sample size would be deter-
mined by existing evidence in the literature regarding
the efficacy of such combination treatment [71].

The rationale for the study is the need to avoid the
risk of withholding existing therapy from a severely ill
patient population, while considering the near-term real-
ity of where to maximize clinical benefit; it is expected
that these patients would receive combination therapy
anyway.

An acceptable procedure, to be done in preparation
for the HIFU ablation session, is to insert saline or an-
other fluid into the peritoneal cavity to move the bowels
away from the targeted area or into the pleural cavity to
move the lungs away from the acoustic pathway. This
procedure can be done if necessary for safety, but should
not be part of the routine.

Follow-up would include imaging, measurement of
alpha fetoprotein levels (although effectiveness may be
compromised due to TACE), liver function testing, and
record of disease-related events including local, regional
and distant recurrences, disease-specific survival, disease-
free survival, and overall survival.

As a future second step, it is envisioned that a three-arm
study comparing the safety and efficacy of TACE alone,
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HIFU alone, and the combination of HIFU and TACE will
be conducted. This second, three-arm study would be
needed to obtain regulatory approval for the usage of
HIFU ablation of primary liver tumor as a stand-alone
therapy. A separate pivotal trial for the metastatic liver
disease indication would be required.

Minimal technical specifications of a HIFU system for the
treatment of liver tumors

The many aspects and technological improvements in
HIFU technology, which are required to treat liver cancer
have been researched for years (‘“Technological develop-
ments’ section). However, as part of our recommendation,
we tried to narrow the technical specifications to the
minimum required for a future or existing HIFU system
to be commercially viable in terms of patient selection,
quality and cost of treatment, and technological avail-
ability and cost. We have identified the following min-
imal requirements:

e Treatment rate should be at least 1 cc of ablated
tissue per minute.

e The entire procedure should last 4 hours or less
(and has a potential of reducing time to 2 hours).

e The system should be able to target at least 80% of
the liver volume in a typical patient.

e The system should be able to transmit energy either
in between, below, or through the ribs without
damaging the ribs or causing a skin burn.

e The system should have an imaging guidance system
for targeting tumors.

e It would be beneficial to have closed loop
thermometry (MR-based or otherwise)

e It would be beneficial to have beam steering tissue
tracking to enable the patient to breathe freely, but
this is not a ‘must have’ feature, and carrying out
treatment with the patient under general anesthesia
using forced apnea is acceptable.

Each of these components has been developed separately
or by academic research groups.
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