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Liver tumors
Liver tumors represent a major world-wide health problem. Metastatic liver tumors 

are the most prevalent liver tumors in the western world and are predominantly of 
colorectal origin.1,2 In contrast, primary liver cancer is the most prevalent type in 
South-East Asia and in parts of Africa.1 Other sources of liver metastases are neuroen-
docrine tumors, which spread to the liver in 40% but are less aggressive and rarely cause 
liver failure.3 Non-colorectal/non-neuroendocrine liver metastases most commonly 
originate from breast cancer, gastrointestinal cancer, urologic cancer, and melanoma.4 

Colorectal cancer is the third most common cause of cancer death for both men 
and women in the United States of America and the European Union.5,6 Since most 
disease-related deaths are secondary to metastatic disease, this has been the topic of 
extensive research. Colorectal cancer frequently spreads to the liver because of the 
direct route for dissemination of tumor cells through the portal venous drainage 
system or intra-abdominal lymphatic channels. As a result, the liver is usually the first 
affected organ of metastatic spread and up to 50% of patients develop colorectal liver 
metastases (CLM) in the course of their disease.7 When left untreated, the median 
survival of CLM patients is around 5 months.8-10 It has long been recognized that the 
presence or absence of liver metastases primarily determines survival. Even in those 
patients with an isolated liver metastasis, it is the progression of the liver disease, which 
determines the overall life expectancy for the patient and not the primary colorectal 
carcinoma.11 

History of colorectal liver metastasis treatment 
The treatment of colorectal liver metastasis has improved vastly during its existence. 

There has been a continuing trend towards less invasive and safer therapies. Early 
hepatic resections were performed mainly for traumatic liver injuries.12 These were 
dangerous procedures with extremely high mortality rates.12 By the late 19th century, 
several surgeons started to perform elective resections of liver tumors.12 However, 
without knowledge of the segmental anatomy of the liver, these were all based on 
random resections resulting in extremely high mortality rates.12 The first elective 
hepatic resection which was based on the segmental anatomy described by Couinaud 
was performed by Lortat-Jacob and Robert in 1952.13,14 By the late 1970s, the overall 
survival benefit of hepatic resection of CLM was established.15 Couinaud‘s anatomic 
knowledge, combined with advances in anesthesia and antiseptics, resulted in an 
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impressive reduction of complications: mortality rates dropped from around 20% 
during the mid-1960s to 2% to 3% during the early 1990s.12 Today, hepatic resection 
offers CLM patients the best chance of cure with a 10-year survival rate of 25%.16 

The 20th century also saw the emergence of two other mainstays of cancer therapy: 
systemic chemotherapy and external beam radiation therapy. In 1948, Sidney Farber, 
often named the father of chemotherapy, was the first to achieve a remission in a child 
with acute myeloid leukemia.17 These early chemotherapy regimens were life-threa-
tening procedures and resulted in a temporary response at best. After this discovery 
an extensive search for other chemotherapeutic agents began. In the first decades of 
the chemotherapy era, many chemotherapeutic agents were developed which are still 
in use. For example, Fluorouracil (5-FU), still one of the mainstays of chemotherapy 
for CLM, was first described in 1957 and became an established therapy for CLM in 
the 1960s.18,19 Recently, targeted therapies such as kinase inhibitors and monoclonal 
antibodies have been added to the arsenal of systemic therapies for CLM. The choice 
for a chemotherapeutic regimen depend on several factors such as potential resecta-
bility of the tumor.20 Chemotherapeutic agents with the highest efficacy include 5FU, 
capecitabine, oxaliplatin, and irinotecan, often in combination with targeted agents 
such as bevacizumab and cetuximab.20 This illustrates the trend towards less adverse 
effects in the field of systemic cancer therapies. 

The field of radiation oncology was born with the first radiation treatment of breast 
cancer in 1896, only weeks after the discovery of X-rays by Wilhelm Röntgen.21,22 
However, similar to early surgical treatments, the complete lack of understanding of 
the biological effects and physical properties of the radiation resulted in poor results 
and high morbidity.23 By the 1930s, radiation oncologists treated several types of cancer 
with permanent cure in a significant fraction of patients.23,24 Further improvement 
came with the introduction of megavoltage linear accelerators in the 1950s.23 Today, 
radiation oncology is an important treatment modality for several types of cancer, 
including breast cancer, head and neck cancer, and lymphoma.25 The efficacy of radi-
otherapy depends highly on the radiosensitivity of the tumor. However, the use of ra-
diotherapy for liver tumors is traditionally limited due to the low tolerance of normal 
liver tissue to radiation, which results in radiation induced liver disease in a significant 
proportion of patients.26 
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Tumor ablation
By the second half of the 20th century, surgical treatment of liver tumors had made 

impressive strides towards increased efficacy and safety. The availability of systemic 
chemotherapy and radiotherapy had further increased the survival of liver tumor 
patients. Nevertheless, the medical community continued to search for new, improved 
cancer treatments. This search, combined with technological advances, resulted in a 
range of new minimally-invasive cancer treatments by the end of the 20th century. 
Surgery became less and less invasive, which was reflected in the emergence of 
laparoscopic surgery and, more recently, robotic surgery.27 Moreover, new imaging 
techniques paved the way for new image-guided therapies such as intra-arterial ra-
dio-embolization and percutaneous tumor ablation. 

Of all image-guided tumor ablation techniques, radiofrequency (RF) ablation is the 
most widely used. RF ablation uses an applicator (or, needle) that emits an alternating 
electric current, which results in the generation of heat, and ultimately protein de-
naturation and cell death. The RF applicator can be inserted percutaneously, under 
computed tomography (CT) or ultrasound (US) imaging guidance, laparoscopical-
ly, or during laparotomy under intra-operative ultrasound guidance. The biological 
effects of radiofrequency currents were recognized long before their therapeutic use 
was investigated. In 1891, D’Arsonval was the first to report a temperature increase in 
tissue which was exposed to externally applied radiofrequency currents.28 The first use 
of radiofrequency for tumor ablation was reported in 1910.29 But it was not before 1990 
that percutaneous, needle-based RF ablation was first demonstrated, followed in 1993 
by the first liver tumor patient to be treated with RF ablation.30-32  These early devices 
could coagulate a volume of approximately 2 ml, requiring multiple small coagulation 
volumes to cover tumors larger than 15 mm in diameter.33  Important improvements 
in applicator design included the applicator with deployable prongs, which increased 
the coagulation volume considerably, and the saline-cooled applicator, which caused 
less tissue charring, further increasing the coagulation volume.34,35 

In addition to RF ablation, several other tumor ablation techniques have been inves-
tigated in recent years. Percutaneous intra-tumoral injection of ethanol has been used 
for treatment of hepatocellular carcinoma. However, it is less effective for treatment of 
metastatic disease because the heterogeneous and often fibrous nature of these tumors 
restricts diffusion of the ethanol.36,37 Intra-tumoral injection of other agents has also 
been proposed, including acetic acid, 5-fluorouracil, methotrexate, or cyclophospha-
mide.38,39 Laser ablation (or, laser-induced interstitial thermotherapy) employs a per-
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cutaneously-inserted neodymium: yttrium-aluminum-garnet (Nd: YAG) laser probe 
to induce photocoagulation of the target tissue. It has been investigated for treatment 
of both primary and secondary liver tumors.40,41 Irreversible electroporation is an 
emerging technique which is now under evaluation in clinical trials. Two probes are 
inserted over which a high intensity electric field is created. This opens the pores of 
the cell membrane, causing irreversible and non-specific cell death.42 The advantages 
of this approach is that there is no heat sink effect as is seen in RF ablation. On the 
downside, the coagulation volume is relatively small (maximum 2 cm in diameter), 
requiring multiple probes for ablation of larger tumors.43 Microwave ablation has been 
used clinically but is not an established technique like RF ablation. Compared with 
RF ablation, it uses a different frequency band of electric currents with more limited 
penetration in tissue. An important advantage is that microwave ablation is less prone 
to the heat-sink effect compared with RF ablation.43 

At present, the continuing evolution of RF ablation is reflected in the current 
Barcelona Clinic Liver Cancer treatment strategy, which recommends RF ablation as a 
first-line treatment option for patients with very early stage hepatocellular carcinoma, 
who are not eligible for liver transplantation.44 For colorectal liver metastasis, RF 
ablation is an established treatment option for non-surgical patients.7 Although there 
are no published randomized trials which directly compare hepatic resection with 
RF ablation for CML, observational studies indicate that the efficacy of RF ablation 
is not on par with hepatic resection.7 Patients with co-morbidities who are unfit for 
surgery might benefit from RF ablation. Moreover, quality of life considerations are 
for a subgroup of patients a reason to prefer image-guided ablation over an invasive 
surgical procedure. Percutaneous RF ablation has a favorable safety profile compared 
with surgical treatment, with a morbidity of 6.9 – 7.2% vs. 25.9 – 29.5% and a mortality 
of 0.3 – 0.5% vs. 1.5 – 3.6%.45-49 Complications can be caused by introduction of the 
needle (e.g. hemorrhaging, bile leakage, tumor tract seeding), by thermal damage (e.g. 
thermal damage to colon, stomach, gall bladder), or by the anesthesia.46,50 A major 
limitation of RF ablation is its poor efficacy near large vessels due to the heat sink 
effect. The heat sink effect is caused by the cooling effect of the blood flow in the vessel, 
resulting in a sheath of viable tissue around the vessel. In addition, several aspects of 
the image guidance may be improved, which are described below. 

Image guidance 
Regardless of the exact ablation technique, there are several imaging modalities 
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which can be used for therapy guidance, each with their own advantages and disadvan-
tages. Ultrasound (US) imaging allows for real-time imaging, is readily available, low 
cost, and does not use ionizing radiation. The ablation procedure can be monitored by 
visualizing changes in echogenicity.51 On the downside, the ablation procedure may 
cause causes gas bubble formation which obscures image details allowing only a limited 
estimation of treatment efficacy.52 Thermometry using ultrasound imaging is possible, 
but so far has not shown reliable temperature mapping in vivo.53,54 Additionally, its 
use is limited for tumors located behind the ribs or air-containing organs. Computed 
tomography (CT) is a relatively fast imaging modality which, in combination with 
an intravenous contrast agent, has a good sensitivity and specificity for CLM larger 
than 1 cm.[REF] It can also be used for real-time imaging, but this is mainly limited 
by the amount of radiation which can be used safely. In addition, CT contrast agents 
may not be administered repeatedly and treatment effect can be difficult to assess 
during ablation if the tumor is only visible on arterial-phase CT or positron emission 
tomography (PET).52 Magnetic Resonance (MR) imaging is perhaps the most versatile 
technique. MR imaging provides superior soft-tissue contrasts, allowing for precise 
tumor delineation, often without the use of a contrast agent.55 MR imaging can also be 
used to visualize and quantify functional tissue parameters such as diffusion. Additi-
onally, MR thermometry allows for completely non-invasive volumetric temperature 
mapping.56 On the downside, high-resolution MR imaging is slow and magnetic field 
inhomogeneities can cause image artifacts (e.g. due to paramagnetic materials, or 
movement of tissue, air, or water).57 

Magnetic Resonance-guided High Intensity Focu-
sed Ultrasound (MR-HIFU) 

The biological effects of ultrasound were known long before its use for diagnostic 
imaging was proposed. During the First World War, the French physicist Langevin 
worked on a detection method for submarines. He reported that “fish placed in 
the beam in the neighborhood of the source operating in a small tank were killed 
immediately, and certain observers experienced a painful sensation on plunging 
the hand in this region”.59  In 1942, Lynn was the first to use high intensity focused 
ultrasound (HIFU) to create focal ablation lesions in vivo.60 In the 1950s, William and 
Francis Fry developed a four-element HIFU transducer (figure 1). This system was 
used by Meyers for the first clinical HIFU treatments of Parkinsonism and hyperki-
nesis patients in 1958.61 It should be noted that these HIFU ablation procedures were 
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Figure 1. The four-element HIFU system used by William and Francis Fry in the 1950s.58

performed after performing a craniotomy to achieve an adequate acoustic window. 

At this point, we should consider the following. If HIFU ablation was performed 
as early as the 1942, and the first RF ablation was performed in 1910, why did these 
therapies not become widely used? The answer to this question is related to the lack 
of image guidance. Lynn performed his ablation experiment without image guidance, 
using external anatomical landmarks for therapy guidance. Meyers and colleagues 
used ventriculography for therapy guidance, an obsolete radiography technique which 
required the introduction of a catheter through the skull into the ventricular system of 
the brain, for administration of a contrast agent (figure 2).61 It goes without saying that 
these imaging techniques left much room for improvement. 

 However, by the late 1980s medical imaging techniques (in particular ultrasound 
imaging) had become widely available and HIFU was under investigation by several 
research groups. Around the turn of the century, several research groups performed 
clinical studies on ultrasound-guided HIFU (US-HIFU) ablation of liver tumors.62,63 
Extensive experience was gained in particular in China.64 In 1993, Hynynen and 
co-workers proposed the use of Magnetic Resonance (MR) for therapy guidance.65 The 
combination of MR guidance and HIFU ablation was coined MR-HIFU, and marked 
the beginning of a renewed interest in this treatment modality. 
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Background of this thesis
MR-HIFU has often been proposed as a promising thermal ablation technique 

for liver tumor patients. Two major advantages differentiate MR-HIFU from other 
tumor ablation techniques. First, although RF ablation has a favorable safety profile 
compared with hepatic resection (morbidity rate of 6.9 – 7.2% compared to 25.9 – 
29.5%, respectively)45-49, a further reduction of the complication rate is desirable. A 
large part of these complications can be attributed to the insertion of the RF applicator 
into the target tumor.47,48 Examples include mechanical damage to blood vessels or 
bile ducts, causing hemorrhaging or biloma formation, infection, and tract seeding.50 
The non-invasive nature of MR-HIFU should drastically reduce the incidence of these 
complications. It can also be expected that the recovery time and the impact on the 
patient’s quality of life are minimized. It also implies that more patients with co-morbi-
dities can be considered for treatment than with current techniques. In addition, there 
is no evidence of any long-term cumulative dose effect of MR-HIFU as are seen after 
radiotherapy, making it perfectly suitable for two-stage treatments.

 The second aspect is the therapy guidance, which is usually performed using 
ultrasound (US) or CT guidance. Although US can be used for real-time monitoring, 
the gas bubbles formed while ablating obscures image details allowing only a limited 
estimation of treatment efficacy.52 Computed tomography (CT) is the other commonly 

Figure 2. Image guidance for HIFU ablation in the brain, anno 1958.61 
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used imaging modality, but tumors are often difficult to visualize on non-contrast 
enhanced CT imaging during the procedure.52 In both cases, the temperature during 
the actual heating phase cannot be monitored (instead, the electrical impedance is 
monitored in order to detect charring of the tissue around the applicator, which may 
result in decreased heating efficiency). This implies that there is no information about 
the actual heat distribution, which is often irregular (e.g., due to the heat sink effect 
in the vicinity of large vessels).66 Thus, current image guidance techniques do not 
provide optimal therapy guidance for tumor ablation. In addition, the size and shape 
of the coagulation zone is fixed for a specific applicator and cannot be adapted to the 
tumor. MR-HIFU employs MRI for therapy guidance, which allows for near real-time 
anatomical and functional monitoring of the target area and adjacent tissues. This 
allows for on-the-fly adjustment and optimization of the ablation procedure, ensuring 
maximum treatment efficacy. In addition, this helps to prevent complications by 
visualizing any heating outside the target tissue since the physician can monitor the 
heating and respond accordingly. 

However, there are several specific challenges for the application of MR-HIFU in the 
liver. This is the main reason why clinical implementation of this otherwise promising 
technique so far has not yet been achieved. These challenges, which are related to both 
the HIFU ablation technique and the MR therapy guidance, have to be overcome in 
order to initiate the first clinical study. The goal of all studies included in this thesis was 
to investigate, and ultimately overcome these challenges, paving the way towards the 
clinical use of MR-HIFU for liver tumor ablation. 

Outline of this thesis
This thesis describes the road to clinical use of MR-HIFU for liver tumor ablation. To 

start, a study on current image-guided RF ablation is described. Then, several aspect of 
the use of MR-HIFU for non-invasive image-guided tumor ablation are explored, first 
in a small animal model, then in a large animal model. This work has ultimately led to 
the design of a clinical study on MR-HIFU ablation, which is described in appendix 1. 

Chapter 2 describes a study on the survival after percutaneous RF ablation. In a 
cohort of CLM patients, the overall survival after RF ablation is compared to that 
after hepatic resection. After this, we focus on the use of MR-HIFU for non-invasi-
ve, image-guided tumor ablation. Chapter 3 provides an introduction to MR-HIFU 
and outlines the specific challenges which have to be dealt with before clinical use of 
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MR-HIFU for liver tumor ablation can be considered. Chapter 4 describes a study that 
investigated what happens to a malignant tumor after ablation with MR-HIFU. A small 
animal model is used to study the evolution of the coagulated volume after complete 
ablation of a malignant tumor. The study in chapter 5 continues in a large animal liver 
model. It investigates the feasibility of a method for performing MR-HIFU ablation in 
the liver dome, which is difficult under normal circumstances due to the presence of 
the lower lung tip in the HIFU beam path. The next study deals with a safety aspect 
of the MR-HIFU ablation procedure: chapter 6 describes methods for reducing and 
monitoring near-field heating, which can cause thermal damage to the abdominal 
wall. The study in chapter 7 deals with another major challenge for MR-HIFU ablation 
in the liver, namely beam obstruction by the thoracic cage. This work investigates the 
feasibility of performing intercostal MR-HIFU ablation. In chapter 8, several previ-
ously-developed methods are combined into a treatment protocol which is evaluated 
in a porcine liver model. This study aims to evaluate this MR-HIFU ablation protocol 
in a clinically feasible setting, i.e. with a clinically-available MR-HIFU system, within 
a clinically feasible time-frame, and with minimal adverse effects. In chapter 9, the 
implications of the studies in this thesis are discussed. Additionally, the future per-
spectives for MR-HIFU are discussed. Lastly, in appendix 1 the design of the MALTA 
study is outlined. This is the ongoing clinical feasibility study that is the result of the 
work presented in this thesis. 
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Abstract
2

Background In recent years, the role of radiofrequency (RF) ablation for 
treatment of colorectal liver metastases (CLM) has been debated extensively. Although 
surgical resection generally achieves more favorable results, several authors attributed 
this to patient selection and tumor biology rather than technique effectiveness. Here, 
a historical cohort study is presented which compared overall survival and local and 
distant progression of CLM patients treated with percutaneous RF ablation versus 
those treated with surgical resection. 

Materials and methods All CLM patients who underwent surgical 
resection or percutaneous RF ablation between 1 January 2008 and 31 December 2011 
were included. Indications for RF ablation or surgical resection were made during 
multidisciplinary tumor board meetings. Patient characteristics and information on 
local and distant recurrence were extracted from electronic patient files. Vital status, 
including date of death if applicable, was obtained from the municipal population 
register. Multivariate Cox regression analysis was performed to estimate the relative 
risk of death (hazard ratio, HR), taking into account potential confounding variables. 

Results Thirty-seven patients underwent percutaneous RF ablation and 
77 underwent SR. Patients in the RF ablation group had significantly more often 
undergone prior liver-directed therapy, had more often bilobar disease and extrahe-
patic metastases, and had a higher ASA score. One-year survival was 89% (95%CI: 
79 – 99%) in the RF ablation group vs. 94% (88 – 99%) in the SR group (figure 1). 
Median survival for RF ablation patients was 30.9 months (95%CI = 18.0 – 43.9) vs. 
48.5 months (30.6 – 66.4) in the SR group (p = 0.015). After adjusting for bilobar 
disease, tumor size, and extrahepatic metastases, RF ablation was associated with an 
increased risk of death as compared to SR (adjusted hazard ratio 2.3, 95%CI: 1.2 – 
4.3). Local tumor progression in the first year of follow-up was seen in 62% in the RF 
ablation group vs. 7% in the SR group. Distant hepatic tumor progression after the first 
year was seen 55% vs. 26% and extrahepatic tumor progression was seen in 49% vs. 
34% in the RF ablation vs. SR group, respectively. 

Discussion Our results agree with the position of SR as first-line treatment 
for CLM. For small solitary tumors we observed no survival difference, which can 
be explained by the small sample size. Residual confounding factors were likely 
considering the differences in extrahepatic tumor progression rates between the 
groups, which may only be resolved in a randomized study. 
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Background 
The use of radiofrequency (RF) ablation for treatment of colorectal liver metastases 

(CLM) has been the topic of an intense debate in recent years.1 Surgical resection 
(SR) is generally considered the only potentially curative treatment, in particular for 
patients with solitary metastases.2,3 Unfortunately, the majority of CLM patients is not 
eligible for resection because of tumor anatomy, extrahepatic disease, or general health 
status. For these patients, RF ablation has been proven to provide a survival advantage 
over best supportive care.4 

After RF ablation, the reported median survival ranges from 28 – 39 months.4 
A median survival of 33 – 46 months has been reported after surgical resection.5-9 
However, the studies on RF ablation were mostly performed in non-surgical study 
populations and thus cannot be compared directly. The heterogeneity of the patient 
population which receives RF ablation has rendered studies in this field challenging. 
Several authors have advocated that the shorter overall survival after RF ablation 
treatment stems from differences in patient selection and tumor biology rather than 
inferior treatment efficacy.10,11 Although efforts to study this hypothesis have provided 
valuable insights, concluding evidence is not available.11,12 An additional complicating 
factor is that RF ablation procedures can be performed open, laparoscopically, or per-
cutaneously. Patients who are not eligible for open procedure might still be eligible for 
percutaneous RF ablation.13 The open RF ablation approach (i.e. during laparotomy) 
is generally reported to offer lower local recurrence rates than the percutaneous 
approach, although some centers have achieved similar results after careful patient 
selection for percutaneous RF ablation.13 

 The purpose of this study was to study the efficacy of percutaneous RF ablation 
relative to that of SR. For this purpose, we examined overall survival (OS) rates and 
tumor progression rates of patients with CLM, taking into account prognostic baseline 
differences between the two groups. 

Materials and methods 
Study population 

This historical cohort study was conducted in a tertiary oncological hospital. All 
CLM patients who underwent either percutaneous RF ablation or SR between 
1 January 2008 and 31 December 2011 were included. All patients were discussed 
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during a multi-disciplinary tumor board meeting where the exact treatment strategy 
was determined. 

Procedures

Radiofrequency ablation procedures were performed under epidural anesthesia, 
unless the patient preferred general anesthesia. The ablation systems were a Covidien 
Cool-Tip RF Ablation system and switching controller, and from 2010, a Cool-Tip RF 
Ablation system E-series (Covidien, Mansfield MA, USA). Depending on the required 
ablation volume, either a single or cluster antenna was used. Targeting of the RF 
antenna was in most cases performed using fluoroscopy computed tomography (CT) 
guidance but sometimes under ultrasonography guidance. CT was always used for 
confirmation of needle position. RF power was applied for 12-21 minutes dependent 
on impedance changes. For treatment control, multiphase contrast enhanced (CE) 
CT was used to confirm a ≥ 5 mm rim of coagulated healthy liver tissue around the 
tumor. Patients were discharged the next morning if no adverse events had occurred. 
Imaging follow-up consisted of a tri-phasic CT scan at 1 and 3 months. Subsequently, 
the patients were referred to their treating physician (surgeon or medical oncologist) 
who performed further follow-up. Additional CT or PET/CT scans were performed 
on clinical or biochemical indication. 

Surgical metastasectomy or partial hepatic resection was performed at the discretion 
of the operating surgeon. Extent and location of the tumors were determined by 
bimanual palpation. Intra-operative ultrasonography was performed to determine 
tumor localization and extent, to detect any latent metastatic nodules, and to assess the 
vascular anatomy of the liver in relation to the tumors. Parenchymal transection was 
performed by using a Cavitron ultrasonic surgical aspirator (CUSA, Valleylab Inc., 
Boulder CO, USA). After SR, triphasic CT scans and/or PET/CTscans and follow-up 
treatments were performed at the discretion of the attending oncological surgeon or 
medical oncologist. 

Data collection 

The outcome variables included overall survival, primary technique effectiveness, 
local tumor progression, and distant hepatic tumor progression. Primary technique 
effectiveness was defined as the percentage of successfully eradicated tumors after the 
planned RF ablation procedure(s), i.e. no residual tumor on follow-up CT imaging. 
Residual tumor was defined as tumor observed on the first follow-up CT scan (but 
within 3 months after treatment). Local tumor progression was defined as tumor in 
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(or connected to) the ablation zone after 3 months or more. Distant hepatic tumor 
progression was defined as new hepatic tumor not connected to the ablation zone, at 
any time point. The outcome variables concerning the RF ablation procedures were 
defined in accordance with the standardized terms published by Goldberg et al.14 To 
obtain the survival status (and date of death if applicable), all patients were linked to 
the municipal population register in June 2013. The follow-up time was defined as the 
time between the date of RF ablation / SR until death or 3 June 2013, whichever came 
first. All follow-up imaging was scored for residual tumor, local tumor progression, 
and new distant hepatic metastasis by an abdominal radiologist (F.L.) who was not 
involved in the interventional procedures.

Patient baseline characteristics were collected from electronic patients files and 
included: age, sex, American Society of Anesthesiologists (ASA) score15 (1 – 6), 
prior liver-directed treatments (systemic chemotherapy, surgical resection, open 
RF ablation, percutaneous RF ablation, percutaneous microwave (MW) ablation, 
trans-arterial chemoembolization or radioembolization, or radiotherapy), presence 
of extrahepatic metastases (yes/no), pre-procedural carcinoembryonic antigen (CEA) 
level (μg/l), pre-procedural imaging (date, modality, number of tumors, tumor sizes, 
liver segments, and proximity (<1cm) to surface or main a vessel), treatment strategy 
(complete ablation of all tumors or ablation of only clinically relevant tumors). Addi-
tionally, the following data on the treatment were collected: technical success of the RF 
ablation/SR procedure (defined as treatment according to protocol), anesthesia type 
(general or epidural), image guidance for RF antenna placement (US/CT-guided), 
complications (defined as any deviation from the normal post-procedural course, and 
classified using the Classification of Surgical Complications as proposed by Clavien 
and Dindo16), liver-directed treatment during follow-up, and CEA levels during 
follow-up. 

Statistical analysis 

In order to identify differences in baseline characteristics between the RF ablation 
group and SR group that could affect prognosis, we compared these characteristics 
using Chi-square or Fischer’s exact test for categorical variables, and student’s t-test 
(in case of normally distributed data) or Mann-Whitney U test (in case of skewed 
data) for continuous variables. Subsequently, we univariately analyzed which baseline 
characteristics were associated with OS (univariate Cox regression analysis). To assess 
the primary outcome, we compared OS of patients treated with RF ablation to those 
treated with SR using multivariate Cox regression analysis, adjusting for factors that 
were associated with both the type of treatment and overall survival with a p-value 
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Variable
SR RF ablation

No. of patients % No. of patients % p-value

Gender
 Male 46 59.7 26 70.3 0.275
 Female 31 40.3 11 29.7
Relevant comorbidity ¤
 Yes 30 39.0 18 48.6 0.327
 No 47 61.0 19 54.4
Prior chemotherapy
 Yes 41 53.2 24 64.9 0.241
 No 36 46.8 13 35.1
Prior hepatic resection
 Yes 2 2.6 12 32.4 0.000 **
 No 75 97.4 25 67.6
Prior open RF ablation
 Yes 1 1.3 12 32.4 0.000 **
 No 76 98.7 25 67.6
Prior percutaneous RF ablation or MWA
 Yes 0 0 3 8.1 0.032 **
 No 77 100 34 91.9
Prior other treatment (e.g. radiotherapy, TACE)
 Yes 2 2.6 3 8.1 0.327
 No 75 97.4 34 91.9
Disease free interval smaller than one year 
 Yes 38 49.4 19 51.4

0.698 No 34 44.2 17 45.9
 Unknown 5 6.5 1 2.7
CEA > 10 before treatment 
 Yes 26 33.8 8 21.6

0.675 No 34 44.2 13 35.2
 Unknown 17 22.0 16 43.2
ASA score 
 1 51 66.2 15 40.5

0.019 ** 2 25 32.5 18 48.6
 3 1 1.3 3 8.1
 Unknown 0 0 1 2.7
Extrahepatic metastases 
 Yes 7 9.1 10 27.0 0.012 **
 No 70 90.9 27 73.0
Number of tumors 
 1 49 63.6 22 59.5

0.275
 2 20 26.0 7 18.9
 3 7 9.1 7 18.9
 4 1 1.3 0 0
 ≥5 0 0 1 2.7
Size of largest tumor 
 > 3 cm 33 42.9 9 24.3 0.055 *
 ≤ 3 cm 44 57.1 28 75.7
Bilobar disease 
 Yes 9 11.7 11 29.7 0.018 **
 No 68 63.5 26 30.5
Any tumor located near a major vessel 
 Yes 20 26.0 7 18.9

0.613 No 57 74.0 28 75.7
 Unknown 0 0 2 5.4
Any tumor located subcapsularly 
 Yes 71 92.2 25 67.6

0.001 ** No 6 7.8 11 29.7
 Unknown 0 0 1 2.7

Table 1. Baseline study population characteristics by treatment group  
*: p<0.10, **: p<0.05, ¤: Relevant comorbidity: any disease which may influence the outcome of tahe 
patient. 
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smaller than 0.10 (i.e. potential confounders), with a maximum of 1 confounder per 
10 events. Additionally, a subgroup analysis was performed for patients with small 
(<3cm) solitary tumors. Cumulative tumor progression rates (local, distant hepatic, 
and extrahepatic) were calculated per three-month intervals using life table analysis. 
Wherever applicable, 95% confidence intervals were reported (in parentheses). A 
p-value of less than 0.05 was considered statistically significant. 

Results
A total of 114 patients with 176 colorectal liver metastases were treated with either 

percutaneous RF ablation (37 patients and 62 lesions) or SR (77 patients and 114 
lesions). 

Age was equally distributed between the RF ablation and SR groups (median age 65 vs. 
67, respectively, p = 0.699) (table 1). Patients in the RF ablation group more frequently 
had a history of liver-directed therapy (i.e. surgery or local ablative therapies, 51.4% in 
the RF ablation group vs. 2.6% in the SR group, p<0.001). There was no difference in 
frequency of prior systemic chemotherapy between the groups. In addition, patients 
in the RF ablation group more often had bilobar disease, extrahepatic metastases, and 
a higher ASA score (table 1). The median diameter of all tumors in all patients was 19 
mm (range 3 – 77) in the RF ablation group vs. 25 mm (range 3 – 103) in the SR group 
(p = 0.004). There was no statistical difference in terms of disease-free interval (i.e., the 
time from resection of the primary tumor to first local liver tumor treatment) between 
the RF ablation group (20.1 (95%CI 12.7 – 27.4) months) and the SR group (16.9 (12.3 
– 21.6) months), or median pre-procedural CEA level (6 (95%CI -11.3 – 135.6) µg/l in 
the RF ablation group vs. 7 (12.7 – 52.7) µg/l in the SR group). 

Table 2. Distribution of complication severity ac-
cording to Clavien Dindo Classification (values in 
parentheses are percentages of patients in the tre-
atment group).

Class SR RF ablation

1 
2 
3 
4 
5 
6

2 (2.6%) 
10 (13%) 
7 (9.1%) 
1 (1.3%) 
2 (2.6%) 
1 (1.3%)

3 (8.1%) 
1 (2.7%) 
1 (2.7%) 
0 (0%) 

1 (2.7%) 
0 (0%)

disability 10 (13%) 2 (5.4%)
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Procedures and complications 

Considerations for performing RF ablation over SR were: surgical resection 
technically not feasible (n = 9), previous invasive local treatment (n = 11), comorbidity 
(n = 7), patient’s preference (n = 2), extrahepatic disease spread (n = 2), old age (n 
= 2), or unclear (n = 4). A complete RF ablation treatment (i.e. ablation of all liver 
tumors) was performed in 29 patients (78%). In the other eight patients, not all tumors 
were treated with RF ablation. For example, in a patient with slow progressive disease, 
only the largest tumor was ablated. In another patient, one tumor was treated with 
radiotherapy because of its paravertebral location. Technical success was achieved in 
35 (94.6%) of the RF ablation procedures vs. 76 (98.7%) of the SR procedures. Mean 
duration of the RF ablation procedure was 71.8 ± 23.2 minutes vs. 143.3 ± 55.4 for SR. 
Fewer post-procedural complications occurred in the RF ablation group: 6 (16.2%) vs. 
23 (29.9%) in the SR group. Major complications (requiring invasive treatment) also 
occurred more often in the SR group (table 2). 

Outcome

Median follow-up was 27 months (range: 0.3 – 64 months). One-year survival was 
89% (95%CI: 79 – 99%) in the RF ablation group vs. 94% (88 – 99%) in the SR group 
(figure 1). Median survival for RF ablation patients was 30.9 months (95%CI = 18.0 
– 43.9) vs. 48.5 months (30.6 – 66.4) in the SR group (Log Rank test: p = 0.015), cor-
responding to a crude hazard ratio of 2.0 (1.1 – 3.7). Other factors associated with 
survival were: more than one tumor, largest tumor >3cm, bilobar disease, extrahepatic 
metastasis, and ECOG PS score >0 (table 3). 

The cumulative local tumor progression rates at 6, 12, and 24 months follow-up 
were 36% (8 censored cases), 62% (9 censored), and 66% (17 censored) in the RF 
ablation group, vs. 2% (20 censored), 7% (31 censored), and 9% (52 censored) in the 
SR group (p < 0.001). The distant hepatic tumor progression rates at 6, 12, and 24 
months follow-up were 52% (4 censored), 55% (7 censored), and 75% (11 censored) 
in the RF ablation group, vs. 18% (14 censored), 26% (21 censored), and 39% (35 
censored) in the SR group. The extrahepatic tumor progression rates at 6, 12, and 24 
months follow-up were 39% (5 censored), 49% (8 censored), and 59% (15 censored) 
in the RF ablation group, vs. 16% (14 censored), 34% (22 censored), and 56% (36 
censored) in the SR group. 

Table 3 (opposite page). Univariate and multicovariate Cox proportional hazards regression analysis of 
factors associated with survival in patients undergoing radiofrequency ablation or surgical resection for 
colorectal liver metastasis. (* p<0.10,  ** p<0.05) 
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Univariate analysis Cases Deaths Crude HR 95% C.I.
Treatment type
 RF ablation 37 20 2.04 1.13 – 3.66
 SR 77 26 1 (ref)
Gender 
 Male 72 27 0.94 0.52 – 1.69
 Female 42 19 1 (ref)
ASA score
 > 1 47 22 1.50 0.84 – 2.68
 1 66 24 1 (ref)
 Unknown 1 0 - -
Disease free interval smaller than one year 
 Yes 57 22 0.92 0.50 – 1.70
 No 51 19 1 (ref)
 Unknown 6 5 - -
CEA > 10 
 Yes 34 17 1.51 0.78 – 2.94
 No 47 18 1 (ref)
 Unknown 33 11 - -
Prior chemotherapy 
 Yes 65 26 0.93 0.52 – 1.66
 No 49 20 1 (ref)
Prior hepatic resection
 Yes 14 5 0.72 0.28 – 1.82
 No 100 41 1 (ref)
Prior open RF ablation 
 Yes 13 4 0.62 0.22 – 1.72
 No 101 42 1 (ref)
Prior percutaneous RF ablation/MWA 
 Yes 3 1 0.70 0.10 – 5.12
 No 111 45 1 (ref)
Prior other treatment (e.g. radiotherapy, TACE)
 Yes 5 2 1.33 0.32 – 5.50
 No 109 44 1 (ref)
Extrahepatic metastasis present
 Yes 17 9 2.03 0.97 – 4.27 *
 No 97 37 1 (ref)
Number of tumors 
 ≥ 2 43 23 2.47 1.36 - 4.49 **
 1 71 23 1 (ref)
Size of largest tumor 
 > 3 cm 42 22 1.71 0.96 – 3.05 *
 ≤ 3 cm 72 24 1 (ref)
Bilobar disease
 Yes 20 10 2.07 1.01 – 4.21 **
 No 94 36 1 (ref)
Any tumor located near a major vessel 
 Yes 27 12 1.33 0.68 – 2.60
 No 85 32 1 (ref)
 Unknown 2 2 - -
Any tumor located subcapsularly 
 Yes 96 40 1.33 0.52 – 3.38
 No 17 5 1 (ref)
 Unknown 1 1 - -

Multivariate Cox regression analysis Cases Events  Adjusted HR 95% C.I.
Treatment type
 RF ablation 37 20 2.25 1.19 – 4.28
 SR 77 26 1 (ref)
Extrahepatic metastasis 
 Yes 17 9 2.10 0.96 – 4.63
 No 97 37 1 (ref)
Bilobar disease
 Yes 20 10 1.80 0.87 – 3.72
 No 94 36 1 (ref)
Size of largest tumor
 > 3 cm 42 22 2.30 1.21 – 4.37
 ≤ 3 cm 72 24 1 (ref)
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In the subgroup with small (<3cm) solitary tumors, which consisted of 17 RF ablation 
patients and 32 SR patients, the mean estimated survival was 47 months (95%CI: 36 – 
58) in the RF ablation group vs. 45 months (39 – 52) in the SR group (Log Rank test: p 
= 0.48). The crude hazard ratio in this subgroup was 1.5 (95%CI: 0.5 – 4.3). One-year 
survival was 100% after RF ablation vs. 97% after SR. Local tumor progression during 
the first year of follow-up was observed in this subgroup in 7/16 patients (43.8%) in 
the RF ablation group vs. 0/28 patients in the SR group (p<0.001, 10.2% missing).  

Figure 1. Overall survival curves

Patients at risk at start of interval
Interval start time (months) 0 6 12 18 24 30 36
RF ablation 37 35 33 26 15 10 7
 SR 77 74 72 64 50 36 23
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Multivariate analysis of this subgroup, adjusting for factors associated with both 
survival and type of treatment (i.e., bilobar disease and extrahepatic metastasis) resulted 
in a hazard ratio of 1.1 (0.3 – 3.3). 

The primary technique effectiveness rate after RF ablation was 34/36 patients (94.4%). 
The two patients with residual tumor on the first follow-up CT scan received no further 
treatment because of quickly progressing disease (distant hepatic tumor progression in 
one patient, and both distant hepatic and extrahepatic tumor progression in the other 
patient). After RF ablation, 14 patients (38%) received repeat percutaneous treatment 
(i.e. radiofrequency or microwave ablation) because of local tumor progression (n = 7), 
new distant hepatic metastasis (n = 2), or both (n = 4). Of the 11 patients with locally 
progressive disease who underwent repeat RF ablation, four patients showed no signs 
of local tumor progression after the repeat procedure. Two patients underwent a third 
RF ablation procedure because of local tumor progression. One patient was treated, 
after repeated RF ablation, with chemotherapy and subsequent resection of the local 
tumor progression. In the SR group, one patient underwent subsequent percutaneous 
RF ablation treatment and six patients underwent an additional open procedure (i.e., 
open RF ablation and/or SR). Systemic chemotherapy during follow-up was given 
more often in the SR group (52% vs. 30%, p=0.025). 

Discussion 
In our study population, percutaneous RF ablation for colorectal liver metastasis 

was associated with a shorter OS compared to SR. A multivariate analysis, performed 
to correct for confounding variables, did not results in a markedly different hazard 
ratio. These findings agree with the position of SR as first-line treatment for CLM. 
The median survival after RF ablation in this study corresponds well with previously 
reported survival time of 18 – 39 months.4 Overall survival after SR was better than 
the in literature reported 33 – 46 months.4 Longer OS has been reported after SR of 
solitary tumors.3,17 It should be noted that the survival times after SR were mainly 
obtained from studies with highly selected patients. Reported survival after repeat RF 
ablation ranges from 16 – 66 months.18,19 The local tumor progression rate for all tumor 
sizes in our study was at 53% relatively high, but within the 16 - 60% found in the 
literature.13 This could, partially, be explained by a learning curve effect, since patients 
were included in this study since the introduction of this technique in our institution. 
However, a learning curve likely explains only part of the local tumor progression rate. 
Another explanation is that ablated tumors in the vicinity of large vessels tend to have a 
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higher local progression because of the heat sink effect.20 This may not be immediately 
detectable on CE-CT due to the location adjacent to a vessel. Furthermore, although 
sufficient margins were produced during the RF ablation procedure, any micro-meta-
stases cannot be observed and will grow in the ablation margins.

There are several limitations of our methodology which need to be addressed. 
Naturally, the retrospective design of this study posed limitations. Although we 
corrected for baseline differences between the two groups, it is likely that confounding 
factors persist. For example, the differences in extrahepatic tumor progression 
indicate that, apart from treatment efficacy, differences in disease aggressiveness are 
likely to play a role. Without a randomized study design it is impossible to eradicate 
all bias. Furthermore, the reasoning for choosing the selected treatment option (i.e., 
RF ablation or SR) was discussed during multi-disciplinary tumor board meetings 
and extracted from the electronic patient files at a later time-point. The exact con-
sideration for choosing RF ablation or SR was often not clearly stated and remained 
dependent on the interpretation of the investigators. In addition, this study (like any 
retrospective study) suffers from a substantial amount of censored patients who were 
lost to imaging follow-up. Although it should be noted that the overall survival data 
is this study was very reliable since this was obtained from the municipal population 
register, the censoring of patients who were lost to imaging follow-up does hamper the 
reliability of the tumor progression analyses. Another potential source of bias is the 
fact that patients who underwent both RF ablation and SR almost always underwent 
surgery first, followed by an RF ablation procedure in a later stage of the disease. 
Because patients can only be included in one cohort, we included these patients in the 
RF ablation cohort, in order to increase the sample size. Thus, these patients generally 
have a more advanced stage of disease, and as a results a shorter expected OS. 

Interestingly, in the subgroup with small solitary tumors, no OS difference was 
detected, despite the higher local tumor progression rate in the RF ablation group. 
One possible explanation is that the sample size was insufficient to detect a relatively 
small OS difference. Another possibility is that this reflects that other factors are the 
determining factor for OS.10 Indeed, we observed a higher rate of distant hepatic new 
metastases in the RF ablation group, as well as a higher extrahepatic tumor progression 
rate. The OS rates in the literature for RF ablation vs. SR of small tumors differ widely, 
with some authors reporting worse OS after RF ablation, while others report similar 
survival.2,21 

The main challenge for studies in this field lies in the profound heterogeneity of 
the CLM patient population.10,11,22,23 The decision to perform RF ablation or SR is 
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influenced by many factors, including comorbidity, age, patient preference, resecta-
bility, extrahepatic metastases, and prior treatments. This decision is usually made 
in a multidisciplinary meeting and based on arbitrary arguments. In addition, the 
selection criteria for SR, such as the feasibility to achieve a negative (R0) resection 
margin, are generally strictly adhered. On the other hand, the selection criteria for RF 
ablation are not as clear. In many centers, tumors that have a high chance of treatment 
failure are treated on a regular basis, such as those adjacent to a major vessel (which 
are usually not eligible for surgical treatment either). This results in two groups that are 
extremely difficult to compare. In order to correct for differences in baseline charac-
teristics and tumor biology wherever possible, we performed a multivariate survival 
analysis. Unfortunately, due to the limited size of our study population, we were unable 
to include all variables which were expected to play a role, such as the presence of more 
than one tumor, prior local liver therapies, ASA score, and ECOG performance score. 
Indeed, the higher rates of distant hepatic tumor progression and extrahepatic tumor 
progression in the RF ablation group reflect the poorer prognosis of patients in this 
group, regardless of the local treatment. 

It has been postulated that the factors related to the heterogeneity of the patient 
population account for the inferior survival after RF ablation.10 Gleisner et al. reported 
that a propensity score analysis showed a lack of comparability between the RF ablation, 
SR, and SR+RF ablation groups.11 However, their study included only open RF ablation 
procedures. Since there might also be differences in patient selection for open and 
percutaneous RF ablation, this poses another complicating factor when determining 
the exact place of RF ablation in the therapeutic field. For this reason, we included only 
patient who underwent a percutaneous RF ablation procedure. As were all studies in 
this field, our study was conducted in a very heterogeneous patient population. Many 
patients were previously partially treated with radiotherapy or other local therapies. 
For some, a watchful waiting approach was used for slower growing tumors. Thus, 
for several patients, disease progression was inevitable and expected, essentially 
rendering tumor progression data from these patients unrepresentative. Therefore, 
studies in this field would greatly benefit from clearly defined inclusion criteria for RF 
ablation. An additional complicating factor is time-related bias due to the continuous 
improvement of chemotherapeutic regimens which are often offered to these patients. 
For these reasons, RF ablation and SR are extremely difficult to compare without a 
randomized study design. Considering the available data at this point, a randomized 
direct comparison of RF ablation vs. SR has been deemed unethical by most. The only 
randomized trial in this field compared systemic chemotherapy alone with chemo-
therapy plus RF ablation.24 This study showed no difference in 30-month survival (an 
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outcome measure for which the study was not powered), but did show a longer PFS in 
the combined treatment group. However, whether this difference in PFS translated into 
an OS advantage could not be studied because inclusion was stopped early due to slow 
accrual. Some authors have even challenged SR as first-line treatment, advocating the 
use of RF ablation as part of a “test-of-time” approach, i.e. to hold off surgery in order 
to allow additional undetected metastases to be identified.4,25,26 However, this approach 
is controversial and SR is generally considered the optimal treatment patients in good 
clinical condition.4 Thus, the precise position of RF ablation for treatment complicated 
cases has remained controversial. 

 In conclusion, our results agree with the current position of SR as first-line 
treatment for CLM. For small solitary tumors, no overall survival difference could be 
detected, which was likely caused by the small sample size. The sample size was unfit 
to correct for all differences between treatment groups, considering the new distant 
hepatic metastasis rates and extrahepatic tumor progression rates. Incomparabili-
ty between study groups remains a problem for all non-randomized studies, but in 
particular for the severely heterogeneous study population that constitutes patients 
with colorectal liver metastasis.  
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Recent decades have seen a paradigm shift in the treatment of liver tumors from 
invasive surgical procedures to minimally invasive image-guided ablation techniques. 
MR-guided high intensity focused ultrasound (MR-HIFU) is a novel, completely 
non-invasive ablation technique that has the potential to change the field of liver tumor 
ablation. The image guidance, using MR imaging and MR temperature mapping, 
provides excellent planning images and real-time temperature information during the 
ablation procedure. However, before clinical implementation of MR-HIFU for liver 
tumor ablation is feasible, several organ-specific challenges have to be addressed. In 
this review we discuss the MR-HIFU ablation technique, the liver-specific challenges 
for MR-HIFU tumor ablation and the proposed solutions for clinical translation. 
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Introduction
In the last few decades, the treatment paradigm of both primary and secondary liver 

tumors has shifted from invasive open surgical procedures to minimally invasive ima-
ge-guided tumor ablation techniques. The most recent update to the Barcelona Clinic 
Liver Cancer (BCLC) treatment strategy for hepatocellular carcinoma recommends 
image-guided radiofrequency ablation (RFA) as the first-line treatment for very early 
stage (BCLC 0) patients, who do not qualify for liver transplantation1. For metastatic 
liver tumors, surgical resection is still the preferred treatment, but minimally invasive 
image-guided treatment options are gaining ground: in particular RFA is widely 
accepted as a potentially curative treatment option for patients who are not eligible for 
surgery2. The main advantages of image-guided tumor ablation techniques are lower 
peri-procedural morbidity and mortality, shorter hospital stays and improved quality 
of life3. 

High intensity focused ultrasound (HIFU) is a novel, completely non-invasive 
image-guided tumor ablation technique. The principal therapeutic mechanism of 
HIFU ablation is the thermal energy deposition by a focused ultrasound beam. The 
ultrasound beam is generated by a high power transducer; the focalization can be 
achieved by employing a phased array, bowl-shaped ultrasound transducer. The HIFU 
beam penetrates skin and other soft tissues without causing damage, but the tissue 
in the focal region of the beam (an area in the order of millimeters) absorbs signifi-
cantly more acoustic energy than adjacent areas, resulting in a temperature increase4,5. 
This rapid temperature increase causes a localized coagulation necrosis, while the 
surrounding tissue remains unharmed. Magnetic Resonance (MR) imaging is used for 
image guidance. This provides high-quality anatomical and physiological data for the 
physician in real-time. It also allows for treatment monitoring and assessment of the 
therapeutic endpoint.  

In this review we discuss the clinical application of MR-HIFU for ablation of 
malignant liver tumors, we present challenges that are specific to liver tumor ablation, 
and we discuss the proposed solutions that are currently under investigation and 
development.

MR-HIFU ablation
The first investigations to the therapeutic use of focused ultrasound date back to the 
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1940’s4. Although many papers were published, especially during the 1970’s and 80’s, 
the image guidance (using B-mode ultrasound) was of limited value only, since the 
temperature could not be monitored accurately during the ablation with the prevalent 
equipment. This issue was addressed when the HIFU ablation technique was combined 
with MR imaging (figure 1), which in turn lead to a renewed interest in HIFU ablation 
and a surge in research papers in the 1990’s6. 

In the western world, the main clinical application of MR-HIFU is currently 
the ablation of uterine fibroids, and more recently, the palliative ablation of bone 
metastases7,8. Uterine fibroid ablation has the advantage over oncological applications 
that complete tumor ablation is no necessity, as a reduction in tumor bulk usually 
provides sufficient symptom relief9. Due to widespread acceptance of MR-HIFU 
ablation of uterine fibroids, the use of MR-HIFU is steadily finding its way into daily 
clinical practice. However, the most promising clinical application of MR-HIFU is its 
use for non-invasive and precisely targeted ablation of malignant tumors. 

MR-HIFU offers several advantages over conventional thermal ablation techniques 
such as radiofrequency ablation (RFA). Unlike these ablation techniques, MR-HIFU 
does not require the insertion of a probe in the body and is thus completely non-in-
vasive. Furthermore, MR-HIFU relies much less on thermal conduction, since the 
entire ablation volume is directly heated by the deposited ultrasound energy10,11. The 
advantage of this ablation mechanism is that the temperature gradient around the 
ablation lesions can be made very steep, resulting in a sharply demarcated necrotic 
lesion with virtually no damage to the surrounding tissue12. 

Dedicated magnetic resonance imaging techniques can be used for dynamic 
temperature mapping13. MR temperature mapping provides the physician with 
real-time spatio-tem-
poral temperature 
information that 
can be used for 
treatment monitoring 
during the ablation 
process5,6,14. The most 
widely used MR 
temperature mapping 
method is the proton 
resonance frequency 
shift (PRFS) method. 

Figure 1. A 256-element HIFU transducer, installed on the table top of a 
clinical 1.5-T MR scanner.
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This method relies on the temperature-dependence of the electron screening constant 
of hydrogen nuclei in water. This effect leads to a shift in the observed proton resonance 
frequency in water-containing tissues when the temperature changes and can be 
used to measure the temperature with a precision in the order of ±0.5°C in vitro15. 
The precision in vivo depends on multiple factors such as the tissue proton density 
and relaxation times, organ movement, receiver coil, voxel size, field of view and 
the required temporal resolution13. The temporal resolution for clinical applications 
depends mainly on the number of slices needed to cover the target area and to monitor 
heating in the near and far fields of the ultrasound beam and is usually between two 
and six seconds. In addition, the combination with anatomical MR imaging provides 
images with excellent soft-tissue contrasts for tumor delineation during the treatment 
planning stage. 

Temperature mapping and thermal dose

The temperature information obtained by MR temperature mapping can be 
used to assess the ablated tissue volume in two ways. First, coagulation necrosis is 
known to occur at temperatures over 57°C. Therefore, any tissue part that has been 
heated to a temperature above 57°C can be regarded necrotic. The second frequently 
used quantity to reflect the inflicted thermal damage is the thermal dose. Thermal 
dose links the tissue temperature and the duration of the temperature elevation 
in a nonlinear fashion to provide a quantity of tissue damage. Thermal dose is 

Figure 2. Temperature (top row) and thermal dose (bottom row) images of a pig liver during MR-HIFU 
ablation. The temperature-increase scale is displayed on the right. The pixels coloured red correspond to 
a thermal dose of 240 CEM43 and above. Left to right: three coronal slices centred around the focal point, 
one sagittal slice centred on the focal point, and one slice located near the skin. The broken contours in the 
temperature images show the selected regions of interest (ROIs) for displaying the temperature data. The 
temperature images display the temperature distribution measured at the end of MR-HIFU ablation, and 
the thermal dose images are the final images in the time series. (Reprinted from Quesson et al.[53] with 
permission.)



48

3

CHAPTER 3

expressed in equivalent minutes at 43°C (CEM43)
16,17. Preclinical studies have 

shown that the thermal dose required for necrosis ranges from ± 50 – 240CEM43 
(depending on tissue type and study); therefore 240 CEM43 is often used as the 
‘lethal thermal dose limit’, in order to quantify the necrotic tissue area (figure 2).  
Two remarks should be made regarding thermal dose. First, the lethal thermal dose 
differs between tissue types and has not been established for tumor tissue of various 
types10,18,19. Second, papers that describe the correlation between thermal dose and 
necrotic tissue area in vivo generally have no, or very limited, longitudinal follow-up. 
Therefore, secondary cell death that might take several hours to days to develop (e.g. 
due to edema or hypoperfusion) is not taken into account20. In order to characterize 
these processes further studies are needed, that include a comprehensive follow-up of 
ablated tumors and analyses of MR imaging and histological samples. 

Volumetric ablation

Initially, MR-HIFU ablation was performed on a point-by-point basis: the entire tissue 
volume was ablated by sequentially targeting multiple small foci of a few millimeters 
in diameter. Apart from being very time consuming, this method is inefficient because 
a large part of the absorbed energy is 
lost by heat diffusion after each point 
ablation. For this reason, volumetric 
MR-HIFU was introduced, using initially 
mechanical beam displacements and 
subsequently electronic beam steering 
(figure 3)21-23. With volumetric MR-HIFU 
ablation, the focal point of the ultrasound 
beam is steered along multiple points on 
circular or spiral trajectories perpendicu-
lar to the ultrasound beam. The fast (50 
ms) switching between different focal 
points provides a uniform heating of the 
specified tissue volume, or treatment cell. 
By starting in the middle of the treatment 
cell, diffusing heat is effectively used to 
heat the entire treatment cell. This way, 
the diameter of the tissue volume that can 
be ablated at once can be increased from 
approximately 2mm to 16mm or more. 

Figure 3. Volumetric ablation works by steering 
the focal point of the HIFU beam along multiple 
points in the treatment cell with fast (50 ms) 
switching, resulting in a homogeneous heating 
throughout the treatment cell.
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Liver tumor ablation
As discussed before, MR-HIFU represents the ideal surgical tool in several ways: 

HIFU precisely and effectively destroys all tumor cells, while the MR guidance allows 
for precise targeting of the tumor, real-time control of the ablation procedure and 
treatment evaluation. It has long been recognized that for liver tumor patients, these 
properties make MR-HIFU an attractive treatment option24. 

Preclinical studies

The first focused ultrasound ablation of liver tissue was performed by Lynn and 
colleagues in 19424. Due to conflicting study results, relatively little attention was paid 
to HIFU for decades, until the 1980’s. Ter Haar and colleagues did valuable research 
by studying the shape, size and reproducibility of focused ultrasound lesions in liver 
tissue24-27 and the group of Chapelon studied ablation of Vx2 tumor-bearing rabbit 
livers28,29. In these studies, focused ultrasound ablation of liver tumor tissue was 
effective, but suffered from incomplete tumor destruction and frequent damage to 
surrounding organs. This was mainly caused by the lack of proper image guidance. 

In 1993, Hynynen and colleagues were the first to use real-time MR guidance for 
HIFU ablation, thereby renewing the interest in HIFU6,30. MR-HIFU ablations of liver 
tissue have been performed in pig and dog liver by Kopelman et al31,32. They used 
general anesthesia and controlled apneas to prevent liver motion during ablation 
and reported that the MR guidance was reliable for temperature mapping and for 
predicting the necrotic tumor volume, as assessed at histological evaluation. 

Clinical studies (table 1)

In the 1990’s the first liver tumor ablations using ultrasound-guided HIFU were 
performed in man. The group of Ter Haar evaluated the safety and performance of 
ultrasound-guided HIFU ablation in 28 patients. They concluded that the ablations 
were effective, with the only side-effects being transient pain and skin burns. However, 
in neither of these studies it was attempted to ablate tumors entirely. Also, the authors 
mentioned the limitations of ultrasound guidance, i.e. difficulties in visualizing the 
tumor during ablation33-35. Wu and colleagues have the most extensive experience 
with ultrasound-guided HIFU ablation of liver tumors. They treated 474 patients 
with primary and secondary liver tumors36,37. However, it should be noted that the 
authors performed surgical rib resections in patients where the ribs would obstruct 
the ultrasound beam, to create an ‘acoustic window’, thereby eliminating the non-in-
vasive aspect of the  procedure. Additionally, intra-arterial chemoembolization was 
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performed in many patients before HIFU treatment in order to reduce tumor size 
and perfusion, in an attempt to enhance the efficacy of the HIFU ablation36. The first 
and only report of an MR-guided HIFU liver tumor ablation in man was published 
in 2006 by Okada and colleagues from Japan38. The authors treated a patient with a 
hepatocellular carcinoma of 15mm in diameter in the left lateral liver segment, thereby 
avoiding the ribs. They used a respiratory monitoring system with color lamp indicator 
to help the patient perform repeated breath holds at the same point in the respiratory 
cycle. The authors concluded that MR-HIFU ablation of liver tumors is promising, 
but technical advances are needed for successful clinical implementation, in particular 
concerning respiratory motion of the liver and planning of an acoustic beam path that 
avoids ribs and bowel loops. 

Challenges for successful MR-HIFU liver tumor 
ablation

Although MR-HIFU potentially has many advantages for liver tumor treatment, 
there are several organ-specific challenges that so far have hampered clinical adoption. 
A lot of effort has been made to find technical solutions to these challenges, and much 
progress has been made. However, most of the proposed solutions are still in pre-clini-
cal development and require validation under clinical conditions. The most essential 
problems will be discussed here. 

1. Motion of the liver

A major difficulty with MR-HIFU liver tumor ablation is the physiological motion 

Author Year n Guidance Study design Study objective
Okada et al38 2006 1 MR-guided Case report Feasibility
Visioli et al33 1999 6 US-guided Prospective patient series Safety and feasibility
Wu et al36 2004 474 US-guided Retrospective patient series Safety and feasibility
Illing et al34 2005 22 US-guided Prospective patient series Safety and efficacy
Li et al54 2007 151 US-guided Case-control study Tumor response, survival
Orsi et al52 2010 23 US-guided Prospective patient series Safety and efficacy
Jung et al55 2011 79 US-guided Retrospective patient series Complications
Xu et al56 2011 145 US-guided Prospective patient series Efficacy, complications
Zhang et al57 2011 27 US-guided Prospective patient series Imaging response
Jin et al58 2011 73 US-guided Prospective patient series Long-term follow-up
Fukuda et al59 2011 12 US-guided Prospective patient series Safety and efficacy

Table 1. ROverview of clinical studies on MR-guided or US-guided HIFU ablation of liver tumors.
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of the liver, which is principally caused by the respiratory cycle and, to a lesser extent, 
by cardiac motion and bowel movements. This means that the targeted tumor moves 
continuously. This complicates both a precise and effective HIFU energy deposition 
and artifact-free MR temperature mapping39. 

Although respiratory-gated approaches have been proposed due to their technical 
simplicity, this approach significantly impairs the duty-cycle of the ablation process38. 
This is particularly unfavorable for organs such as kidney and liver, since the high 
perfusion rate generally leads to a strong heat evacuation. This limits the realization 
of a sufficiently high temperature elevation and hampers the ablation of large tumor 
volumes in a clinically relevant time-frame40. Consequently, more recent approaches 
focus on continuous target tracking techniques, which lock the ultrasound beam 
during the entire motion cycle to the target and thus allow a continuous energy 
deposition (figure 4). Both real-time MRI and diagnostic ultrasound have been suc-
cessfully demonstrated as a viable tracking modality13,39,41-43. 

2. Obstruction by the ribs

The majority of the liver is covered by the thoracic cage. The high acoustic reflection 
and attenuation of the ribs form a virtually impassable barrier for the ultrasound 
waves. The partial obstruction of the ultrasound beam leads to a significant reduction 
of energy in the focal point area and can lead to undesired tissue damage of the 
intercostal muscles and subcutaneous tissue44,45. The phased array design of the 

Figure 4. Real-time MRI target tracking. Temperature maps obtained after 60 s of HIFU ablation on a 
phantom subjected to periodical motion. The imaging slice was placed either orthogonal to the symmetry 
axis of the HIFU transducer (a, b) or parallel to the symmetry axis (c). (a) The temperature distribution 
of non-compensated (i.e., HIFU beam steering disabled, but MR temperature mapping fully motion 
compensated) HIFU ablation shows the energy dispersion along the motion trajectory. In this example the 
motion vector of the phantom is parallel to the image plane and is indicated by the red arrow. (b) The fully 
motion-compensated HIFU ablation shows that the beam energy is deposited at the predefined location. 
(Reprinted from Ries et al.39 with permission.)
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HIFU transducer allows for a possible solution to this problem, since the individual 
transducer elements can be deactivated selectively. The possibility to either detect 
the reflected ultrasound waves of the obstructed elements directly, or alternatively 
to identify obstructed elements on anatomical 3D MRI allows for identification and 
subsequent disabling of critical transducer elements (figure 5)43,44. However, a downside 
of this solution is that in order to deposit sufficient energy in the HIFU focal region, a 

Figure 5. Selective deactivation of individual transducer elements that have a rib in the beam path. (a) 
Schematic diagram of the proposed method for selecting the transducer elements to be deactivated. 
Anatomical images are used for (b) selection of the target point (the solid red lines show the HIFU propa-
gation cone on a transverse slice and the white dashed line shows the horizontal slice displayed in c); (c) 
Manual segmentation of the bones (ROIs) within the beam path (circle). (d) Projection of the shadow of 
the ROIs onto the transducer surface (white bars on the transducer surface) by ray tracing from the targe-
ted point (white dashed lines). (e) Visualization of the shadow of the ROIs on the 256 transducer elements 
distributed on the transducer surface, and determination of the elements to be deactivated. (Reprinted 
from Quesson et al.[44] with permission.)
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higher density of acoustic energy needs to pass through the intercostal space, which in 
turn increases the risk of burns to the skin and subcutaneous structures. Furthermore, 
this intercostal HIFU approach is potentially complicated by liver motion. The use of 
dynamic adaptive intercostal firing strategies for clinical practice is therefore currently 
under investigation.

3. Costodiaphragmatic recess

A considerable part of the liver is situated under the diaphragmatic dome, encircled 
by the inferior border of the right lung in the costodiaphragmatic recess46. This 
implicates an impassable barrier, namely air, for the ultrasound beam. Since the 
ultrasound transducer can be tilted only to a limited extent, this would render a con-
siderable portion of all liver tumors technically unsuitable for MR-HIFU treatment. 
This problem has been assessed in several studies for ultrasound guidance of RFA, 
and the solution of artificial pleural effusion has been proposed46,47. Nonetheless, the 
implementation of this technique for the coupling of a therapeutic HIFU beam has yet 
to be studied. 

4. Liver perfusion

The relatively high perfusion rate of the liver causes the absorbed energy in the 
treatment area to be dispersed relatively quickly. Chen et al studied HIFU ablations in 
a rat liver with and without ligation of the hepatic artery and portal vein, and found a 
size reduction of the ablated lesion of more than 20% in a perfused liver, as opposed to 
a liver with ligated major vessels48. Higher acoustical powers can be used to overcome 
this effect. As a consequence, more acoustic energy will be deposited in the skin and 
subcutaneous tissue, which are traversed by the ultrasound beam, resulting in a higher 
risk of burns. Another solution for this problem would be to selectively embolize the 
liver segment with the tumor in order to decrease the perfusion, a principle used 
clinically by Wu and colleagues36. 

5. Vessels and bile ducts

Since there is a multitude of vessels and ducts that run within the liver parenchyma, 
liver tumors are often located adjacent to one of these vessels. The blood flow has a 
cooling effect on tumors adjacent to a larger vessel, known as the ‘heat sink effect’. 
This is a known limitation of radiofrequency ablation49. Experimental studies seem to 
indicate that this problem is less pronounced with HIFU ablation, since the heating 
process relies less on thermal conduction10,32,50. Wu et al reported no vessel rupture or 
tumor bleeding in a patient series of 1038 patients with various solid tumors36. Zhang 
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et al treated 39 patients with hepatocellular carcinoma close (< 1cm) to a major hepatic 
vein or the inferior vena cava. No vascular complications were seen, although their 
complete tumor necrosis rate (50%) was somewhat unsatisfactory. This might well 
have been caused by their broad patient selection criteria, illustrated by the average 
tumor size of 7.4cm51. Little is published on bile duct or gallbladder damage after HIFU 
treatment. Orsi et al studied ultrasound-guided HIFU ablation of tumors in difficult 
locations and reported no complications after ablation of 4 tumors located <1cm from 
a major bile duct and 2 tumors located <1cm from the gallbladder52. 

          

Conclusion
MR-HIFU ablation is a novel technique that offers completely non-invasive ima-

ge-guided tumor ablation, with accurate treatment planning and real-time treatment 
control. Although various studies have focused on HIFU for ablation of malignant 
liver tumors, clinical implementation in this field so far has been hampered by the 
technical challenges, which arise from the partial obstruction of the target area by the 
thoracic cage, the continuous motion of the of the liver due to the respiratory cycle and 
the required high acoustic power levels due to the strong heat dissipation caused by the 
hepatic perfusion. Several recent preclinical studies have successfully demonstrated 
viable solutions to each of these challenges individually. Future work will need to focus 
on the integration of these approaches into a robust and integrated clinical package. 
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Objectives - Volumetric magnetic resonance-guided high intensity focused 
ultrasound (MR-HIFU) is a completely non-invasive image-guided thermal ablation 
technique. Recently, there has been growing interest in the use of MR-HIFU for non-in-
vasive ablation of malignant tumors. Of particular interest for non-invasive ablation of 
malignant tumors is reliable treatment monitoring and evaluation of response. At this 
point there is limited evidence on the evolution of the ablation region after MR-HIFU 
treatment. The purpose of the present study was to comprehensively characterize the 
evolution of the ablation region after volumetric MR-HIFU ablation in a Vx2 tumor 
model, using MR imaging, MR temperature data and histological data. 

Materials and Methods - Vx2 tumors in the hind limb muscle of New 
Zealand White rabbits (n = 30) were ablated using a clinical MR-HIFU system. 
Twenty-four animals were available for analyses. MR imaging was performed before 
and immediately after ablation; MR temperature mapping was performed during the 
ablation. The animals were distributed over seven groups with different follow-up 
lengths. Depending on the group, animals were re-imaged and then sacrificed on day 
0, 1, 3, 7, 14, 21 or 28 after ablation. For all time-points, the size of non-perfused areas 
(NPAs) on contrast-enhanced T1-weighted (CE-T1-w) images was compared to lethal 
thermal dose areas (i.e. the tissue area that received a thermal dose of ≥ 240 equivalent 
minutes (EM) at 43°C) and to the necrotic tissue areas on histology sections. 

Results - The NPA on CE-T1-w imaging showed an increase in median size 
from 266 ± 148 to 392 ± 178 mm2 during the first day and to 343 ± 170 mm2 on day 
3, followed by a gradual decrease to 113 ± 103 mm2 on day 28. Immediately after 
ablation, the NPA was 1.6 ± 1.4 times larger than the area that received a thermal dose 
of ≥ 240 EM in all animals. The median size of the necrotic area on histology was 1.7 ± 
0.4 times larger than the NPA immediately after ablation. After seven days, the size of 
the NPA was in agreement with the necrotic tissue area on histology (ratio 1.0 ± 0.2). 

Conclusions  - During the first three days after MR-HIFU ablation, the ablation 
region increases in size, after which it gradually decreases in size. The NPA on CE-T1-w 
imaging underestimates the extent of tissue necrosis on histology in the initial few 
days, but after one week the NPA is reliable in delineating the necrotic tissue area. 
The 240 EM thermal dose limit underestimates the necrotic tissue area immediately 
after MR-HIFU ablation. Reliable treatment evaluation techniques are particularly 
important for non-invasive, image-guided tumor ablation. Our results indicate that 
CE-T1-w imaging is reliable for MR-HIFU treatment evaluation after one week.  
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Introduction
In the past decade, a major change in the management of solid tumors has been the 

development of minimally invasive, image-guided tumor ablation techniques1-3. Ima-
ge-guided ablation techniques offer advantages such as less periprocedural morbidity 
and mortality, shorter hospital stays and improved quality of life4. Magnetic resonan-
ce-guided high-intensity focused ultrasound (MR-HIFU) is a novel image-guided 
ablation technique that offers completely non-invasive tumor destruction under 
continuous magnetic resonance imaging (MRI) guidance. The focused ultrasound 
beam traverses healthy tissues without causing damage, while the high intensity in the 
focal point causes a rapid increase in temperature, resulting in coagulation necrosis5,6. 
MRI is ideal for treatment planning due to its excellent soft tissue contrasts and the 
ability for 3D tumor delineation. In addition, MRI can be used for real-time treatment 
monitoring, as MR temperature mapping provides real-time spatial temperature 
information7-9. MR temperature maps can be used to delineate the tissue area that 
reached a certain threshold temperature (i.e. ≥ 60 °C for acute coagulation necrosis). 
Temperatures below 60 °C can also cause lethal cell damage if maintained for longer 
durations; this type of tissue damage can be quantified on MR temperature maps using 
the thermal dose concept10-12. Therefore, temperature and thermal dose maps can be 
used to predict treatment response13,14. Treatment response after the procedure can be 
assessed using (contrast enhanced) MR imaging9,15. On MR imaging, complete tumor 
ablation is indicated by an area with a lack of contrast enhancement that encloses the 
tumor, including a margin around the tumor. 

Currently, MR-HIFU is used clinically for the treatment of uterine fibroids, bone 
metastasis and prostate cancer16-19. In recent years, there has been an increasing interest 
in the development of MR-HIFU for treatment of breast cancer and liver tumors20-22. 
Treatment of malignant tumors requires complete (100%) ablation, therefore reliable 
treatment monitoring and treatment response assessment is crucial. At this point, there 
is limited evidence on the evolution of the ablation region in vivo in time, and its rela-
tionship to treatment evaluation techniques such as contrast enhanced MR imaging. 
Therefore, the purpose of the present study was to comprehensively characterize the 
evolution of the ablation region after volumetric MR-HIFU ablation in a Vx2 tumor 
model, using MR imaging, MR temperature data and histological data. 
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Materials and methods
Overall experimental design

For this study, 43 New Zealand White rabbits (Charles River, France; 3 – 4 kg) were 
used. Donor animals (n = 13) were used to propagate the Vx2 tumor cell line23. The 
animals in the experiments (n = 30) were excluded in case of failure of anesthesia (n 
= 2), failure of tumor growth (n = 3), or HIFU-induced skin burns rendering ablation 
impossible (n = 1); leaving 24 animals for analyses. The animals were appointed to 
one of seven follow-up groups (figure 1). All animals were imaged before, during, 
and directly after ablation. Animals in the first group were sacrificed immediately 
after post-treatment imaging. Animals in the other groups were re-imaged and then 
immediately sacrificed at day 1, 3, 7, 14, 21 or 28 after MR-HIFU treatment. Only the 
animals in the last group (28 days follow-up) were imaged at every time-point. Thus, a 
varying number of data time-points was available per animal.  

Animal handling and tumor model

Permission from the Animal Experiment Committee was obtained prior to the start 
of the study. The Vx2 tumors were grown in the hind limb muscle of donor animals. 
When the tumor reached a diameter of 2 – 3 cm, it was harvested and minced to tissue 
pieces of approximately 0.5 x 0.5 mm. Three tissue pieces were injected with a 14 G 
needle into the hind limb muscle of the experimental animals. Tumor growth was 

Figure 1. Follow-up scheme of the experimental groups.
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monitored using a portable diagnostic ultrasound device (Logiq book, GE healthcare). 
The tumor was ablated after reaching a diameter of 8 – 12 mm (after 6 – 35 days). Before 
the ablation procedure, the animal was anesthetized with subcutaneous injections of 
ketamine 15 mg/kg and dexmedetomidine 0.25 mg/kg. Carprofen 4 mg/kg s.c. was 
administered as post-procedural analgesic. A sciatic nerve block (bupivacaine 2 mg/
kg) was performed to prevent unnecessary movement during HIFU ablation. The skin 
over the tumor was then shaved, depilated, and covered with diagnostic ultrasound 
gel for acoustic coupling. During the ablation, oxygen was supplied to the animal. The 
MR scanner’s standard-issue monitoring equipment was used to monitor respiratory 
and cardiac frequencies, by fixing the aircushion on the abdomen and the pulse-meter 
on the tail. Every hour, ⅓ to ½ of the anesthesia start-dose (depending on the 
respiratory frequency) was injected subcutaneously to maintain the anesthesia. After 
the experiment, the dexmedetomidine was antagonized with atipamezole 1 mg/kg s.c. 
After termination of the animal, the hind limb was removed completely and fixated in 
formaldehyde 4% for at least one week. After fixation, the muscle portion containing 
the tumor was lamellated (8 – 10 mm) in the same (sagittal) plane as the MRI slices, 
embedded in paraffin in double-sized (2x2 inch) histology cassettes, sectioned each 
1000 μm and stained with hematoxylin and eosin (HE). A pathologist with more than 
10 years experience in assessing thermal ablation damage delineated all necrotic areas.

Experimental setup

For all experiments we used a clinical MR-HIFU therapy system (Sonalleve, Philips 
Healthcare) integrated with a clinical 1.5T MR scanner (Achieva, Philips Healthcare). 
The MR-HIFU system comprises I) a 256 element, 1.2 – 1.4 MHz spherical shell 
transducer, suspended in a degassed water-filled table-top;  II) an RF-generator cabinet; 
and III) a HIFU console, on which the treatment can be planned and controlled. One 
MR receiver coil element is integrated into the table top, the other two elements are 
placed on top of the volume of interest (originally designed for the pelvis)16. For this 
study, a dedicated animal holder was constructed, which consisted of a open, poly-
methylmethacrylate tank with an acoustic window in the floor (figure 2). Acoustic 
coupling with the table-top was achieved using normal tap water. The tumor-bearing 
hind limb was secured over the acoustic window with a spacer and acoustical absorber 
between the legs. The animal’s upper body was secured in left lateral position on a 
ramp, keeping the upper body above the water level. The tank was filled with normal 
tap water (containing MnCl2 · 4 H20 for T1 shortening), providing 5 cm of water 
on both sides of the tumor-bearing limb. The receiver coil was placed on top of the 
water-filled tank. The water temperature was maintained at approximately 35 °C using 



66

4

CHAPTER 4

a radiator hose and thermometer, to prevent hypothermia of the rabbit. The same ex-
perimental setup was used for both the ablation procedure and all follow-up imaging. 

MR imaging and MR-HIFU ablation procedure 

The following MRI scan sequences were performed before ablation, immediately (30 
– 60 minutes) after ablation and at each follow-up time-point: a T2-weighted 3D TSE 
scan (TR = 1650 ms, TE = 110 ms, matrix 288 x 267, FOV 100 x 280 mm, slice thickness 
2 mm); a dynamic contrast enhanced TFE scan (TR = 5591 ms, TE = 1.4 ms, matrix 
256 x 102, FOV 40 x 300 mm, slice thickness 5 mm); and a contrast enhanced (delayed 
phase) T1-weighted TSE scan, performed five minutes after intravenous injection of 
gadobutrol 0.1 ml/kg (Gadovist, Bayer Pharma; TR = 500 ms, TE = 12 ms, matrix 436 
x 345, FOV 50 x 350 mm, slice thickness 2 mm). After the pre-treatment imaging was 
completed, the HIFU console was used to plan the ablation, i.e. covering the entire 
tumor volume with feedback cells. These feedback cells were heated using volumetric 
heating controlled by real-time temperature feedback24. This volumetric approach 
facilitates the ablation of larger tissue volumes, thereby dramatically improving the 
duty-cycle of the procedure25. For this study, we used feedback cells of either 4 x 4 x 10 
mm (0.09 ml) or 8 x 8 x 20 mm (0.74 ml). Ablation was started at least 30 minutes after 
the injection of the contrast agent to avoid heating the tumor with residual contrast 

Figure 2. Experimental setup. The red dotted lines represent the acoustic beam path.
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agent in situ. During ablation (continuing in the cool-down phase), temperature 
maps were acquired (dynamic multi-stack 2D gradient echo scan, TR = 37.59 ms, TE 
= 19.50 ms, EPI factor 11, matrix 160 x 160, FOV 400 x 400 mm, slice thickness 7 
mm). A stack of three temperature mapping slices was centered on the focal point, 
perpendicular to the ultrasound beam; one slice was placed in the same orientation 
on the skin and one on the acoustic absorber; one slice was placed perpendicular to 
these slices and centered on the focal point, thus along the mid-axis of the ultrasound 
beam16. Temperature changes were calculated using the proton resonance frequency 
shift method, which utilizes the temperature-dependence of the electron screening 
constant of hydrogen nuclei in water molecules26,27. Dynamic temperature mapping 
was performed by calculating temperature changes from signal phase changes with 
respect to a reference baseline that was obtained from the first three dynamics before 
the start of ablation. Thermal dose was calculated from the acquired temperature-time 
information using the method by Sapareto and Dewey, which expresses thermal dose 
in cumulative equivalent minutes at 43 °C (EM)10. The thermal dose threshold for cell 
death is 50 – 240 EM, depending on the tissue type; we therefore used a limit of 240 
EM to predict tissue necrosis28,29. The ablation procedure was considered completed 
once the 240 EM thermal dose contour covered the entire tumor, as visualized on 
pre-treatment CE-T1-w imaging. 

Data analysis 

The main purpose of the present study was to characterize the longitudinal evolution 
of the ablation region after volumetric MR-HIFU ablation of a malignant Vx2 tumor, 
using MR imaging, MR thermometry and histology. To this end, we analyzed I) the 
surface area at mid-tumor level that received a thermal dose of ≥ 240 EM, since this 
thermal dose limit is regarded to predict the minimally expected necrotic tissue 
area11,25,30; II) the non-perfused surface area (NPA) on CE-T1-w imaging at mid-tumor 
level for each available time-point, since the non-perfused volume is regarded a reliable 
predictor of tissue necrosis; and III) the necrotic tissue surface area on histology 
sections at mid-tumor level. 

All MR images, MR temperature maps and histology sections were processed using 
custom-built analysis tools, which were developed using medical image processing 
software (MeVisLab, MeVis Medical Solutions)31. The NPA was manually delineated on 
the delayed phase CE-T1-w images. All NPA measurements were taken at mid-tumor 
level, using the femur as a reference. For each animal a cumulative thermal dose map 
was constructed, calculated from thermal dose maps of the individual sonications. 
Histology slides were digitalized and the necrotic surface areas (as delineated by the 
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pathologist) were measured using the same software as used for MR image analysis. 
The section with the tumor center (i.e. largest tumor area) was used for all analyses. 
If the mid-tumor slice showed tumor recurrence (i.e. visible on CE-T1-w imaging), 
that particular follow-up time-point was excluded from NPA and necrotic tissue area 
measurements. Differences between animal numbers in figure 1 and those in the 
results section were caused by: I) four animals which were transferred from the 28 
day follow-up group to another group because of animal welfare reasons or recurrent 
tumor. For these animals, imaging was available for each follow-up time-point, but 
not up to day 28; II) one animal which died at day 26, providing histology data but 
no imaging data for the last follow-up time-point; and III) one animal for which no 
reliable thermal dose calculations could be made. For statistical analysis, descriptive 
statistics were used to compare the 240 EM thermal dose surface area, the NPA, and 
the necrotic tissue area on histology, at different time-points. In addition, the ratios 
between necrotic area and NPA, necrotic area and 240 EM area, and NPA and 240 EM 
area were calculated. All measurements were reported as median ± standard deviation 
(range) area (in mm2). All results were visualized using box plots. 

Results
Before ablation, the Vx2 tumors appeared hyperintense compared to muscle tissue 

on CE-T1-w images, with a more hyperintense rim around the tumor (figure 3). 
Immediately after ablation, the ablation region showed an inhomogeneous signal 
intensity, surrounded by a hyperintense rim. During the first day the median NPA 
increased from 266 ± 148 (range 109 – 787) to 392 ± 178 (151 – 835) mm2 (n = 24 and 
12, respectively; figure 4). During the first three days after ablation the enhancement, 
width and demarcation of the hyperintense rim increased, while the ablation region 
became homogeneously hypointense. On day three, the median size of the NPA was 
343 ± 170 (219 – 773) mm2 (n = 10). The initial increase was followed by a gradual 
decrease in size to 113 ± 103 (110 – 290) mm2 on day 28 (n = 3, figure 4). This longi-
tudinal evolution on CE-T1-w imaging, i.e. an initial increase followed by a gradual 
decrease in size, was consistent among all animals. Immediately after ablation, the 
necrotic area on histology was 1.7 ± 0.4 (1.2 – 1.9) times larger than the NPA (necrotic 
area 372 ± 97 (329 – 515) mm2 vs. NPA 274 ± 52 (198 – 299) mm2, n = 3, figure 5). 
This ratio (necrotic area/NPA) decreased during the first week to 1.0 ± 0.2 (0.8 – 1.0) at 
day seven (n = 3). Immediately after ablation, the ablated tumor in nine animals (38%) 
appeared hyperintense on the dynamic T1-w scan before contrast injection, with a 
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total lack of inflow of contrast agent after injection. It has been described for other 
thermal ablation methods that this could be due to hemorrhaging or a proteinaceous 
material in the ablation region, although this might also be caused by remaining 
contrast agent from the pre-treatment scan32. 

The histological examination showed, immediately after ablation, necrotic Vx2 
tumors with severely damaged cells, cell shrinkage and pyknotic nuclei (figure 6). The 
surrounding muscle tissue showed severe morphological changes, i.e. vacuolar changes 
to the cytoplasm and fragmented cells, and occasional neutrophilic granulocytes. On 
day one and three after MR-HIFU ablation, a rim of neutrophilic granulocytes and 
histiocytes clearly demarcated the necrotic area. This showed on the HE stained slices 
as a dark (hematoxylin-stained) margin around the ablation region, which was macro-
scopically easily identifiable. Inside the ablation region there was a complete absence 
of inflammatory activity. After two weeks, fibroblasts and lymphocytes appeared in 
the inflammatory rim around the ablation region. Three to four weeks after HIFU 
ablation, the rim around the ablation region consisted largely of lymphocytes and 
fibroblasts with still a total lack of inflammatory activity inside the ablation region. 
Histological analysis showed viable tumor cells in 5 out of 26 animals (19%). Viable 
tumor tissue was recognized on CE-T1-w imaging before histological examination in 

Figure 4 (left panel). Box plots of the NPAs on CE-T1w imaging and necrotic tissue areas on histology. Note 
that because of the experimental follow-up system, different measurements represent different numbers of 
animals. Baseline, before ablation; time point 0, immediately after ablation. 0 Outlier (cases that lie 1.5-3  
times the interquartile range [IQR] from the box); * extreme value (cases that lie >3 times the IQR from 
the box).
Figure 5 (right panel). Box plots of the following ratios at different time points after MR-HIFU ablation: 
tumor size before ablation/240 EM or higher thermal dose area; NPA/240 EM or higher thermal dose area; 
necrotic tissue area/NPA; necrotic tissue area/240 EM or higher thermal dose area. Baseline, before ablation; 
time point 0, immediately after ablation. 0 Outlier (cases that lie 1.5-3 times the interquartile range [IQR] 
from the box); * extreme value (cases that lie >3 times the IQR from the box).
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all cases but one. After careful retrospective analysis the sixth case of recurrence was 
also visible on CE-T1-w imaging. 

The necrotic tissue area on histology was larger than the 240 EM thermal dose 
contour immediately after ablation (ratio 1.8 ± 0.4 (1.7 – 2.5), n = 3) and one day after 
ablation (3.4 ± 0.7 (2.8 – 3.9), n = 2). From day 7, the sizes of the necrotic tissue areas 
were similar to the 240 EM thermal dose contours (ratio 1.2 ± 0.4 (1.0 – 1.8) at day 7, 
n = 3). Immediately after ablation, the NPA was 1.6 ± 1.4 (0.5 – 7.4) times larger than 
the area that received a thermal dose of 240 EM (median NPA: 258 ± 151 (109 – 787) 
mm2, median 240 EM area: 150 ± 57 (63 – 244) mm2, n = 23, figures 3 and 5). Although 
the difference between the NPA and 240 EM thermal dose area varied per animal, the 
NPA was larger than the 240 EM thermal dose area in all animals. Due to an increase 
of the NPA in the initial days after ablation, the size difference between the NPA and 
240 EM thermal dose area was even larger than immediately after ablation on day one 
(2.5 ± 1.7 (1.6 – 7.9) times larger, n = 12) and on day three (2.4 ± 1.0 (1.6 – 5.2) times 
larger, n = 10). Remarkably, the NPA was larger than the area in which any thermal 
dose (> 0 EM) was measured, in 3 out of 12 animals (25%) at day one, and in 3 out of 
10 animals (30%) at day three. 

Figure 6. Microscopic views of typical 
ablation regions. A, overview, 21 days 
after treatment. t, necrotic Vx2 tumor; a, 
ablation region; r, inflammatory rim sur-
rounding the ablation region; f, fatty tis-
sue; m, healthy muscle tissue. B, close-up 
of the inflammatory rim surrounding the 
ablation region, 3 days after treatment. 
a, ablation region; r, inflammatory rim 
(containing mainly neutrophil granulocy-
tes and macrophages); m, healthy muscle 
tissue.
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Discussion
In this study we used a clinical MR-HIFU system and a Vx2 rabbit tumor model to 

comprehensively characterize the post-treatment evolution of the ablation region in 
the 28 days after volumetric MR-HIFU ablation using MR imaging, MR temperature 
mapping and histology. Our results clearly demonstrate the typical evolution of an 
ablation region after MR-HIFU treatment: the median NPA on CE-T1-w imaging 
showed an initial increase from 266 ± 148 to 392 ± 178 mm2, followed by a gradual 
decrease in size up to day 28. This pattern of an initial increase and subsequent decrease 
was consistent among all animals. These results are in agreement with the findings of 
Palussière et al., who performed MR-HIFU ablations in six Vx2 muscle tumor-bea-
ring rabbits33. They reported an increase in lesion size after ablation of 18-60%, which 
they explained as thermally induced edema. Nikfarjam et al. observed a similar lesion 
evolution after application of local hyperthermia in normal liver and colorectal liver 
metastases in mice34. Interestingly, they observed that the development of delayed 
necrosis was more pronounced in normal liver tissue than in colorectal metastatic 
tissue, although the initial thermal stimulus caused more immediate damage in 
malignant tissue. 

There are several explanations for the increase in NPA that we observed in this study. 
First, the development of thermally induced edema might play a role33,35. However, it 
seems unlikely that this is the only cause for the increase in NPA, since T2-weighted 
images showed a hyperintense signal mainly around the ablation region, and to a far 
lesser extent within the ablation region (data not shown). Also, histological analysis 
showed no apparent edema within the ablation region, although HE staining cannot 
rule out edema. Second, a temperature elevation that does not reach the threshold for 
immediate coagulation necrosis might cause secondary irreversible cell damage, i.e. 
apoptosis25. In this study, in four out of twelve animals the NPA on CE-T1-w imaging 
was larger than the area in which any thermal dose was measured, suggesting that 
secondary cell damage mechanisms are in fact involved. However, our HE stained 
histology samples did not show any signs of apoptosis around the initial ablation 
region. Either way, these findings indicate that the value of MR imaging for short-term 
(< 7 days) treatment evaluation is limited. This conclusion is in agreement with a report 
by Khiat et al., who have reported on the role of dynamic contrast-enhanced MRI after 
MR-HIFU ablation of breast tumors36. They concluded that a post-treatment delay of 7 
days is necessary for the accurate assessment of the presence of residual tumor. 

In this study, the 240 EM thermal dose contour was smaller than both the NPA 
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and necrotic tissue area. Thermal dose is an important method to standardize the 
assessment of thermal damage, since the amount of delivered acoustic energy may vary 
due to intervening tissue differences (attenuation and diffraction), target tissue inho-
mogeneities (absorption and perfusion rate), and base-line temperature differences11. 
The 240 EM threshold for lethal cell damage is based on several studies in various 
tissues, ex vivo and in vivo, in which 240 EM is the threshold value above which every 
study reports lethal cell damage14,28,29. Therefore, it is often used to predict tissue 
necrosis8,11,30. Since these studies were mostly performed with single point-ablations in 
healthy or benign tissue and without follow-up, we studied the thermal dose limit for 
volumetric ablation of malignant tumors. We found that immediately after ablation, 
the NPA on CE-T1-w imaging was considerably (1.6 ± 1.4 times) larger than the 240 
EM thermal dose area. Remarkably, the NPA grew larger than the tissue area in which 
any substantial thermal dose (> 0 EM) was measured in 30% of the animals. Chung 
et al. have previously published this finding. They reported that the extent of tissue 
damage was well outside of the region with any substantial thermal dose, indicating 
the damage was not heat induced11. The results in the present study also agree with 
those reported in a clinical paper by McDannold et al., who analyzed thermal dose and 
non-perfused areas after MR-HIFU treatment in 50 uterine fibroid patients13. They 
found that non-perfused areas were 1.9 ± 0.7 times larger than the 240 EM thermal dose 
areas with good correlation (R = 0.88). In addition, they report that especially larger 
treatment volumes deviated from the linear relationship. This is clinically important, 
since for oncological applications overestimation of the effectively treated region is 
always unacceptable, whereas a relatively small underestimation of the necrotic tissue 
area could be accepted28,29. However, a gross underestimation of the damaged tissue 
area might lead to unwanted damage to healthy tissue. It is important to stress that the 
lethal thermal dose varies among tissue types28,29. Thus, when extrapolating the results 
from this study to different organs, it should be considered that the current study 
was performed using a tumor model in muscle tissue. It should also be noted that for 
this study, we only assessed the commonly used 240 EM threshold; a lower thermal 
dose threshold will probably give different results. At later time-points (> 3 days) the 
NPAs seems to correspond better to the 240 EM thermal dose area. However, since the 
natural reaction of the body would be to clear the necrotic cells, thus shrinking the size 
of the NPA, care should be taken when assessing this correlation. 

The HE stained histology slices could be used to reliably delineate the necrotic area 
due to the clear rim of inflammatory cells (i.e. a natural delineation of necrosis of 
the body) that appeared one day after ablation. However, immediately after and one 
day after ablation, the delineation depended on more subtle signs of cell damage such 



74

CHAPTER 4

4

as pyknotic nuclei and vacuolar edema. Staining with dedicated viability stains such 
as NADH-diaphorase immunohistochemistry would allow for a clear differentiation 
between viable and necrotic cells, but this requires frozen tissue samples. We chose not 
to use this method in this study, since the freezing process would make reliable surface 
area measurements difficult to obtain37. The NPAs underestimated the necrotic tissue 
area as seen on histology at early time-points in this study, supporting the hypothesis 
that early MRI evaluation does not show the complete extent of tissue necrosis. Three 
days after ablation however, the size of the necrotic area on histology and NPA on 
CE-T1-w imaging were in agreement, indicating that the NPA can be reliably used to 
monitor the ablated tumor after the initial few days. The histological analysis showed 
viable tumor tissue (i.e. incomplete ablation) in 19% of animals, but it is important 
to bear in mind that this study was not designed to study the efficacy of MR-HIFU 
ablation. Although residual tumors would show within 2 – 3 weeks after ablation due 
to the aggressive nature of the Vx2 tumor, many animals had only a short follow-up. 

In conclusion, the 240 EM thermal dose limit underestimates the necrotic tissue area 
on histology immediately after ablation. The NPA on CE-T1-w imaging is less reliable 
for treatment evaluation in the first three days after ablation, due to the initial increase 
of the NPA. After one week, the NPA on CE-T1-w imaging is a reliable indicator of the 
necrotic tissue area, thus can be used for post-treatment monitoring after MR-HIFU 
tumor ablation. 
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Rationale and objectives Magnetic Resonance-guided High-Intensity 
Focused Ultrasound (MR-HIFU) ablation of tumors in the liver dome is challenging 
due to the presence of air in the costophrenic angle. In this study, we used a porcine 
liver model and a clinical MR-HIFU system to assess the feasibility and safety of using 
intrapleural fluid infusion (IPI) to create an acoustic window for MR-HIFU ablation 
in the liver dome. 

Materials and Methods Healthy adult Dalland land pigs (n = 6) under 
general anesthesia were used with animal committee approval. Degassed saline (200 – 
800 ml) was infused into the intrapleural space under ultrasound guidance. A clinical 
1.5 T MR-HIFU system was used to perform sonications (4 mm treatment cells, 
300 – 450 W, 20 – 30 sec) in the liver dome under real-time MR thermometry. An 
intercostal firing technique was employed to prevent rib heating in one experiment. 
Technical success was defined as a temperature increase (> 10 °C) in the target area. 
After termination, the animal was examined for thermal damage to liver, diaphragm, 
pleura, lung, or intercostal muscle. 

Results An acoustic window was established in all animals. A temperature 
increase in the target area was achieved in all animals (max. 47 – 67 °C). MR 
thermometry showed no heating outside the target area. Intercostal firing effectively 
reduced rib heating (55 °C vs. 42 °C). Post-mortem examination revealed no unwanted 
thermal damage. One complication occurred, in the first experiment, because of an 
ill-suited needle (displacement of the needle). 

Conclusion The results indicate that IPI may be used safely to assist MR-HIFU 
ablation of tumors in the liver dome. For reliable tissue coagulation, IPI must be 
combined with an intercostal sonication technique. Considering the proportion of 
patients with tumors in the liver dome, IPI widens the applicability of MR-HIFU 
ablation for liver tumors considerably. 
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Introduction
Magnetic Resonance-guided High-Intensity Focused Ultrasound (MR-HIFU) is 

an image-guided, non-invasive thermal ablation technique which allows for precisely 
targeted tumor ablation while sparing the surrounding healthy tissue. The MR 
guidance provides near real-time image guidance and temperature feedback during 
ablation.1 MR-HIFU is used clinically for the treatment of uterine fibroids and bone 
metastases, and is currently under investigation for several other oncological applica-
tions such as ablation of prostate, pancreas, breast, and liver tumors, and for targeted 
drug delivery.2-7 

For clinical implementation of MR-HIFU ablation of liver tumors several organ-spe-
cific challenges have to be overcome.8 One of these challenges is the fact that the lung 
overlaps the liver dome, which is the cranial, sub-diaphragmatic part of the liver in 
the costophrenic angle (or, costodiaphragmatic recess). This air-tissue interface forms 
an impassable barrier for the ultrasound beam, preventing ablation of tumors in the 
liver dome. To overcome this challenge, the use of intrapleural fluid infusion (IPI) has 
been proposed. This creates an acoustic window by infusing fluid into the costophr-
enic angle. This strategy has been reported for low-intensity diagnostic ultrasound 
guidance of percutaneous ablation procedures in the liver dome (e.g. during radiofre-
quency ablation).9,10 The use of IPI in combination with ultrasound-guided HIFU has 
been reported, however to the best of our knowledge, no studies have been reported 
which were dedicated to the IPI technique, in particular not with real-time MR 
thermometry.11,12 

There are potential risks associated with the combination of IPI and therapeutic 
ultrasound. The various tissue interfaces which the HIFU beam traverses can cause 
reflection of ultrasound waves, resulting in inaccurate targeting. In addition, this may 
cause heating of adjacent organs such as the diaphragm. Indeed, severe damage to the 
diaphragm has been reported after ultrasound-guided HIFU ablation of liver tumors.13 
Additionally, the high acoustic powers can cause gas bubble formation in the intrap-
leural fluid, leading to beam reflections and potentially causing thermal damage in 
unexpected locations.14 

The purpose of this study was to investigate the safety and feasibility of IPI to assist 
MR-HIFU ablation in the liver dome, using a porcine liver model and a clinical 
MR-HIFU system. 
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Materials and methods
This study was approved by the local animal experimental committee. General 

anesthesia was induced in female Dalland land pigs (n = 6) of 60 – 80 kg (Van Beek 
SPF, The Netherlands) using intravenous infusion of midazolam, sufentanil, and cisa-
tracurium. The skin over the liver area was shaven and after intubation the respiration 
was mechanically assisted (Smiths Medical Pneupac paraPAC, Kent, UK). Before 
the MR-HIFU procedure, the animal was positioned in right decubitus position on 
a clinical MR-HIFU therapy system (Sonalleve, Philips Healthcare, Vantaa, Finland) 
integrated with a 1.5 T MRI (Achieva, Philips Healthcare, Best, The Netherlands). In 
the first three experiments, sonication (i.e. ablation) and thermometry were performed 
during controlled breath holds; in the last three experiments a respiratory-gated 
sonication and MR thermometry technique was used, a change imposed by a study 
conducted in parallel. 

All IPI procedures were performed with physiological saline solution (0.9% sodium 
chloride), which was degassed using a dedicated fluid degas device before infusion 
(model 906966, Philips Healthcare, Vantaa, Finland). Blood pressure, heart rate, 
exhaled CO 2, and capillary O2 saturation were monitored before, during and after IPI. 
For the first experiment a standard peripheral venous catheter was used. For subsequent 
experiments a better suited Veress needle was used (Surgineedle, Covidien, Dublin, 
Ireland). The needle was inserted into the intrapleural space at the mid-axillary line, 
one intercostal space cranial of the lower lung edge, during breath-hold and under 
ultrasound guidance (Logiq book, GE Healthcare, Wisconsin, USA). After visual con-
firmation of correct needle position the saline was infused. Technical success of the 
IPI procedure was defined as the establishment of an acoustic window that allowed for 
thermal energy delivery in the liver dome. This was assessed on the HIFU console, by 
projecting the HIFU beam path over the MR images. 

Before ablation, a respiratory-gated T2-weighted scan (3D TSE, TR = 1442 ms, TE 
= 130 ms, matrix 512 x 512, FOV 250 x 250 x 200, slice thickness 3 mm) was made 
to verify the location of the infused fluid and to plan the ablation procedure. Proton 
resonance frequency shift thermometry was used for real-time temperature mapping 
during ablation: one coronal slice was centered on the ablation zone, perpendicular to 
the ultrasound beam; one sagittal slice was centered on the ablation zone, along the 
ultrasound beam; one coronal slice was positioned in the near-field, covering the ribs 
and intercostal muscle (2D TR = 82 ms, TE = 15 ms, matrix 160 x 160, FOV 400 x 400 
mm, slice thickness 5 mm). The ablation procedure was performed using high-energy 
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4 mm feedback sonication cells (300 – 450 W, 20 – 35 sec). In the last experiment a 
transducer element-shut off technique was employed to prevent excessive rib heating, 
which switches off all elements that have no acoustic window to the target.15,16 After 
the ablation procedure the T2-weighted scan was repeated. Technical success of the 
MR-HIFU sonication was defined as a clear temperature increase in the target area (≥ 
10 °C) as observed on MR thermometry. The presence of coagulation necrosis was not 
chosen as a primary outcome since beam obstruction by the ribs makes deposition of 
sufficient energy for coagulation necrosis difficult in the liver dome. The optimization 
of energy delivery behind the ribs is the topic of ongoing research and was not the 
purpose of the current study.  

One to four hours after the experiments, the animals were terminated by an 
intravenous injection of an overdose of sodium pentobarbital (Alfasan Euthanimal, 
Woerden, The Netherlands). The thorax and abdomen were opened in order to visually 
inspect the right lung, visceral and parietal pleura, diaphragm and liver surface for 
macroscopic signs of thermal damage such as hemorrhaging or coagulation necrosis. 
The liver was resected, fixated in formaldehyde 4%, and sectioned in 2 mm coronal 
slices. Tissue blocks with macroscopically visible thermal damage were embedded 
in paraffin, sectioned at 4 µm and stained with hematoxylin and eosin (HE). MR 
temperature maps were analyzed using a custom-made interactive data language 
application. 

Results 
Intrapleural fluid infusion

Technical success of the intrapleural infusion procedure was achieved in all six 
animals (table 1). In all animals, the ultrasound guidance provided good visualization 
of the inflow of saline into the intrapleural space. Correct positioning of the needle 
could be confirmed easily by the flowing fluid between the pleural membranes, which 
was clearly observed on ultrasound imaging, and by the negligible amount of pressure 
which was required for infusion into the intrapleural space. The fluid quickly moved 
to the right lateral costodiaphragmatic recess upon positioning the animal in right 
decubitus position. Blood pressure, heart rate, exhaled CO2 and capillary O2 saturation 
remained stable in all animals during and after IPI. An acoustic window that allowed 
for MR-HIFU ablation in the liver dome was achieved in all animals. This was clearly 
visible on T2-weighted MR imaging (figure 1). The use of a short peripheral venous 
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Table 1. Overview of the experiments. The quality of the acoustic 
window depended mostly on displacement of the right lower lung 
lobe. * = Most likely due to insufficient external (skin to table-top) 
acoustic coupling.

Table 1. Overview of the experiments. The quality of the acoustic win-
dow depended mostly on displacement of the right lower lung lobe. * 
= Most likely due to insufficient external (skin to table-top) acoustic 
coupling.

Figure 2. The temperature evolution in the target area during abla- 
tion of a representative treatment cell.
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catheter for infusion in the first animal caused partial infusion into the intercostal 
muscle. Subsequent experiments were performed using a Veress needle which did not 
cause any complications. No other complications were encountered. 

MR-HIFU procedures

A successful temperature increase in the planned target area was achieved in all 
animals. The temperature evolution for a representative sonication is presented in 
figure 2. No unexpected tissue heating outside the target area was observed in any 
of the experiments, specifically not in the diaphragm or lung (figure 3). In animals 
1 – 5 no intercostal firing technique was used, resulting in significant heating of the 
ribs in the beam path. In animal 6, a transducer element shut-off technique resulted 
in decreased intercostal muscle heating (from 55 °C to 42 °C, figure 4). In all six 
experiments, post-mortem macroscopic inspection showed no signs of thermal 
damage to the diaphragm, lung, or pleura. Macroscopic coagulation necrosis in the 
target area was observed in two animals and hemorrhaging without macroscopic 
necrosis in one animal. In animal 2, the coagulation necrosis bordered on the hepatic 
surface, however the hepatic capsule (Glisson’s capsule) had remained intact (figure 
5). In two animals, a sub-lethal thermal dose value (i.e. < 240 equivalent minutes at 

Figure 3. A coronal T2-weighted image with magnetic resonance thermometry color overlay. The yellow 
lines represent the high- intensity focused ultrasound beam path. Image from animal 5 at peak temperature. 
For this experiment, no intercostal firing tech- nique was used; therefore, significant heating of the ribs in 
the beam path can be seen. Also, note the displaced right lung tip (black arrow).
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43 °C17) was reached. In one animal (the first experiment), no thermal damage was 
observed at macroscopic examination despite a peak temperature of 67 °C. HE stained 
histology slides of the macroscopically visible lesions confirmed these findings (figure 
6). 

Figure 4. The near-field monitoring sli- ces positioned in the thoracic wall for monitoring rib and intercostal 
muscle heating. The yellow circle represents the location where the ultrasound beam tra- verses the abdomi-
nal wall. (a) Peak near-field heating during normal sonicat- ion (ie, all transducer elements active). (b) Peak 
near-field heating after selective transducer element shutoff of the ele- ments that are blocked by the ribs.

Discussion
In this study we assessed the safety and feasibility of intrapleural fluid infusion for 

MR-HIFU ablation in the liver dome in pigs. Infusion of ~750 ml of saline solution 
created a wide acoustic window, which allowed for sonication in the middle of the 
liver dome, directly under the diaphragm. MR thermometry demonstrated that the 
heating was confined to the planned target area. To the best of our knowledge this 
has never been demonstrated before with real-time MR thermometry. These results 
indicate that IPI can be used safely to assist MR-HIFU ablation of tumors in the liver 
dome. 

Intrapleural fluid infusion has an important clinical advantage. MR-HIFU has great 
potential as a non-invasive thermal ablation technique for liver tumors. However, a 
considerable portion of liver tumor patients is not eligible because of the subdiaphrag-
matic location of the tumor. An internal analysis of a series of liver tumor patients 
showed that approximately 20% of all potential candidates were not eligible for 
MR-HIFU treatment because of tumor location in the liver dome (data not presented). 
IPI opens the door to MR-HIFU treatment for this group of liver tumor patients. In 
addition, IPI could help to reduce rib shadowing by slightly lowering the liver, as 
is often seen during IPI for radiofrequency ablation of liver tumors. We have also 
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demonstrated that the rib heating can be reduced effectively by using an intercostal 
firing technique15. However, more refined intercostal firing techniques are required 
that allow optimal energy deposition in the target area while sparing the ribs, which 
is a delicate balance. In addition, with regard to clinical MR-HIFU procedures, it is 
important to note that the IPI procedure may negatively affect the quality of the MR 
thermometry. This is caused by both respiratory and cardiac motion, which cause flow 
of the infused saline. The flow causes magnetic field disturbances, which can result in 
artifacts on the thermometry images. 

The IPI procedure was convenient and safe with the use of a Veress needle. This 
needle has a blunt tip inside a hollow needle, which is pushed out by a spring once 
the tip enters the intrapleural space, preventing damage to the lung. The most useful 
indicators for correct needle positioning were i) when the needle tip had reached the 
intrapleural space, infusion of fluid required very little pressure, and ii) infusion into 
the intrapleural space caused the pleural membranes to separate with fluid flow in 
between, which was easily identified on ultrasound imaging. Although infusion of 
750 ml saline provided a good acoustic window in our experiments, we estimate 
that infusion of a smaller volume (approximately 500 ml) would probably also have 
provided a sufficient acoustic window. 

Several authors have reported the use of IPI for ultrasound-guided HIFU 
ablation of liver tumors, although IPI was never the subject of these reports.11,12,18,19  
Jung et al. have described a delayed complication after IPI-assisted ultrasound-gui-
ded HIFU treatment of a liver tumor patient, a diaphragm rupture with herniation 

Figure 5. Coronal macroscopic histology slice of 
the liver dome, showing coagulation necrosis sur-
rounded by hemorrhaging (arrow). Note that the 
hepatic capsule has not been damaged, despite the 
su- perficial location of the ablation volume.

Figure 6. Hematoxylin and eosin–stained histology 
slide of the coagulation necrosis in animal 2. Note 
that the lesions extend toward the hepatic capsule, 
which shows no damage.
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of the colon into the thoracic cavity.13 The results of the present study indicate that 
ablation under MR guidance as close as several millimeters from the diaphragm can 
be performed without damaging the diaphragm, indicating that the complication 
described by Jung could be caused by the lack of temperature monitoring. Interes-
tingly, in the case in which the coagulation necrosis touched the hepatic capsule, 
we observed no rupture on post-mortem examination. Valuable safety data is also 
available from clinical reports on the use of IPI for ultrasound guidance of RF ablation 
of liver tumors.20-23 In these reports, RF ablation after IPI has similar complication 
rates compared with RF ablation without IPI. Fukuno and colleagues performed IPI in 
13 patients with an HCC in the liver dome and monitored blood pressure, heart rate, 
blood oxygen saturation, and electrocardiography. They observed a transient decrease 
in blood oxygen saturation and an increased sympathetic activity during and after 
the procedure.20 Since the infusion procedure which we used in the current study is 
similar, a similar complication rate can be expected.

There is however an additional potential risk when IPI is used in combination with 
therapeutic ultrasound. The high acoustic pressure can cause bubble formation from 
dissolved gasses in the saline. The gas bubbles, in turn, can cause reflection of the 
ultrasound waves. This reduces energy delivery to the target area and potentially 
causes heating in unexpected locations. Therefore, any liquid used for acoustic 
coupling (e.g. table-top to skin) is generally degassed. Although our experiments did 
not show heating outside the target area, we performed a separate set of experiments 
to determine the threshold for gas bubble formation, and consequently, the required 
amount of degassing (data not shown). In these experiments, gas bubble formation 
could not be detected in fluids with an O2 content below 108 mmHg (55% saturation 
at room temperature). Since the temperature of the saline increases upon infusion into 
the body, the saturation concentration decreases by 25%.24 Thus, degassing at room 
temperature to 75% x 55% = 41% prevents gas bubble formation during MR-HIFU 
ablation at body temperature. Naturally, an alternative would be to warm the saline 
to body temperature before degassing. In our experiments, the fluid remained for 26 
minutes less than 75% saturated after infusion into the intrapleural space. 

In our experiments, technical success (i.e. temperature increase in the target area) 
was achieved in all animals. A well-defined area of heating, confined to the planned 
target area, provides sufficient evidence of the established acoustic window with 
limited beam reflections. It is important to discuss why we did not specify coagulation 
necrosis as an outcome measure. The reason was that the amount of energy deposition 
in the target area is mainly limited by the HIFU beam obstruction by the ribs. 
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Although methods for optimizing the energy delivery behind the ribs (i.e. inter-costal 
sonication) are the topic of ongoing research, this was not the purpose of the current 
study. Nevertheless, this poses a limitation of our study and was the most likely reason 
for not reaching the threshold for acute protein denaturation (57 °C) in one animal. 
The implication for clinical practice is that for ablation in the liver dome, both in-
trapleural fluid infusion and an intercostal sonication technique need to be used. In 
another experiment we observed a low peak temperature of 47 °C. This was most 
likely a transducer hardware problem or a problem of acoustic coupling between the 
table-top and the skin. This was concluded because there was very little heating at all, 
even on the ribs, which normally are very prone to heating due to their high ultrasound 
absorption rate (see figure 3 for ‘normal’ rib heating). Another limitation of this study 
is that, during macroscopic histological analysis, we observed thermal damage in 3 / 
6 cases. One possible reason is that the achieved peak temperatures and thermal doses 
were insufficient for (macroscopic) tissue damage. Another possible reason for this is 
the thickness of the macroscopy slices (~ 3 mm), which would allow small volumes 
of thermal damage to go unnoticed. It should also be mentioned that the number of 
animals in this study was relatively small, implying that further studies are needed to 
validate our results.

Lastly, it is worth mentioning several potential applications of this technique that 
merit further investigation, although this was not the scope of the present study. 
Pre-clinical work has indicated that intra-peritoneal fluid infusion can be used not 
only for acoustic coupling, but also for protection of adjacent organs.25 Other applica-
tions such as ablation of pancreatic tumors might also benefit from similar techniques. 
A comparable infusion technique has been used to protect adjacent organs from RF 
ablation of subcapsular liver tumors.26 In addition, intrapleural fluid infusion can 
potentially be used to provide acoustic access to the heart, which opens the door to 
other potential focused ultrasound applications.

In conclusion, our results indicate that intrapleural fluid infusion may be used safely 
in clinical practice to assist MR-HIFU ablation of tumors in the liver dome. It allows 
for heating confined to the target area without unwanted heating in adjacent tissue. 
Naturally, these results need to be reproduced before safe clinical use is warranted. 
Future research needs to address the issue of energy delivery behind the ribs, which 
was the main limitation for ablation in the liver dome during this study. Considering 
the proportion of patients with tumors in the liver dome, the use of IPI can widen the 
future applicability of MR-HIFU ablation for liver tumors considerably. 
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Abstract
Purpose MRI-guided High Intensity Focused Ultrasound (MR-HIFU) ablation 

in highly perfused abdominal organs brings an increased risk of thermal damage to the 
abdominal wall in the near-field. This is caused by a combination of the high powers 
required for ablation and the isolating, low perfused fat layers in the near-field. The 
purpose of this study was to propose strategies for reducing and monitoring the risk 
of thermal damage to near-field tissues during MR-HIFU ablation in the liver. First, we 
studied the efficacy of active external tissue cooling for reducing the risk of near-field 
damage. Second, we studied a combination of Proton Resonance Frequency Shift (PRFS) 
MR thermometry to monitor acute heating and T2-based MR thermometry to monitor 
accumulative heating throughout the ablation procedure in the subcutaneous fat layer.

Methods  Volumes of liver tissue were ablated in ten healthy pigs using a clinical 
1.5-T MR-HIFU system. An acoustically transparent cushion, circulated with cold (10 – 
15°C) water, was positioned between the transducer window and the animal’s skin. PRFS 
thermometry was used to monitor the temperature in the abdominal muscle tissue, while 
T2-based thermometry was used to monitor the temperature in the subcutaneous (s.c.) 
fat layer during cool down. As a reference, the temperature under the skin and in the 
middle of the s.c. fat layer was measured using fiber-optical probes. Energy densities and 
energy deposition rates were calculated and the correlation between energy deposition 
rate and near-field temperature increase was analyzed. 

Results  Active external tissue cooling lowered the baseline temperature at 
skin level from 33.7°C to 18.2°C and in the s.c. fat layer from 37.0 °C to 29.7 °C (n=2). 
The temperature rise during sonication was similar in the cooled and non-cooled 
experiments. The median energy density per animal was 2.5 – 4.5 J/mm2 at skin level 
and 3.0 – 8.0 J/mm2 at the fat-muscle interface. Skin damage (a 7-mm skin burn) was 
observed in one animal. T2-based thermometry showed accumulative heating in the 
near-field in 4 / 8 experiments. There was no correlation between the energy deposition 
rate and the observed temperature rise in the s.c. fat layer. 

Conclusion Active external tissue cooling is an effective method for reducing the 
risk of thermal damage to the skin during high-powered MR-HIFU ablation in the liver. 
Using this cooling system, up to 3 times higher energy densities in the skin were tolerated 
without causing skin burns. Moreover, accumulative near-field heating is a pertinent risk 
during lengthy ablation procedures. Predicting accumulative near-field heating can be 
challenging due to the numerous factors involved. Therefore, we propose to use both 
PRFS and T2-based thermometry to monitor near-field heating throughout MR-HIFU 
procedures in the liver. 
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Background 
In recent years, several applications of Magnetic Resonance-guided High Intensity 

Focused Ultrasound (MR-HIFU) have emerged. The application that has gained 
the most wide-spread acceptance in daily clinical practice is the ablation of uterine 
fibroids.1 Other fields that have received attention are the ablation of breast, bone, 
prostate, pancreas and liver tumors.2 The potential advantages of MR-HIFU for 
malignant tumor ablation have been described extensively and include its non-invasi-
ve nature, high ablation accuracy, real-time MR therapy guidance and immediate MRI 
treatment evaluation.3 

During tumor ablation under normal circumstances, a low amount of acoustic 
energy is deposited in the near-field (i.e. the tissue between the transducer and the 
target area which is traversed by the ultrasound beam). In this case, no significant 
temperature rise is observed in the near-field. However, during ablation in highly 
vascularized organs such as the liver, there is an increased risk of near-field heating 
for several reasons. First, the low acoustic absorption of the blood volume in the liver 
results in reduced transfer of acoustic energy into thermal energy in the target area, 
while the high liver perfusion leads to an efficient heat evacuation from the target 
tissue during ablation. Both factors result in higher required acoustical intensities to 
achieve coagulation necrosis in the target area.4 For these reasons, ablation in hig-
hly-perfused organs needs to be performed using small sonication volumes at high 
acoustical powers. However, a downside of using small, high-energy sonication 
volumes is that this requires many sonications with short sonication intervals in order 
to achieve a clinically relevant ablation volume. Moreover, the subcutaneous fat layer 
in the near-field effectively preserves heat due to its low heat conductivity and low 
perfusion under hyperthermia.5 All these factors result in an increased risk of thermal 
damage to the near-field during MR-HIFU ablation in the liver. 

It is important to distinguish two different types of near-field heating. Acute 
near-field heating occurs when, during a single sonication, the near-field is heated to a 
temperature which causes tissue damage (in principle ≥ 57°C). This type of near-field 
damage has been studied previously by Mougenot et al.6 In contrast, accumulative 
near-field heating is caused by repeated sonications which cause non-lethal near-field 
heating (43 – 57°C). This results in an accumulation of thermal dose, which can 
eventually lead to cell death if the thermal dose exceeds 240 EM (equivalent minutes 
at 43°C).7-9 In addition, it is important to recognize that both acute and accumulative 
damage can occur at a superficial level, the most frequent complication being skin 
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burns, and at a deeper level, potentially leading to serious complications such as fistula 
or abscess formation, or full-thickness burns of the abdominal wall.10,11 Under normal 
circumstances, the skin is the first tissue layer at risk due to its relatively high acoustic 
absorption.6 

A complicating factor is that the commonly used Proton Resonance Frequency 
Shift (PRF) thermometry cannot be used to monitor accumulative near-field damage. 
PRFS thermometry is effective for monitoring short-term temperature changes 
in aqueous tissues such as abdominal muscle. However, PRFS cannot be used to 
monitor the near-field temperature throughout a lengthy ablation procedure because 
of its sensitivity to magnetic field drifts.12 In addition, PRFS thermometry cannot be 
used in fatty tissues such as the subcutaneous fat layer, which is the best isolator of 
thermal energy during MR-HIFU ablation. As a result, PRFS thermometry is only 
useful to prevent acute near-field damage, not accumulative near-field damage. For 
these reasons, a conservative cool-down time between individual sonications is used 
during high-power ablations. This allows the near-field tissue to cool down, thus 
limiting heat accumulation over repeated sonications. However, this greatly increases 
the duration of the procedure. An alternative monitoring technique would be apparent 
T2-based thermometry, which has recently been described by Baron et al.13 T2-based 
MR thermometry is performed in fatty tissue and is relatively insensitive to magnetic 
field drifts. 

The purpose of this study was to propose strategies for reducing and controlling the 
risk of thermal damage to near-field tissues during MR-HIFU ablation in the liver. 
First, we studied the efficacy of active external tissue cooling for reducing the risk of 
both acute and accumulative near-field damage. Second, we studied a combination of 
two referenced thermometry methods. PRFS thermometry was used to monitor acute 
near-field heating in the abdominal muscle, while T2-based thermometry was used 
to monitor accumulative near-field heating throughout the ablation procedure in the 
subcutaneous fat layer. All experiments were performed in vivo using a porcine liver 
model and a clinical MR-HIFU therapy system. 

Materials and Methods 
Animal model and experimental setup 

This study was approved by the animal experimental committee at our institution. 
Healthy female 60 – 70 kg Dalland land pigs (n = 10) were used because of their 
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resemblance with humans in terms of size and properties of skin and subcutaneous 
tissues.14 The animals were kept under general anesthesia (midazolam, cisatracurium, 
sufentanil, and atropine) with mechanical ventilation to achieve a regular breathing 
cycle. Two experienced biotechnicians monitored the exhaled CO2 concentration, 
blood pressure, and core body temperature of the animal throughout the experiment. 
All animals were terminated one to several hours after the experiment using an 
overdose of pentobarbital. 

All experiments were performed on a clinical Sonalleve MR-HIFU therapy system 
(Philips Healthcare, Vantaa, Finland) integrated with a 1.5-T Achieva MRI (Philips 
Healthcare, Best, The Netherlands).15 The active external tissue cooling system 
consisted of a flexible, acoustically transparent, water-filled cushion that was placed 
between the transducer and the animal, thus providing acoustical coupling (when used 
with ultrasound gel) and eliminating the need for a gel pad (figure 1). The cushion 
was connected with silicon tubing to a Peltier-element cooling system and a bubble-
trap. The system was degassed overnight (model 906966, Philips Healthcare, Vantaa, 
Finland) and switched on at least half an hour prior to positioning of the animal, 
which allowed for cooling the water within the system to 10 – 15°C. The temperatures 
in the subcutaneous fat layer were measured and logged at 1 Hz using fiber-optical 
temperature probes (Luxtron, LumaSense, Santa Clara CA, USA). The fiber-optical 
probes were placed under ultrasound guidance using a portable ultrasonography 
system (Logiq Book, General Electric, Fairfield CT, USA). Using a venous catheter, 
one probe was placed directly under the skin and one probe was placed in the middle 

Figure 1. This figure shows the cooling cushion (red) placed on top of the 
acoustic window in the HIFU table-top. The black tubes are the inflow and 
outflow tubes and are connected to the Peltier-element and bubble trap.
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of the subcutaneous fat layer of the abdominal wall. 

Experimental procedures 

After positioning the animal, 7 – 13 sonications were performed at 450 W acoustical 
power for 20 – 30 sec. Pre-procedural scans included at least one T2-weighted planning 
scan (3D TSE, TR 1440 ms, TE 130 ms, FOV 250 x 250 x 200 mm3, reconstructed voxel 
size 0.49 x 0.49 x 3 mm3, turbo-factor 83). Proton resonance frequency shift (PRFS) 
thermometry was used for real-time thermometry of the target area (multi-stack 
GE-EPI, TR 100 ms, TE 15 ms, flip angle 20°, matrix 160 x 160, resolution 2.5 x 2.5 
x 5 mm3, EPI factor 17, 3 slices). A pencil beam navigator on the diaphragm allowed 
for a respiratory-gated acquisition of the thermometry and planning scans. After each 
sonication, the cool down phase in the subcutaneous fatty tissue was monitored using 
T2 thermometry as described by Baron et al.13 using one coronal slice in the subcuta-
neous fat layer, perpendicular to the HIFU beam axis, and one sagittal slice, parallel to 
the beam axis (dual echo TSE, TR 2000 ms, TE1 38 ms, TE2 180 ms, refocusing pulse 
160°, turbo factor 40, matrix 256 x 256, FOV 450 x 450 mm, slice thickness 7 mm). 
To assess the temperature gradient created by the cooling system at baseline (i.e. in 
the absence of sonication), a reference T2 map was made before switching the cooling 
system on. To assess the efficacy of the cooling system during a single sonication, a 
treatment cell in the liver was sonicated with active external tissue cooling. Subse-
quently, the cushion was switched off and the near-field was given approximately 90 
min to acclimatize to the physiological temperature. Then, the same treatment cell was 
sonicated with the same acoustical power. For the latter experiments, the reference T2 
map was made after the near-field tissue had reached its cooled baseline temperature. 
To assess the accumulation of near-field heating throughout the ablation procedure, a 
T2 thermometry scan was performed before the start of the first sonication (reference) 
and after each individual sonication. 

Analysis

Imaging and thermometry data was analyzed using a custom-build analysis tool in 
MeVisLab (MeVis Medical Solutions, Bremen, Germany).16 The T2-based temperature 
maps were calculated using a baseline reference scan performed before the start of 
the first sonication, for which a reference temperature of 37°C was used. In order 
to compare the acoustic energy densities (in J/mm2) at the level of the skin and the 
fat – muscle interface to previously established safety limits6, these were estimated 
from a simplified model. Using a stochastic acoustic ray tracer, the acoustic intensity 
(in water) was calculated at the depth of the skin and the fat – muscle interface.17 
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These intensities were corrected for attenuation by the skin and the subcutaneous fat 
layer and over the sonication time and the gating efficiency converted into energy 
density, which was averaged over the beam cone at the depth of interest. As a potential 
correlate to heat accumulation, the energy deposition rates (in J/mm2/min) were 
calculated by dividing the deposited energy for a single sonication by the time between 
the last T2 thermometry dynamic of the previous sonication and the last dynamic 
of the current sonication. Post-procedural edema in the abdominal muscle in the 
near-field was assessed on sagittal T2-w imaging and classified as none, minimal, mild, 
or pronounced. Statistical analyses were performed using SPSS (IBM). 

Results 
Efficacy of tissue cooling at baseline 

Active external tissue cooling reduced the baseline temperature (i.e. in absence of 
sonication) in the skin and in the subcutaneous fat layer. Due to its external nature, the 
cooling effect was more pronounced in the skin than in the subcutaneous fat layer. Fi-
ber-optical temperature probe data showed that the baseline temperature at skin level 

Figure 2. Sagittal T2 thermometry images showing the temperature gradient in the subcutaneous fat layer 
created by the cooling system. The reference T2-based temperature map was obtained before activation 
of the cooling system. (a) T2-based temperature map, taken after cool down of the near-field tissues. This 
clearly shows the baseline temperature gradient. (b) T2-based temperature map taken directly after sonica-
tion. Note the distribution of the heat; the temperature increase is most pronounced on the inner surface 
of the fat layer. 

250C            370C   500C
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(measured directly under the skin) was reduced from 33.7 °C (range 32.4 – 34.8) to 18.2 
°C (16.9 – 19.1) (n=2). The baseline temperature in subcutaneous fat layer, measured 
at a depth of 8 – 10 mm from the skin, was reduced from 37.0 °C (35.0 – 39.6) to 29.7 
°C (26.0 – 33.5) (n=2). The sagittal T2-based thermometry slice clearly showed the 
temperature gradient that was created by the active external cooling system (figure 2a). 
The time required for cool-down to baseline temperature after positioning the animal 
was 43 min (n=1). The cooling cushion provided effective acoustic coupling between 
the animal’s skin and the HIFU table-top upon positioning. In one animal, a leakage 
of the tubing required fixing and refilling of the cooling system and repositioning of 
the animal. 
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Figure 3. This figure compares one sonication with, and one sonication without, active near-field cooling. 
The sonication with active near-field cooling starts just before 14:10h (indicated by the dark yellow vertical 
line). Note that the initial cool down is steep, thanks to the synergy between the cooling effect of both the 
cooling system and the body itself (fiber-optical probe 2). However, after reaching body temperature the 
body will attempt to heat the tissue while the cooling system will further decrease the temperature, resulting 
in a decreased cool down rate. At 14:24h, the cooling system was switched off, causing warm-up of the water 
in the cushion, and as a result, the near-field tissues.  At 14:40h, the second sonication was initiated, demon-
strating the typical temperature profile during a non-cooled sonication. 
Legend: near-field slices were coronal T2 thermometry slices, positioned in the subcutaneous fat layer. Slice 
1 was positioned ventral (i.e. superficially) from slice 2. The fiber-optical probes were also positioned at 
different depths: probe 1 was placed directly underneath the skin, probe 2 was positioned in the middle of 
the subcutaneous fat layer. 
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Efficacy of active external tissue cooling to prevent acute near-field heating 

The T2 thermometry measurements and fiber-optical probe measurements during 
sonication with tissue cooling are depicted in figure 3. The temperature increase during 
sonication, as measured by T2 thermometry, was very similar between the cooled and 
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Figure 4. Deposited energy densities during all sonications. (upper panel) Energy densities in J/mm2 at skin 
level. (lower panel) Energy densities in J/mm2 at the interface of the subcutaneous fat layer and the abdomi-
nal muscle. Note that the median energy densities in most animals exceed the by Mougenot et al6 proposed 
maximum energy density of 3 and 2.5 J/mm2 for skin and fat-muscle level, respectively. 
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non-cooled experiments: 8.4 vs. 10.3°C temperature rise in a ROI on the superficial 
slice and 7.6 vs. 8.1°C temperature rise in the deeper slice (cooled and non-cooled, res-
pectively; figure 3). The similar temperature rise, combined with the reduced baseline 
temperature, resulted in lower absolute peak temperatures in the near-field with active 
cooling. Considering the abovementioned temperature gradient, this effect was more 
pronounced towards the skin. Figure 2b shows a sagittal T2 temperature map after a 
single sonication. 

Monitoring acute near-field heating 

PRFS thermometry in the abdominal muscle showed a median temperature increase 
of 10.0 (interquartile range 7.9 – 11.3, range 2.5 – 35.2). The calculated energy densities 
at skin level and at the interface of subcutaneous fat and abdominal muscle are shown 
in figure 4. During post-mortem examination, no thermal skin damage was observed 
in 9/10 animals. In one animal, an ellipsoid skin burn (7mm longest diameter) was 
observed. Deeper tissue layers showed no macroscopic signs of thermal damage in all 
animals. Cell viability analysis of the fat and muscle near-field tissues of one animal in 
which two liver tissue volumes were sonicated showed no signs of decreased viability. 

Monitoring accumulative near-field heating 

T2-based thermometry was performed during eight ablation procedures in seven 
animals. Per animal, a median of 10 (range 7 – 13) treatments cells was sonicated. 
Analysis of temperature evolution during the ablation procedure in all animals 
revealed that accumulation of heat in the fat layer occurred in 4 out of 8 experiments. 
Figure 5a shows a representative ablation procedure in which accumulative near-field 
heating was observed. The correlation analysis of energy deposition rate (J/mm2/min) 
and near-field temperature rise per sonication (°C) showed no correlation between 
these two (R2 = 0.07). 

In the animals in which no signs of accumulative near-field heating were observed (n 
= 3), no post-procedural edema was observed in one (figure 6a), and minimal edema 
in two animals. In the animals in which a gradual accumulation of near-field heating 
throughout the procedure was observed (n = 4), minimal edema was observed in one, 
mild edema in two, and pronounced edema in one animal (figure 6b). 
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Figure 5. This figure shows the temperature evolution in the subcutaneous fat layer during two complete 
ablation procedures. (upper panel) In this particular animal there was clear heat accumulation in the near-
field. Note that the temperature does not return to baseline before the next sonication is started. However, due 
to the lower baseline temperature (maintained by the cooling system), temperatures do not reach the 57°C 
which is required for coagulation necrosis. (lower panel) In this animal there is was no heat accumulation 
throughout the procedure, although the cool down time between sonications was shorter than in the upper 
panel. For this animal, no fiber-optical probe measurements were available. 
Legend: the black line represents the measurement from the fiber-optical probe, which was placed in the 
middle of the fat layer (7mm depth). The blue dots represent T2 thermometry measurements from a region 
of interest in the near-field, around the location of the fiber-optical probe. Bear in mind that the fiber-optical 
probe provides a single point measurement whereas the T2 thermometry measurements provide a mean over 
a ROI around the tip of the fiber-optical probe. The red vertical lines each represent one sonication. The left 
y-axis depicts the acoustic power value of the sonications while the right y-axis depicts the temperature from 
the probe and T2 thermometry measurements. Because T2 thermometry provides a temperature increase 
relative to a user-defined baseline temperature, we set the baseline temperature in the upper panel to the value 
provided by the fiber-optical probe, and to 30°C (i.e., based on available measurements in the lower panel). 
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Discussion 
The main findings of this study are twofold. First, our results show that active external 

tissue cooling is effective for preventing both acute and accumulative near-field 
damage to superficial tissue layers, most notably the skin. This is achieved by lowering 
the baseline temperature before sonication. Second, we have demonstrated a hybrid 
near-field monitoring technique using PRFS and T2-based thermometry, which is 
effective for monitoring both acute and accumulative near-field damage. 

Effect of cooling on acute near-field heating 

Acute near-field has been studied previously by Mougenot et al.6 They reported 
an energy density of 3 J/mm2 to be the safe upper limit. Acute near-field heating is 
decisive for the possible coagulation volume per sonication. Our results show that 
active tissue cooling can increase the permissible energy density per sonication from 3 
J/mm2 to 9 J/mm2 without causing thermal damage, as demonstrated by the absence of 
skin burns during our experiments. Although the relative temperature increase of the 
cutaneous and subcutaneous tissue layers during each sonication remains the same, 
the decrease of the baseline temperature by up to 19°C allows for a highly increased 
energy density before critical temperatures are reached. In particular, it has been taken 
into account that the thermal dose is a non-linear function and increases very rapidly 
above 43°C. For example, a near-field temperature of 42°C can be sustained for 960 

Figure 6. Sagittal T2-weighted images of the near-field tissue stack. (a) Increased signal intensity in the 
near-field (black arrow), caused by edema as a consequence of near-field heating. Image from animal 7, cor-
responding to figure 5a. (b) In this experiment, no edema was observed in the near-field. The white arrow 
depicts the ablation zone. Image from animal 5, corresponding to figure 5b.
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minutes without thermal tissue damage, a 45°C can be sustained for eight minutes 
without thermal tissue damage, and 48°C can be sustained for only 56 seconds before 
adverse effects set in.8,9 Therefore, cooling of the near-field shifts the exposure of the 
cutaneous or subcutaneous tissue layers far off the vicinity of critical temperatures, 
even for aggressive sonications of up to 9 J/mm2. 

An important limitation of active tissue cooling stems from the fact that the tissue is 
cooled externally. Our results show that cooling has little effect on deeper tissue layers, 
in particular the tissue underneath the subcutaneous fat layer. The steep temperature 
gradient in the fat layer reconfirms the good thermal isolation properties of subcuta-
neous fat (0.21 W/m/°C) compared to muscle (0.49 W/m/°C) or skin (0.37 W/m/°C) 
and the relatively low perfusion of fatty tissue under hyperthermia.18,19 The latter in 
particular has been modeled extensively in the field of RF induced hyperthermia. 
While the thermoregulatory response to a temperature increase to 45°C of muscle 
leads to an increase of the blood perfusion from an initial 0.9 kg/m3/sec to up to 6.1 
kg/m3/sec, fatty tissue shows only an increase from initially 0.8 kg/m3/sec to 1.4 kg/
m3/sec.20,21 Therefore, due to the presence of subcutaneous fat, surface cooling has a 
negligible effect for tissue layers at a depth of more than ~ 20 mm, with respect to both 
the baseline temperature before sonication and the accelerated cool-down after each 
sonication. 

Effect of cooling on accumulative near-field heating 

The conventional method for limiting accumulative near-field heating is to maintain 
long re-sonication intervals to allow for sufficient cool-down. Thus, accumulative 
near-field heating determines the re-sonication rate (also referred to as the pulse 
repetition frequency for single point ablation strategies) and thus the overall ablation 
speed. When active tissue cooling is employed, the steep temperature gradient between 
the body and the cooling device leads to an increased evacuation of thermal energy 
from the near-field tissues. This, in turn, favorably affects the amount of accumula-
tive near-field heating and permits increased re-sonication rates and thus a higher 
overall ablation rate. Figure 3 also shows that after sonication, the cool down phase 
was accelerated due to the synergistic effects of the active tissue cooling system and 
the cooling effect of the body temperature. However, after reaching body temperature, 
the active tissue cooling and the body temperature counteracted each other, thus 
slowing down the second part of the cool down phase (from body temperature to 
cooled baseline temperature). Unfortunately, with the available data it turned out to be 
challenging to quantify this effect. 
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Monitoring of near-field heating 

Without active tissue cooling, the skin and subcutaneous fat layer have the highest 
risk for acute and accumulative damage during MR-HIFU ablation.6,22 While our 
results show that surface cooling effectively removes this risk for the superficial tissue 
layers, they also evidence that the risk of undesired tissue damage is shifted towards to 
the abdominal muscle and the adjacent deeper fat layers. 

The clinical importance of mild near-field heating in deeper tissue layers is not 
yet entirely clear but seems limited. Studies on the application of HIFU for aesthetic 
body-sculpting procedures, were acute coagulation necrosis is induced in the fat 
layer, report that coagulation necrosis in the subcutaneous fat layer induces a mild 
inflammatory reaction, with usually only mild and transient clinical symptoms (most 
commonly pain, tenderness, edema, hard lumps, and ecchymosis)23,24. The effect on 
the collagenous tissues has been reported to vary with the ultrasound frequency. At a 
therapeutic frequency of 1MHz, histological examination shows intact or conglome-
rated collagen fibers.25 With respect to the abdominal muscle tissue, mild near-field 
heating (below 57°C) has been reported to cause a mild inflammatory reaction but 
has no known long-term effects.26 However, it is clear that excessive near-field heating, 
most frequently as a result of short re-sonication intervals, can result in serious com-
plications such as hepatocutaneous fistula formation or full thickness burn wounds of 
the abdominal wall.10,11 Exactly how much near-field heating can be accepted in clinical 
practice is largely unknown since most clinical HIFU procedures in highly perfused 
organs have been performed under ultrasound guidance, which lacks the ability of 
clinical-grade thermometry.27 Nevertheless, it is evident that this should be carefully 
monitored in future clinical trials. This is of particular importance considering the 
non-linear temperature dependency of thermal tissue damage and the high acoustic 
intensity and duty cycle required for ablation in the liver. This renders on-the-fly 
decisions based on the operator’s experience risky. 

Considering the potential complications, the near-field temperature evolution 
throughout the procedure should ideally be known. Several approaches have been 
proposed in the past to achieve this. Thermal modeling based on tissue properties 
for temperature control has been extensively researched in the field of RF-based hy-
perthermia.20 However, accurate temperature predictions on an inter-individual basis 
require in general knowledge on the profile and thickness of the various tissue layers 
in the near-field, the physiological response to the heating, the local acoustic intensity 
and tissue absorption for the entire near-field for each shot location, and last - but not 
least - the tissue perfusion.21 In particular the fact that temperature changes initiate 
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mechanisms of thermoregulation, which lead to tissue dependent changes in local 
blood perfusion. This complicates accurate long-term predictions. In practice, this 
renders this approach in clinical practice cumbersome and in absence of any control 
measurements of the temperature often inaccurate. This was evidenced in the current 
study by the complete absence of a correlation between the energy density at the level 
of the skin or fat-muscle interface and the temperature rise in the near-field after each 
sonication. 

Alternatively, MRI offers the possibility of non-invasive temperature measurements 
in these tissue layers. Ideally, the cool-down process should be observed simultaneous-
ly in both muscle and adipose tissue and absolute temperature measurements should 
be available. Spectroscopic measurements using the proton resonance frequency 
shift and the fat signal as an internal reference have been proposed for this purpose.28 
However, although these approaches show great promise, they are to-date still too 
compromising with respect to the achievable spatio-temporal resolution and precision, 
in particular in adipose tissues with low water content. Since recent work on T2-ther-
mometry in adipose tissues has rendered thermometric measurements based on the 
temperature dependence of the T2-relaxation time to an interesting alternative to spec-
troscopic measurements, we chose in the scope of our study the approach of Baron et 
al.13 During and immediately after the acoustic energy deposition, conventional PRF 
thermometry in the abdominal muscle (taken for ~ 10 sec. post sonication) monitors 
the heat-up and the rapid cool-down behavior in the abdominal muscle immediately 
post sonication. Immediately after this monitoring phase, we continue to monitor the 
slower cool-down process in the adjacent adipose tissue layers using T2-thermometry. 
While PRF-thermometry during and immediately after the energy deposition allows 
detecting acute thermal damage to the abdominal muscle, T2-based thermometry 
provides a reliable measure of the accumulative heating in the subcutaneous fat layer, 
which is the location where heat is most likely preserved. 

Thus, using this monitoring approach, there is no need to develop prediction 
methods for near-field heating: the physician can monitor this reliably in near real 
time. This technique will be advantageous for two reasons. First, it provides the 
physician with a reliable measure of near-field heating, which most likely will improve 
the safety profile of the procedure. Second, it allows for re-sonication as soon as the 
temperature in the near-field is acceptable. This results in the shortest cool down times 
that are safely possible, thereby reducing the total treatment time. Since the overall 
ablation speed is one of the major concerns for the clinical application of MR-HIFU, 
this is an important advantage of this monitoring technique.3,29 

NEAR-FIELD HEATING DURING MR-HIFU ABLATION IN THE LIVER
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Conclusions

In this paper we have demonstrated for the first time the efficacy of an active external 
cooling system for limiting near-field heating in a porcine animal model. Active 
cooling allowed for sonication with a median energy density of up to 3 times higher 
than previously reported safe upper limit. Furthermore, we have demonstrated that the 
combination of PRF-thermometry for near-field monitoring in the abdominal muscle 
with T2-based thermometry in the adjacent fatty tissue layer provides a comprehensive 
view of the temperature evolution in the near-field throughout the treatment. Future 
work may use this technique for real-time adjustment of the cool down time after each 
sonication, which will lead to optimal treatment times while preserving patient safety. 
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Purpose One of the major issues in the ablation of abdominal lesions with 
HIFU is obstruction of the ultrasound beam by the thoracic cage. Recently, several 
methods have been proposed to overcome this problem, however, considering both 
potential near-field damage as well as rib damage, it is unclear whether, using currently 
available hardware, clinically relevant volumetric ablation rates can be achieved in 
practice.

Methods Based on in vivo rib temperature - energy density calibration 
measurements and near-field energy density safety limits obtained from the literature, 
a switch-off method based on the projection of the ribs onto the transducer was 
evaluated for different sonication trajectories and tissue stacks using numerical 
simulation methods. As a refinement to this method, a full phase-amplitude optimi-
zation was used to generate an alternative apodization for one of the more challenging 
cases.

Results Element switch-off with power compensation is an effective way of 
protecting the ribs from excessive exposure to acoustic energy density in most cases, 
where the remaining exposure strongly depends on the shot depth. Full phase-ampli-
tude optimization of the transducer apodization further reduced rib exposure in the 
evaluated case at the cost of large power contribution by certain elements. Based on 
near-field energy density limits, volumetric ablations based on a circular trajectory 
with a 4 mm diameter are considered unfeasible. Estimates of the volumetric ablation 
rate are in the order of 1 ml/h for a 2 mm diameter circular focal point trajectory at a 
sustained 100 kJ/h energy deposition rate.

Conclusions For the hardware under evaluation, small metastases (< 2 cm 
in diameter) behind the rib cage and at limited depth ≤ 3 cm are estimated to be 
treatable within a clinically relevant time frame. Improvements maybe expected from 
transducer designs with a larger active surface and/or non-linear sonication strategies.
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Introduction
High intensity focused ultrasound (HIFU) combines conformal treatment of pa-

thological tissue with minimal side effects due to its non-invasiveness. Treatment 
of benign tumors such as uterine fibroids is currently well established1, treatment 
of neuropathology2,3 and malignant tumors are emerging fields of application and 
are subject of ongoing research.4,5 Image guidance by magnetic resonance imaging 
of HIFU interventions (MR-HIFU) provides tumor localization before treatment, 
temperature and thermal dose monitoring during treatment and necrosis monitoring 
directly after treatment. 

Malignancies in the liver are a major clinical problem. For colorectal metastases, 
surgery is the only treatment option with curative intent for these patients in case 
of colorectal metastases. However, in the vast majority of cases (80%) surgery is not 
feasible at the time of diagnosis.6 Invasive therapies such as radioembolization7 and 
chemoembolization8, cryoablation9, radiofrequency ablation10 and non-invasive 
therapies such as chemotherapy11 and radiotherapy12 can provide palliation for these 
patients and/or provide down-staging of the metastases after diagnosis to enable 
resection. 

Ablation of liver malignancies with MR-HIFU has large potential, as it represents a 
noninvasive technique which combines spatial control with temperature monitoring 
during the intervention. This provides the necessary feedback on the treatment efficacy 
in real-time. Furthermore, by applying MR-HIFU in a multi-modality treatment e.g. 
in combination with embolization strategies or chemotherapy, it can compensate 
for the limited spatial coverage/control of these treatment modalities while keeping 
the treatment volume and hence the duration of the MR-HIFU intervention limited. 
MR-HIFU in the liver has a number of challenges. Abdominal organs are subject to 
respiratory motion, cardiac motion and peristaltic motion. This motion results in 
spreading of absorbed acoustic energy, leading to reduced heating and requires regis-
tration of images into a common frame-of-reference. In addition, correction strategies 
are required to separate motion and temperature-induced phase changes in the MR 
signal used in proton resonance frequency shift MR thermometry. Another important 
challenge of ablation in the liver and abdominal organs, and the subject of this study, is 
obstruction by the thoracic cage. Ribs block part of the acoustic energy that is delivered 
by the ultrasound beam. This leads to less power being available for heating at the focal 
point. In addition, exposure of the ribs to acoustic energy can lead to excessive heating 
of the ribs and consequently damage to the ribs and adjacent tissues in the near field 
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region of the HIFU beam. 

The most commonly proposed method to mitigate excessive heating of the ribs 
and restore focal point heating is beam shaping. Modern HIFU transducers consist 
of a large number of smaller transducer elements that function as a phased-array 
system.13,14 By adjusting the amplitudes and phases of the voltage signals driving the 
individual elements, rib exposure can be limited while focal point heating is preserved 
to the maximum extent possible. 

Liu et al.15 proposed a binary beam shaping method in which collision detection 
is used to identify elements for which the ribs hinder propagation of acoustic energy 
to the focus and elements for which there is a free propagation path. A line segment 
is constructed for every transducer element starting at the center of the element and 
ending at the geometrical focus of the transducer. Intersections with a rib mesh are 
detected for these segments and transducer elements for which an intersection is 
found are switched off. In a later study, Quesson et al showed the effectiveness of such 
a method in vivo.16

More advanced beam shaping solutions were proposed e.g. by Aubry et al.17 and 
Cochard et al.18 based on time-reversal. Here, the voltage signals generated in the 
individual elements by a point source (virtually, i.e. in a simulation environment) 
located in the target are recorded. By emitting these recorded signals in a time-reversed 
fashion, a focus will be created at the target location under minimal exposure of the 
ribs as most of the incident energy on the ribs will not be incident on the transducer. 
These methods are in practice approximative by nature due to the fact the wave front 
is sampled with a sampling distance corresponding to several wavelengths, causing a 
mismatch between the forward and reverse acoustic field.19 

A third category of beam shaping methods is based on the measurement of the 
incident acoustic energy on the transducer elements that originates from reflection at 
the ribs20 or from cavitation events at the location of the focal point.21 The advantage 
of such methods is that it does not require high-resolution imaging of the ribs nor 
segmentation of the ribs in these images. In addition, these measurements and the 
necessary signal processing can be performed in (near) real-time and do not require 
the use of modeling with the associated assumptions and approximations. 

All methods discussed so far are unconstrained: the resulting beam shape is based 
on a heuristic (shadow casting, reflection-based measurements) or an inverse filter 
(time-reversal) but the methods do not constrain rib exposure, total acoustic power, 
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acoustic power transmitted by individual elements, near-field temperatures nor 
temperature/thermal dose in the target. As such, the methods do not assess feasibility 
of intercostal sonication. An important step towards constrained beam shaping was 
made in the work by Gélat et al.22 where optimal focusing was obtained by solving 
an inverse problem while constraining element power and maximum rib pressure. 
In a follow-up study, their method was compared to other beam shaping methods 
in terms of focus quality and rib exposure.23 The consequences for the near-field, the 
skin, muscle and fat layers in between the transducer and the focus, were however 
not addressed in these studies. Furthermore, it was acknowledged that the presented 
method would still require obtaining an adequate rib pressure threshold. 

The aim of our study was to evaluate the feasibility of intercostal sonication in 
different clinically relevant geometric configurations, in the presence of near-field 
constraints, rib constraints and target constraints on a commercially available clinical 
MR-HIFU system. The feasibility was evaluated for different sonication volumes (focal 
point trajectories), in order to estimate the largest volume that can be heated within a 
single sonication. In combination with an empirically obtained acceptable time-aver-
aged energy deposition level, this was used to estimate the volumetric ablation rate. 
Knowledge of the volume that can be ablated per unit of time is essential to determine 
the clinical feasibility of intercostal MR-HIFU ablation interventions.

Materials and Methods
Successful volumetric intercostal sonication requires sufficient thermal dose in 

the planned sonication volume while rib temperatures and temperatures in the 
(pre-focal) fat and muscle layers (from here on referred to as the near-field) stay 
within safe limits. Whether these requirements are fulfilled was evaluated in this 
study, by means of numerical simulation of the acoustic intensity distribution and the 
resulting temperature distribution in combination with energy density safety limits. 
These simulations were performed for different treatment geometries as well as focal 
point trajectories. For the skin and the subcutaneous fat – muscle interface energy 
density thresholds as reported by Mougenot et al.24 were used, i.e. maximum 3 J/mm2 
at skin level and maximum 2.5 J/mm2 at the fat – muscle interface was considered 
acceptable. For the ribs, an energy density safety limit was estimated from temperature 
data obtained during in vivo heating experiments in conjunction with numerical 
simulations of the energy density incident on the ribs.
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A. Estimating a rib energy density safety limit 

Because of the complex interaction between the propagating acoustic field and the 
ribs, a simplified numerical model in conjunction with experimental porcine in vivo 
rib heating data was used to relate temperature rise to the exposure of acoustic energy 
density. Acoustic energy exposure of the ribs was estimated using a stochastic acoustic 
ray tracer.25 In the implementation used, triangular surface meshes were used to model 
the rib geometry where the complex pressure amplitude was recorded per transducer 
element for every triangle. 

In vivo rib heating experiments were performed in a porcine model using the 
Sonalleve MR-HIFU system (Philips Healthcare, Vantaa, Finland) under MR guidance 
on a 1.5-T Achieva scanner (Philips Healthcare, Best, The Netherlands). The animals 
(N = 2) were under general anesthesia, mechanically ventilated and monitored 
by two animal technicians over the course of the experiment. The animals were 
terminated at the end of the experimental protocol. All experiments were approved 
by the ethics committee for experimental work on animals of our institution. In the 
heating experiments (N = 3), a sonication was planned in the liver. The focal point 
was placed such that the acoustic field was obstructed by at least one rib. Two PRFS 
thermometry slices were placed on rib level to monitor rib heating during sonication 
(spoiled gradient echo-planar imaging, animal I: TE/TR: 21/42.4 ms, flip angle: 20°, 
field-of-view: 400 x 310 mm2, acquired matrix size: 160 x 160, slice thickness: 5 mm, 
EPI-factor: 31; animal II: TE/TR: 13.5/27.5 ms, flip angle: 20°, field-of-view: 400 x 310 
mm2, acquired matrix size: 160 x 154, slice thickness: 5 mm, EPI-factor: 17). One slice 
was placed in front of the ribs and the second dorsal w.r.t. the first slice. A rib mesh was 
constructed after 155 manual segmentation of the ribs in T2-weighted images26,27 (3D 
turbo spin echo, acquired matrix size: 208 x 180 x 133, field-of-view: 250 x 199.5 x 250 
mm3, TE/TR: 130/1442 ms, TSE factor: 83, NSA: 2). Acoustic energy density exposure 
was calculated for the constructed rib mesh and for triangles within the beam cone 
the lowest energy density in the 10% of triangles with the highest energy density, E10, 
was calculated (only triangles for which    < 0, with  the normal of the triangle and  the 
normal of the aperture plane, were included). Evaluating E10 was preferred over the 
maximum energy density as the maximum energy is a relatively slowly converging 
observable in stochastic integration. The temperature maps were visually inspected 
based on expected temperature-time behavior (an approximately linear increase in 
temperature during beam-on time, followed by exponential decay is expected) and 
based on this, the maximum temperature rise was estimated. 
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B. Modeled treatment geometries and sonication hardware 

As an idealized but representative geometric set-up, a stack of media/tissues was 
modeled consisting of, moving from the transducer to the target, oil, gel pad, skin, fat, 
muscle and liver. Within the muscle layer four ribs were placed with an elliptical cross 
section with a major axis and minor axis of 15 mm and 7.5 mm, respectively. The rib 
spacing was 15 mm, and 20 mm in the different simulation scenarios, representing 
rib spacing as observed for the lateral and dorsal parts of the rib cage in available CT 
scans. The HIFU transducer modeled in this study was the 256 channel phased-ar-
ray transducer as also used in the rib energy – temperature calibration experiments 
described earlier. The focal length and aperture of the transducer were both 140 mm. 
The diameter of the individual elements was 6.6 mm. The focal point was placed 30 
mm and 50 mm behind the ribs (measured from the rib mid-plane), inside the liver 
tissue (Figure 1). 

C. Acoustic simulations 

The acoustic intensity within the simulation volume during HIFU sonication was 
determined by the propagation of the angular spectrum of plane waves (ASPW) over 
the heterogeneous tissue stack and used as input for subsequent thermal simulations. 
The acoustic pressure was calculated in a reference plane, positioned within the tank 
containing the transducer. Acoustic pressure was calculated based on the far-field 
transmission profile of the elements in a plane oriented perpendicular to the beam axis 
(120 x 120 mm2 in size, discretized by 513 x 513 pixels) and stored on a per-element 
basis. The total acoustic pressure followed from summation of the per-element 
pressure contributions after scaling the latter with a complex amplitude. As a result, 
the pressure in the reference plane needed to be calculated once. The acoustic field 
was propagated per focal point position in steps of 0.3 mm in the main direction of 
propagation. As the field was propagated through a heterogeneous stack of media, the 
pressure field after propagation over a single layer of voxels contains phase errors and 
amplitude errors due to the use of average acoustic properties. The pressure field was 
locally corrected as described in the work by Georgii et al.28 

Based on experience obtained in unobstructed liver ablations in vivo in a porcine 
model,29 three types of sonication trajectories were selected for evaluation. A circular 
sonication trajectory of 4 mm in diameter, which was found feasible and safe in the 
experiments referred to. Two sonication trajectories targeting a smaller ablation 
sub-volume, namely a 2 mm diameter circular trajectory and single point sonication, 
were selected, aiming at lower rib energy density and near-field energy density due 
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to the expected shorter required sonication duration. Lateral deflections of the focal 
point were realized by changing the relative phases of the elements. These phases were 
calculated based on differences in acoustic path length assuming a homogeneous 
medium (oil). Due to refractive effects, the location of maximum acoustic intensity 
falls short relative to the geometric focus of the transducer. In order to correct for this 
effect, the transducer was translated along the beam axis, in an iterative procedure. First, 
the average intensity distribution for the given focal point trajectory was calculated 
using an estimate for the focal point displacement (here taken to be 10 mm along the 
beam axis). Then, the location of maximum acoustic intensity was determined, the 
transducer was displaced accordingly and the intensity distribution re-calculated. This 
process was repeated until the location of maximum acoustic intensity was within 1 
mm distance from the geometric focus. 

Figure 1. Illustration of the simulaton  set up 
for a rib spacing of 20 mm and a shot  depth 
of 50 mm. Moving from the transducer to the 
target, the following media are traversed: oil 
(transducer tank), gel, skin, subcutaneous fat, 
abdominal muscle including the four ribs and 
liver. The focal point is placed in the liver tis-
sue (not shown for visualization clarity).

Medium c ρ A α cp k wb Fixed Fixed temp.

Oil 1430 1070 1.04 1.04 4200 0.5 0 yes 15

Gel pad 1580 1030 0.8 0.8 3600 0.65 0 yes 15

Skin 1610 1200 10 50 3600 0.56 25 no

Subc. fat 1478 950 5.0 5.65 2387 0.2 5 no

Muscle 1547 1050 5.0 9.8 3600 0.56 25 no

Ribs 2300 1600 100 100 1000 0.5 5 no

Liver 1578 1050 5.0 5.65 3600 0.56 100 no

Table I. Overview of the acoustic properties and thermal properties used during simulation. Here c (m/s) 
is the ultrasound celerity, ρ (kg/m3) is the mass density, A (Np/m) is the ultrasound absorption,  is the at-
tenuation of the ultrasound pressure (Np/m), cp (J/kg/K) the specific heat capacity, k (J/kg/K) the thermal 
conductivity and wb (ml/100g/min) the tissue perfusion. The second last column specifies whether the tem-
perature of the medium was kept constant, and if so, the last column specifies the applied temperature (°C).
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D. Thermal simulations 

After calculation of the acoustic intensity and the corresponding power density based 
on the absorption values as specified in Table I, thermal simulations were performed. 
A finite difference technique was employed using forward finite differences in time and 
central differences in 3D space to model the temperature evolution in time according 
to Pennes’ bioheat equation30. The applied resolution was identical to that used in the 
acoustic simulations and the applied time-step was 30 ms, which is sufficiently small 
to ensure numerical stability at this resolution. 

For volumetric ablations, the power density distribution was taken to be the average 
of the power density distributions for the different focal point positions. For the largest 
volumetric ablation considered in this study, a 4 mm trajectory consisting of 8 points, 
the time to traverse the trajectory once is 400 ms and this is much smaller that the 
characteristic thermal decay time in liver tissue which is typically observed to be 
several tens of seconds. To simulate a gated sonication protocol, in which sonication is 
only performed during part of the respiratory cycle, the beam was switched off 1 s in 
every breathing cycle which had a total duration of 3 s. The duration of the sonications 
was determined by inspecting the minimum temperature in a cylindrical region-of-in-
terest (ROI) in the target. The ROI was adjusted in size depending on the diameter of 
the focal point trajectory. For a single point sonication, a diameter of 1 mm was used. 
In all cases, the length of the cylinder was chosen to be 7.5 mm. To assure a thermal 
dose that is much larger than the lethal thermal dose, the minimum temperature in the 
ROI was required to be 65°C before the sonication was stopped. Total acoustic power 
in all simulated sonications was 450 W, phase changes were not modeled and thermal 
and acoustic properties were modeled temperature-independent. Once the sonication 
duration was obtained from the thermal simulations, near-field energy densities and 
rib energy densities could be estimated from the respective acoustic intensity distri-
butions.

E. Beam shaping strategies 

Geometric Shadow

The geometric shadow (GS) method evaluates the fraction of the surface area of 
each element that is covered by the shadow of the ribs resulting from an acoustic 
source at the focus, in absence of refraction and diffraction16. Based on a threshold 
value, elements are switched-off or remain on. In our study the switch-off threshold 
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was chosen to be 50% of the elements’ surface, which in good approximation can be 
evaluated by collision detection for a ray that starts at the center of each element and 
crosses the focus. 

Beam shaping based on phase-amplitude optimization

As a potential refinement to the GS method, a phase-amplitude optimization based 
beam shaping method was implemented making use of simulated focus pressure and 
rib pressure contributions per element. In the ray tracer calculations, the rib surface 
was described by a mesh of triangles at which the pressure contribution per element 
was recorded. Additionally, an (acoustically transparent) observer plane, oriented 
perpendicular to the beam axis, was placed in the focus. This observer plane was 
discretized using pixels. At every triangle of the ribs surface as well as every pixel in 
the observer plane, the total pressure can be obtained as follows 

where with pi the contribution to the total pressure by 
element i, and  with N the number of transducer 
elements, Ai and ϕi the amplitude and phase of  element i, respectively. The acoustic 
intensity is given by 

where Z is the acoustic impedance and * denotes the complex-conjugate. By defining 
a matrix  the power on a particular part of the rib surface or the 
observer plane, as may be specified by a mask M, is given by

Here the index i runs over triangles or pixels within the mask M and ai is the area of 
pixel or triangle i. The ratio of the power in focus and the rib surface-of-interest is 
given by

where Qtarget and Qrib relate the excitation to the total power incident on the masked re-
gions-of-interest in the target and the ribs, respectively. The ratio defined in Equation 
4 is maximized by the eigenvector associated with the largest eigenvalue of the cor-
responding generalized eigenvalue problem.31 The eigenvector that maximizes the 
ratio is complexvalued and hence holds both the amplitudes as well as the phases of 
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the channels. Solutions of the generalized eigenvalue problems were calculated using 
Matlab (Mathworks, Natick, MA, USA). 

F. Estimating the volumetric ablation rate 

In order to prevent accumulation of the near-field temperature due to repetitive 
sonication, a waiting time is used in clinical practice to allow the near-field tissues 
to cool down in between the sonications. The required cool down time will in 
practice depend on various factors, among which are the depth-in-tissue, and hence 
the near-field energy density, and the thickness of the subcutaneous fat layer. It was 
empirically found in a large cohort of fibroid patients in our institution that a cy-
cle-averaged (where the duration of a cycle is given by the beam-on time plus the 
inter-sonication waiting time) total acoustic power of 100 kJ/h is clinically acceptable. 
In this study this empirical finding is used as a best-case estimate of the required 
waiting time in between sonication, realizing that the average depth-in-tissue in the 
considered liver cases is smaller than in the fibroid treatments. 

 

Results
A. Estimating a rib exposure limit

Figure 2 shows the temperature rise observed by means of MR thermometry during 
three rib heating experiments. The data shown was obtained in two in vivo experiments 
where in the first animal two experiments were performed. In the first two experiments 
(in animal I), the total sonication energy was 8.0 and 7.2kJ, respectively, whereas the 
total sonication energy was 6.8kJ in the third experiment. The E10 based on ray tracer 
calculations was 6.0, 5.4 and 6.6 J/mm2 at an estimated peak temperature increase of 
36, 37 and 50°C, respectively. 

B. Beam shaping by the GS method

Figure 3 gives an overview of the results that were obtained for all the modeled 
geometrical cases and sonication protocols. After calculation of the acoustic intensity 
(Figure 3a), temperature calculations were performed to determine the required 
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duration of the sonication (Figure 3b+d). In this particular case, sonication behind 
ribs with 15 mm spacing at 30 mm depth using a 4 mm circular focal point trajectory, 
it required 14.1 s to achieve 65°C in the entire target ROI. Based on the obtained 
sonication duration, the energy density incident on the ribs (Figure 3c) as well as the 
near-field energy density was determined. 

Figure 2. Observed heating during sonication without beam shaping with MR thermometry. The three rows 
show 3 different heating experiments where the first two experiments were performed in the same animal. 
The inserts show the corresponding estimated rib-incident acoustic energy. In the last column, temperature 
– time curves are shown for the voxel that demonstrated maximum heating.
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Figure 4 shows the required sonication duration for the different geometries and 
sonication trajectories. In all scenarios beam shaping was based on the GS method. 
As a reference, the sonication duration in absence of rib obstruction is shown. It 
is observed that rib obstruction leads to a 1.3 to 7.8 times increase in the required 
sonication time relative to the unobstructed scenario, depending on rib spacing, shot 
depth and sonication trajectory. 

Table II shows the number of active elements after beam shaping with the GS 
method and the required energy per element for the different sonication trajectories 
based on the sonication durations as found in Figure 4. In Figure 5 the energy density 
is shown for all geometries and sonication trajectories in a plane perpendicular to the 
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Figure 3. a: Calculated intensity (dB scale) based on the ASPW method with four ribs indicated. b: Tem-
perature distribution in a slice perpendicular to the ribs at the end of sonication. c: The integral incident 
acoustic energy on the ribs over the course of the sonication. d: Evolution of the mean temperature in the 
target ROI (the area indicates the temperature variation over the ROI).
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beam axis and at the fat-muscle interface. As a result of increasing sonication duration, 
the energy density is observed to increase for larger sonication trajectories as well as 
for sonications at larger depth. 

Figure 6 shows the incident acoustic intensity on the ribs for the different geometries 
and sonication trajectories in case of beam shaping with the GS method (solid lines) 
and without beam shaping (dashed lines) in cumulative histograms. It is observed 

Figure 4. Sonication duration for the different geometries and sonication trajectories after beam shaping 
based on the GS method. As a reference, sonication times are provided for sonication at the two depths 
and three sonication trajectories but in absence of the ribs. The factor printed above the bars indicates the 
increase in sonication time due to the rib obstruction. All sonications were power compensated. s.p.: single 
point sonication, 2 mm: sonication with a 2 mm focal point trajectory, 4 mm: sonication with a 4 mm focal 
point trajectory.
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15 mm Spacing
30 mm Depth

20 mm Spacing
30 mm Depth

15 mm Spacing
50 mm Depth

20 mm Spacing
50 mm Depth

No rib obstruction
Rib obstruction

Spacing 
(mm) Depth (mm)

Number 
of active 
elements

Energy per element (J)

single point 2mm traject. 4mm traject.

15 30 101 13.1 22.8 44.0

50 112 38.5 54.5 106.6

20 30 136 5.1 11.8 25.5

50 121 26.3 36.7 84.3

Table II. Number of active elements for the different geometries and the required energy per element for 
the different sonication trajectories.
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that local hot spots due to interference effects are smeared out over the rib surface for 
increasingly larger sonication trajectories. While applying power compensation for 
the GS method, typical reductions in intensity of a factor 2 or larger are observed for 
the 1 cm2 of surface area with the highest intensity. 

Figure 5. Acoustic energy density at the fat–muscle interface in a plane perpendicular to the beam axis (ho-
rizontal and vertical axis represent millimeters). These maps reflect the element distribution on the transdu-
cer surface, where the central part of the transducer is unpopulated, and the applied beam shaping strategy 
which results in ‘bands’ of active elements . At this depth, the safety threshold as taken from Mougenot et al. 
equals 2.5 J/mm2. (D: Depth, S: Spacing)
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Figure 7 shows the incident acoustic energy for the different geometries and 
sonication trajectories based on the earlier determined sonication times for the GS 
method (solid line) and without beam shaping (dashed line). 

C. Beam shaping based on phase amplitude optimization 

Figure 8 shows a comparison between three beam shaping methods: the GS method, 
beam shaping based on phase-amplitude optimization of the focus intensity and pha-
se-amplitude optimization of the focal point – rib intensity ratio. The sonication depth 
in the evaluated case was 50 mm and the rib spacing was 20 mm. The displayed rib 
exposure applies for a 2 mm sonication trajectory. A radial dependence is observed for 

Figure 6. Cumulative rib surface area – acoustic intensity histograms for intensity incident on the
ribs for the GS method (solid lines) and without beam shaping (dashed lines). Red: single point
sonication, Blue: 2 mm trajectory, Black: 4 mm trajectory.

0 10 20 30 40
0

2

4

6

8

10

A
re

a
 (

c
m

2
)

I (W/cm
2
)

15 mm spacing − 30 mm depth

0 10 20 30 40
0

2

4

6

8

10

A
re

a
 (

c
m

2
)

I (W/cm
2
)

20 mm spacing − 30 mm depth

0 5 10 15 20
0

5

10

15

20

A
re

a
 (

c
m

2
)

I (W/cm
2
)

15 mm spacing − 50 mm depth

0 5 10 15 20
0

5

10

15

20

A
re

a
 (

c
m

2
)

I (W/cm
2
)

20 mm spacing − 50 mm depth



129

7

INTERCOSTAL MR-HIFU FOR LIVER TUMOR ABLATION

both element power and phase obtained after phase-amplitude optimization based on 
focus intensity and to a lesser degree after optimization based on the focal point – rib 
intensity ratio. 

D. Estimated volumetric ablation rate 

Based on the assumption of a cycle-averaged 100 kJ/h power deposition, Figure 9 
shows the inter-sonication waiting time for the different geometries and focal point 
trajectories. Based on the obtained inter-sonication waiting time, the volumetric 
ablation rate was estimated, as shown by Figure 10. 
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Figure 7. Cumulative rib surface area – acoustic energy density histograms for energy density incident on 
the ribs for the GS method (solid lines) and without beam shaping (dashed lines). Red: single point soni-
cation, Blue: 2 mm trajectory, Black: 4 mm trajectory. If curves are not shown this means that the required 
temperature could not be achieved due to a lack of power density available at the target ROI.
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Discussion and Conclusions
In this study, the feasibility of intercostal sonication in the liver was investigated 

for different treatment geometries and sonication trajectories based on numerical 
simulations of acoustic intensity and temperature combined with in vivo rib heating 
experiments. The in vivo experiments confirm the necessity of a beam shaping method 

Y (mm)

Z
(m

m
)

Slice: 257

−20 −10 0 10 20
−20

−15

−10

−5

0

5

10

15

20

Y (mm)

Z
(m

m
)

Slice: 257

−20 −10 0 10 20
−20

−15

−10

−5

0

5

10

15

20

Y (mm)

Z
(m

m
)

Slice: 257

−20 −10 0 10 20
−20

−15

−10

−5

0

5

10

15

20

I(
W

/c
m

2 )

0

5

10

15

≥20
φ

 (d
eg

)

−≤80

−60

−40

−20

0

≥20

P
(W

)

0

2

4

≥6

I(
W

/c
m

2 )

0

55

110

165

≥220

Figure 8. Rows (top to bottom): element power, element phase (elements for which the power was less than 
0.1 W are shown in grey), trajectory-averaged intensity (2 mm circular trajectory) and rib incident acoustic 
intensity. Columns (left to right): GS method, focus based-intensity optimization and phase-amplitude op-
timization based on the target-rib intensity ratio.



131

7

INTERCOSTAL MR-HIFU FOR LIVER TUMOR ABLATION

as the observed temperature rise at the rib surface was up to 50°C. Without beam 
shaping, simulations showed that in case of 15 mm rib spacing and 50 mm shot 
depth, only a single point sonication led to sufficient focus intensity to obtain the 
focus temperature targeted for. For a rib spacing of 20 mm at the same depth, the 
largest focal point trajectory that realized adequate focus temperatures was a 2 mm 
trajectory. Comparing sonication without rib obstruction and with rib obstruction 
shows that, applying the same total acoustic power and beam shaping according to 
the GS method, up to a factor of 7.8 times longer sonications were required to reach 
the same target temperature (min./max.: 1.3/7.8 x). The reason for this is two-fold. 
First, due to the particular non-obstructed active area of the transducer at a given 
shot depth and rib spacing, the acoustic intensity in the focus is spread and side lobe 
levels increase. As a result, the absorbed power density in the focus is reduced even 
though the total acoustic power delivered by the transducer is conserved. Second, in 
the presence of perfusion, heating with a lower power density requires more over-all 
energy, and hence time, to achieve the same end temperature. 

Based on in-vivo experiments combined with ray tracer simulations of the incident 
acoustic energy density, an exposure level of 2 J/mm2 is taken as a first safety threshold 
for the exposure of the ribs to acoustic energy, allowing for an estimated temperature 
rise of 13°C (based on 6.0 – 7.6°C/(J/mm2) temperature rise following from the 
calibration experiments), at which the 240 EM dose level is achieved within two 
minutes. Imposing such a threshold should prevent severe complications such as rib 
necrosis and subsequent fracture as reported after treatments lacking rib protection.32 

For sonications at 30 mm depth, based on rib exposure solely, all sonication tra-
jectories are considered feasible when applying beam shaping according to the GS 
method. For a sonication depth of 50 mm and 15 mm rib spacing, all sonication tra-
jectories are considered unfeasible while for a single point and a 2 mm trajectory only 
slight over heating may occur. At 20 mm rib spacing and the same depth-in-tissue, 
slight over heating is expected for a 4 mm focal point trajectory while a single point 
sonication and sonication with a 2 mm trajectory are considered feasible. Based on 
near-field energy exposure at the fat–muscle interface, for all geometries, sonication 
with a 4 mm trajectory has to be considered unfeasible based on the near-field energy 
limits published by Mougenot et al.24 At 30 mm sonication depth, both single point 
sonication as well as sonication with a 2 mm trajectory was found feasible while for 
50 mm sonication depth hot spots were observed for these two trajectories at energy 
density levels above the safety limits. 

The near-field limits applied in this study are based on empirical evidence without 
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the use of external (pre)cooling. An acoustically transparent external cooling device 
may increase the tolerable near-field energy density and allow for prolonged beam-on 
time. The results show clearly that although beam shaping can substantially reduce the 

Figure 9. Inter-sonication waiting time based on a cycle-averaged energy deposition rate of 100 kJ/h for the 
different geometries and focal point trajectories.
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exposure and the associated adverse effects to the thoracic cage, the requirement to 
compensate the power of the unobstructed elements shifts the risk of the intervention 
towards overexposure of the near-field tissues. 

The observed temperature evolution as measured by MR thermometry in front 
of the ribs indicates that assuming a linear relation between peak temperature and 
energy is appropriate for the short sonication times applied in practice. The rib energy 
calibration experiments performed in this study can however only provide an estimate 
for the relation between peak temperature rise and incident energy. First of all, since 
steep temperature gradients may be present in the direction normal to the ribs, the rib 
surface temperature is expected to be under-estimated due to partial volume effects. 
Second, as limited MR signal arises from the bony rib tissue, the thermometry slices 
are placed in front of the ribs so that they contain dominantly muscle tissue. 

Similarly as is the case for other near-field tissues, repeated heating of ribs while 
respecting the estimated tolerable exposure level may lead to temperature accumu-
lation over multiple sonications. It is currently not clear how the required cool down 
time to prevent this compares to the cool down time that would be required for the 
subcutaneous fat and muscle layers. 

Applying the geometric shadow method as a beam shaping method effectively 
reduces the exposure by over a factor of two looking at the hottest 1 cm2 of rib surface. 
The remaining exposure is explained by the transmission characteristics of the 
individual transducer elements. 

More advance beam shaping methods based on (full) phase-amplitude optimization 
are effective in reducing further the energy exposure of the ribs. However, due to the 
heterogeneous distribution of element power, local near-field overheating becomes an 
even larger risk as well as overheating of individual transducer elements. In addition, 
a complete segmentation of the tissue stack between transducer and target is required 
to compute the contributions in terms of intensity to focus and ribs which is likely to 
interfere with the clinical work flow. Furthermore, deviations from the assumed tissue 
properties will render the calculated solutions in practice sub-optimal. 

From the simulations in this study it becomes clear that risk of near field damage is 
likely to be the limiting factor for the considered set-up. Improvements are expected 
from transducer designs where a larger active surface is created, reducing in turn 
the acoustic intensity in the near-field. Further improvements may be obtained by 
(case-specific) optimization of the operating frequency.15 
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The estimated rib energy density and near-field energy density strongly depend 
on the chosen stopping criterion. In this study, the duration of a sonication was 
determined based on the minimum temperature in a region-of-interest. Alternatively, 
the duration of a sonication could have been determined based on the thermal dose 
which would have shortened this duration substantially. The chosen criterion in this 
study however follows from a protocol that was experimentally established and found 
to be robust against measurement noise and partial volume effects.29 

For the hardware and the geometries under consideration in this study, the 
transducer was designed for uterine fibroid treatment, it becomes clear that the 
volumetric ablation rate only allows for the ablation of small lesions at limited tissue 
depths. Ablation of a macroscopic lesion of 10 mm in diameter, with an additional 
isotropic safety margin of 5 mm to account for delineation errors, intra-treatment 
motion, targeting imprecision and microscopic infiltration of the tissue surrounding 
the lesion, requires over 4 hours of treatment time (at a volumetric ablation rate of 
1 ml/h). For a 20 mm macroscopic lesion, applying the same margin, the estimated 
treatment time is over 14 hours. Important to note is that the volumetric ablation 
rate was determined based on the volume of the ROIs targeted in a single sonication. 
Especially for single point sonications, the volume above 65°C was substantially larger 
than the ROI volume (more than six times), potentially because of the choice of the 
cylindrical ROI shape that required conductive heating of the tissue at the top and 
bottom end of the cylinder. This biases the comparison of the different cell sizes as 
the under-estimation becomes smaller with increasing cell size. Focal point trajectory 
optimization and target volume partitioning however is considered out of the scope of 
the current study and may be addressed in future work. In a recent study by Yuldashev 
et al., the role of non-linear wave propagation for intercostal sonication was investigat-
ed and substantially increased heating was demonstrated.33 Such a method may help 
to reduce the total deposited near-field energy during a single sonication and hence 
reduce the inter-sonication waiting time. 

In conclusion, beam shaping with the geometric shadow method is an effective 
way to reduce the acoustic intensity to the ribs, however, depending on the required 
duration of the sonication, overheating may still occur. While beam shaping reduces 
the risk of rib over-heating, it shifts the risk towards over heating of the tissues in 
the near-field. This observation underlines the need for near-field risk assessment as 
focus quality and rib exposure metrics are insufficient to evaluate clinical feasibility. 
Using the estimates obtained from this study for the volumetric ablation rate, for the 
hardware under consideration in this study, lesions that would be considered eligible 
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for ablation are smaller than 20 mm in diameter and are found within a depth of 30 
mm behind the rib cage. 
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Objectives Magnetic Resonance-guided High Intensity Focused Ultrasound 
(MR-HIFU) allows for non-invasive thermal ablation under real-time temperature imaging 
guidance. The purpose of this study was to assess the feasibility and safety of MR-HIFU 
ablation of liver tissue in a clinically acceptable setting. The experimental protocol was 
designed with a clinical ablation procedure of a small malignant tumor in mind: the 
procedures were performed within a clinically feasible time frame and care was taken to 
avoid adverse events. The main outcome was the size and quality of the ablated liver tissue 
volume on imaging and histology. Secondary outcomes were safety and treatment time. 

Materials and Methods Healthy pigs (n = 10) under general anesthesia were 
positioned on a clinical MR-HIFU system, which consisted of a HIFU table top with a 
skin cooling system integrated into a 1.5-T MRI. A liver tissue volume was ablated with 
multiple sonication cells (4 x 4 x 10 mm, 450 W). Both MR thermometry and sonication 
were respiratory-gated using a pencil beam navigator on the diaphragm. Contrast-enhan-
ced T1-weighted (CE-T1w) imaging was performed for treatment evaluation. Targeted total 
treatment time was 3 hours. The abdominal wall, liver, and adjacent organs were inspected 
post-mortem for thermal damage. Ablated tissue volumes were processed for cell viability 
staining. The ablated volumes were analyzed using MR imaging, MR thermometry, and cell 
viability histology. 

Results Eleven volume ablations were performed in ten animals, resulting in a 
median non-perfused volume (NPV) on CE-T1w imaging of 1.6 ml (interquartile range 
(IQR) 0.8 – 2.3, range 0.7 – 3.0). Cell viability histology showed a damaged volume of 1.5 ml 
(IQR 1.1 – 1.8, range 0.7 – 2.3). The NPV was confluent in 10/11 cases. The ablated tissue 
volume on cell viability histology was confluent in all nine available cases. In all cases there 
was a good correspondence between the aspects of the NPV on CE-T1w and the ablated 
volume on cell viability histology. Two treatment-related adverse events occurred: one 
animal had a 7mm skin burn and one animal showed evidence of thermal damage on the 
surface of the spleen. Median ablation time was 108 min (IQR 101 – 120, range 96 – 181 
min) and median total treatment time was 180 min (IQR 165 - 224, 130 – 250 min). 

Conclusion Our results demonstrate the feasibility and safety of MR-HIFU ablation 
of liver tissue volumes. The imaging data and cell viability histology show, for the first 
time, that confluent ablation volumes can be achieved with motion-gated ablation and MR 
guidance. These results were obtained using a readily available MR-HIFU system with only 
minor modifications, within a clinically acceptable time frame, and with only minor adverse 
events. This shows that this technique is sufficiently reliable and safe to initiate a clinical trial. 
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Introduction 
Recent years have seen growing acceptance of minimally-invasive thermal tumor 

ablation techniques.1 Due to their continuous improvement they are becoming an incre-
asingly important curative treatment option. For example, radiofrequency ablation is 
now considered the first-line treatment for small hepatocellular carcinomas in patients 
who are not eligible for liver transplantation.2 One technique of particular interest is 
Magnetic Resonance-guided High Intensity Focused Ultrasound (MR-HIFU). HIFU 
allows for completely non-invasive and precisely targeted tumor ablation. The MRI 
guidance provides image guidance and real-time temperature feedback. Clinical 
studies currently investigate MR-HIFU ablation for a wide variety of tumors, although 
the most widely accepted application is probably uterine fibroid ablation.3-8 

HIFU ablation of liver tumors was one of the first applications that were inves-
tigated.9 However, HIFU ablation in the liver, in particular under MR guidance, is 
challenging: the acoustic access is partially obstructed by the thoracic cage and the 
lung, the target tumor moves continuously due to the respiratory motion, and the 
high perfusion in the liver impedes heat deposition. In addition, the MR thermometry 
requires motion compensation to prevent motion artifacts. Most of these challenges 
have meanwhile been investigated in pre-clinical studies and several promising 
solutions have been brought forward.10 Liver motion has been addressed by strategies 
ranging from breath-holding, over gated approaches, to dynamic beam steering.11-13 
The possibility of inter-costal sonications with limited adverse effects has been demon-
strated using aperture shaping techniques.14,15 Finally, the high perfusion of the target 
area has generally been addressed by sequentially treating sub-volumes with energy 
sonications.16 

Although MRI guidance has the advantage of real-time temperature mapping, to date 
very few studies have combined the abovementioned approaches with MR guidance into 
a clinically feasible ablation protocol. Animal studies have focused mostly on specific 
aspects or technical developments, while clinical studies have usually been performed 
using ultrasound guidance, which lacks the real-time temperature feedback.17-21 To 
our best knowledge, only a few liver tumor treatments with MR-HIFU ablation have 
been reported world-wide.22-24 These procedures were all performed using controlled 
apnea to mitigate respiratory motion and without histological evaluation. Thus, there 
is still very limited evidence available which comprehensively describes the MR-HIFU 
ablation procedure in the liver in terms of feasible treatment volume, confluence of the 
necrotic volume, and safety. 
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The purpose of this study was to assess the feasibility and safety of MR-guided HIFU 
ablation of liver tissue in a clinically acceptable setting. The main outcome was the size 
and quality of the ablated liver tissue volume on imaging and histology. All procedures 
were performed on a commercially available MR-HIFU system with only minor mo-
difications and performed within a clinically acceptable time frame (approximately 3 
hours). Adverse events were avoided at all costs. The ablation volumes were evaluated 
using MR imaging, MR thermometry, and cell viability histology. 

Materials and methods 
Overall experimental design

The experimental protocol was designed with a clinical MR-HIFU ablation 
procedure of a small (1 – 2 cm) malignant liver tumor in mind. For this reason, 
emphasis was placed on complete destruction of the targeted volume. In short, the 
volume was ablated by sonicating sequential sub-volumes with high acoustic power 
(figure 1). The operator manually stopped the sonication, aiming at temperatures 
in the target zone of over 60°C for at least 6 seconds to ensure coagulation necrosis. 
Mechanical ventilation in combination with an MR pencil beam navigator on the 
diaphragm allowed for respiratory-triggered acquisition of the anatomical scans and 
thermometry and for respiratory-gated sonication. Sufficient cool-down time between 
the sonications was allowed to prevent undesired thermal damage in the near-field 
tissues.25 Analyses included an evaluation of post-procedural contrast enhanced (CE) 
T1-weighted images, MR thermometry data, and histological samples. 

Animal model 

The study was approved by our institution’s animal experimental committee. The 
porcine liver model was chosen because of its resemblance to the human liver in 
terms of size. Healthy female Dalland land pigs of 60 – 70 kg (n = 10) were placed 
in prone position on the MR-HIFU table-top after shaving the skin and application 
of ultrasound gel. In addition to providing an acoustic window, this position also 
minimized peristaltic liver movement. Two experienced biotechnicians kept the 
animal under general anesthesia using continuous intravenous infusion of midazolam 
(1 mg/kg/h), cisatracurium (0.09 mg/kg/h), and sufentanil (11.3 mg/kg/h). The 
animal’s blood pressure, exhaled CO2 concentration, and core body temperature 
were monitored. The animal was ventilated mechanically for optimal control over the 
respiration (Smiths Medical Pneupac paraPAC, Kent UK). The respiratory frequency 
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was set to 13/min, resulting in a respiratory cycle of 4.5 sec with a resting phase of 3 
sec. After the experiment, the animals were terminated using an overdose of sodium 
pentobarbital. 

MR-HIFU system 

All experiments were performed 
on a clinical Sonalleve MR-HIFU 
therapy system (Philips Healthcare, 
Vantaa, Finland), integrated with 
a 1.5 T Achieva MRI (Philips 
Healthcare, Best, The Netherlands).26 
The 256-element HIFU transducer 
allowed for volumetric ablation using 
electronic beam steering.27 An acous-
tically transparent cushion was placed 
between the animal and the acoustic 
window in the MR-HIFU table-top. 
Cold (10 – 15°C) water was circulated 

through the cushion in order to cool the skin and minimize the risk of skin burns. 
All MR sequences, including planning, therapeutic guidance and follow-up imaging, 
were either gated or triggered by a pencil beam navigator, which was placed directly 
on the diaphragm adjacent to the ablation area, to assure spatial consistency between 
all acquired images.28 The sonication was synchronized to the respiratory cycle as 
follows: as long as the pencil beam navigator detected that the diaphragm was within 
+/- 1 mm of the reference position, a dedicated transistor-transistor logic enabled 
acoustic energy output of the HIFU generator. As soon as the diaphragm left this 
reference position (due to respiratory motion or unexpected movement), sonication 
was interrupted with a latency of 25 ms. 

MR imaging

Pre-procedural imaging included at least one T2-weighted planning scan (3D TSE, 
TR 1440 ms, TE 130 ms, matrix 208 x 180, FOV 250 x 250 x 200 mm, reconstructed voxel 
size 0.49 x 0.49 x 3 mm3, turbo-factor 83). Proton resonance frequency shift (PRFS) 
thermometry was used for real-time temperature mapping in three planes (GE-EPI, 
TR 100 ms, TE 15 ms, flip angle 20°, matrix 160 x 160, FOV 400 x 400 mm, voxel size 

Figure 1. Coronal T2-weighted planning scan. The 
yellow circles represent the planned sonication sub-
volumes (or treatment cells).
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2.5 x 2.5 x 5 mm3, EPI factor 17). One coronal MR slice was centered on the focal point, 
perpendicular to the symmetry axis of the HIFU beam; one sagittal slice was centered 
on the focal point, parallel to the beam axis; and one coronal slice was placed in the 
abdominal muscle for near field monitoring. The pencil beam navigator triggered the 
acquisition of all three slices at the end of the exhalation phase of the respiratory cycle. 
Post-procedural imaging included at least a dynamic contrast enhanced T1-weighted 
scan to determine the extent of the non-perfused tissue volume (NPV) (3D gradient 
echo (THRIVE), TR 5.4 ms, TE 2.6 ms, flip angle 10°, matrix 168 x 132, FOV 80 x 250 
x 250 mm, voxel size 0.49 x 0.49 x 3 mm3, slice thickness 3 mm, slice gap -1.5 mm, 
turbo factor 44, SPIR). In one animal (during two subsequent volume ablations), a 
respiratory-gated motion detection scan was performed after each sonication in order 
to estimate the target movement throughout the procedure (eTHRIVE, TR 4.1 ms, TE 
1.84 ms, flip angle 10°, matrix 256 x 256, FOV 400 x 400 x 200 mm, voxel size 1.56 x 
1.56 x 2 mm3, slice thickness 2 mm, slice gap -1 mm, turbo factor 54, NSA 4). 

Ablation procedure

The ablation procedure was performed as follows. A target volume was defined in a 
part of the liver unobstructed by the ribs (inferior to the sternum). The target ablation 
volume was covered with small, high-power volumetric treatment cells (4 x 4 x 10 mm, 
450 W acoustic power).27 Acoustic energy delivery was gated by the resting position of 
the diaphragm (2 – 3 mm gating window), while the PRFS thermometry was triggered by 
the entry of the resting phase. The operator was responsible for aborting the sonication 
manually when a temperature over 60°C (57°C plus at least the standard deviation) was 
observed in the target area for at least two subsequent temperature images (> 6 sec), or 
when excessive (> 56°C) near field heating was observed in the near field monitoring 
slice. All sonications (i.e. treatment cell ablations) were performed below the ribs to 
prevent excessive heating of the thoracic cage. The aim was to perform the complete 
procedure in under 3 hours. After each sonication, the cumulative thermal dose was 
updated for an estimate of the ablated tissue volume.29 The reference temperature for 
PRFS thermometry was set to 37°C. Sufficient cool-down time between sonications (5 
– 10 min, calculated based on the energy density at skin level according to Mougenot 
et al.25) was allowed to prevent thermal damage due to heat accumulation in the near 
field tissues. After each experiment a post-mortem inspection for thermal damage of 
the abdominal wall and adjacent organs was performed. In addition, post-treatment 
contrast-enhanced scans were inspected for signs of thermal damage in near field 
tissues. 
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Histology

The liver was resected within several 1 – 5 hours after termination of the animal. The 
coagulated tissue volume, including a margin of healthy tissue, was excised, marked 
for orientation, and frozen in liquid nitrogen. Frozen samples were processed and 
sliced in 4 μm tick coronal slices each 1000 μm. Slices were stained with hematoxylin 
and eosin (HE) for general histological assessment and with nicotinamide adenine 
dinucleotide diaphorase (NADH) histochemistry for cell viability assessment. In 
one animal, two adjacent tissue volumes with partially overlapping near field were 
ablated. Since this greatly increases the risk of thermal damage to the abdominal wall, 
4 cross-sectional samples from the abdominal muscle, fat and connective tissue layers 
were obtained post-mortem and processed for NADH diaphorase histochemistry and 
Masson’s trichrome collagenous tissue staining. 

Data analysis 

To analyze the feasible treatment volume, the NPVs on CE-T1w imaging were 
segmented semi-automatically using a region growing method (MeVisLab, MeVis 
Medical Solutions AG, Bremen, Germany).30 The lethal thermal dose volume was 
defined as the tissue which received a thermal dose of at least 240 equivalent minutes 
(EM) at 43°C.29 To determine this, the coronal and sagittal 240EM dose contours of all 
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Figure 2. Lethal thermal dose (more than 240 EM) volumes, Tmax≥570C volumes, and 
NPVs for each animal. In this study, the lethal thermal dose volume overestimated the 
NPV, whereas the Tmax≥570C volume provided a much better estimate. Note that there was 
no Tmax≥570C volume in the second volume ablation in animal 4.
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sonication were accumulated and used to calculate an ellipsoid volume. The Tmax≥57°C 
volume was defined as the tissue volume that had reached at least the protein denatu-
ration temperature of 57°C at any point during the procedure. The Tmax≥57°C volume 
was calculated similarly to the lethal thermal dose volumes, after having corrected the 
temperature maps for the baseline standard deviation in the target zone. The NPVs 
on CE-T1w imaging were classified by one observer as either confluent and regular 
(i.e. a confluent NPV with the shape of the planned ablation volume), confluent and 
irregular (i.e. a confluent NPV with a shape dissimilar to the planned ablation volume), 
or non-confluent (e.g. a patch of viable tissue inside the NPV). The quality of the PRFS 
thermometry was quantified in six representative animals by measuring the median 
standard deviation of the temperature per animal (measured before sonication, in 9 x 9 
voxels centered around the treatment cell). Histology slides were digitalized and both 
the damaged tissue volume (with decreased viability) and the necrotic tissue volume 
(with complete non-viability) were segmented manually. Ablation time was defined as 
the time from start of the first sonication to end of the last sonication. Total treatment 
time was defined as time between the Survey scan and the end of the post-treatment 
CE-T1w scan. Motion detection scans were used to estimate the extent of target dis-
placement using an optical flow algorithm with extension to 3D.31 For reporting, the 
ARRIVE guidelines for in vivo animal studies were followed wherever applicable. 
Ablation volume differences between histology and CE-T1w imaging were expressed 
as percentage differences. Unless noted otherwise, values were reported as median 
(interquartile range (IQR), range). 

 

Results 
Ablation volumes

A total of 11 volume ablation experiments were performed in 10 animals, with a 
median of 10 treatment cells (range 7 – 13). This resulted in a median NPV of 1.6 ml 
(IQR 0.8 – 2.3, range 0.7 – 3.0, figure 2a). Median ablation time was 108 min (IQR 
101 – 120, range 96 – 181 min) and median total treatment time was 180 min (IQR 
165 - 224, 130 – 250 min). The image quality of the coronal thermometry slice was 
considered good in all animals (median standard deviation range 0.32 – 0.76°C). The 
quality of the sagittal thermometry slice was generally slightly lower due to a higher 
artifact level, but of more than good enough for therapy guidance (median standard 
deviation range 0.36 – 1.00°C). The cumulative lethal thermal dose volume overes-
timated the NPV on the post-procedural CE-T1w scans. In contrast, the Tmax≥57°C 
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Figure 3. Postprocedural CE T1-weighted images of the ablation zone; transverse (upper), coronal (right 
lower), and sagittal (left). A, Animal number 4 (experiment 1), showing a confluent and regular-shaped 
NPV (thick arrows). The dorsal side of the second NPV in this animal is also visible (thin arrow). B, Animal 
number 2, showing a large vessel that crossed the NPV (arrow). C, Animal number 6, showing a confluent 
and regular-shaped NPV (thick arrows).
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volume provided a good estimate of the NPV (figure 2a). Evaluation of the ablation 
zone on CE-T1w imaging showed a well-defined and regularly shaped NPV in 6 / 11 
experiments (figure 3a). In one experiment, a vessel was observed running through 
the otherwise well-defined and regularly shaped NPV, without visible enhancing tissue 
around the vessel. In 3 / 11 animals, a confluent NPV was achieved, however the NPV 
had an irregular shape (figure 3b). In one experiment the NPV was non-confluent; a 
narrow strip of enhancing tissue separated the two parts of the ablated tissue volume. 

NADH cell viability staining (n = 9) showed a median ablated tissue volume of 1.5 
ml (IQR 1.1 – 1.8, range 0.7 – 2.3). All experiments showed a good correspondence 
between the visual aspect (i.e. shape and confluence) of the NPV on CE-T1w imaging 
and the ablated tissue area on NADH histology. The size and aspect of the NPVs cor-
responded very well to the damaged tissue volumes (decreased viability). The volume 
of the damaged tissue, in percentage of the NPV, was 102.2% (IQR 55.2 – 153.0%, range 
49.7 – 189.8%). We observed no correspondence between the necrotic (completely 
non-viable) tissue volume and the NPV in terms of size and shape. The volume of the 
necrotic tissue, in percentage of the NPV, was 19.3% (IQR 6.1 – 40.5%, range 0.6 – 
48.4%, figure 4). A typical ablation volume (observed in 8 / 9 experiments) consisted of 
a core with non-viable tissue, surrounded by a rim with tissue with decreased viability 
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Figure 4. The NPVs on CE-T1w imaging compared with the nonviable and the nonviable 
or damaged (ie, lightly stained) tissue volumes on NADH diaphorase histochemistry. The 
asterisk symbols denote that, for animals 2 and 3, no NADH staining was performed. Note 
how the NPVs correspond much better to the tissue volume with either nonviability or 
decreased viability as compared with the tissue volume with only nonviability.
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of varying width (figure 5a). In one animal (animal 4, first ablation experiment), a 
sharp demarcation of healthy and non-viable liver tissue was observed (figure 5b). 
In one animal, only a volume with decreased viability was observed, i.e. without a 
necrotic core. In two animals, only HE stained histology was available, which demon-
strated classic coagulation necrosis in the target area surrounded by a rim with severe 
hemorrhaging. 

Figure 5. Light microscopic view of a coronal section after NADH diaphorase staining. Tetrazolium salt is 
reduced by NADH diaphorase only in viable tissue, resulting in a blue color, whereas nonviable tissue does 
not stain blue. A, A typical ablation zone, showing a necrotic core surrounded by a tissue rim with decre-
ased viability. B, Ablation zone of the first experiment in animal 4. Note the sharp demarcation of viable 
and necrotic tissue. There is no tissue rim with decreased viability, despite the atypical appearance at gross 
histology (Fig. 6, left). C, Ablation zone of animal 10, showing 2 small areas of nonviable tissue surrounded 
by a wide area of severely damaged tissue. D, Ablation zone from animal 8, showing a large necrotic core 
with severely damaged rim.            

A B

C D
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Safety 

Two treatment-related adverse events occurred (2 / 11 experiments). In one animal, 
a small (7 mm diameter) area of thermal skin damage was observed. Gross pathology 
in another animal revealed thermal damage on the surface of the spleen. This was 
located in the HIFU beam far field, dorsal of the ablation zone, and was also observed 
on post-treatment CE-T1w imaging. No further damage was observed in the skin, 
subcutaneous fat, or abdominal muscle in all cases. The Glisson’s capsule of the liver 
was intact in all cases, even when the ablation zone extended to the outer surface of the 
liver (figure 6b). In addition, the skin of one animal showed diffuse erythema caused 
by prolonged skin cooling. Note that another, non-related, experiment was performed 
after ablation of the liver tissue volume, resulting in a much longer duration (~ 10 
h) of active skin cooling than the total treatment time. In the one animal in which 
two liver volumes were ablated (animal 4), NADH cell viability staining confirmed 
normal cellular viability of the abdominal muscle in the near field tissue in all four 
samples. Post-treatment CE-T1w imaging showed slight to moderate hyperemia 
in the abdominal muscle tissue in the near field of the HIFU beam in all animals. 
Analysis of the motion detection scan during ablation of two tissue volumes (animal 4) 
showed a maximum displacement of the center of the ablation zone of 3 mm between 
positioning and start of the procedure, 0.8 mm during the first volume ablation, and 
4 mm during the second volume ablation (see Figure, Supplemental Digital Content 
1, which shows the displacement of the two ablation zones in animal 4: the blue line 
represents the displacement of the first ablation zone (start of sonication depicted by 

Figure 6. Macroscopic view of the coagulation necrosis at postmortem examination. Left, coronal section of 
a fresh liver sample, corresponding to the lesion in Figure 5B. Note the lack of a white necrotic core. Never-
theless, Figure 5B shows a well-defined necrotic tissue volume. Right, an ablation zone immediately below 
the liver surface. This lesion did show a white core surrounded by a hemorrhagic rim. Note that hepatic 
capsule has remained undamaged despite the superficial location of the ablation zone.
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short arrow) while the red line represents the displacement of the second ablation zone 
(start of sonication depicted by the second sonication). 

Discussion 
In this study we have demonstrated the feasibility and safety of MR-HIFU ablation 

of liver tissue volumes in a clinically acceptable setting. The MR imaging and cell 
viability histology have shown, for the first time, the reproducibility of creating 
confluent ablation volumes. Moreover, we have demonstrated that this can be achieved 
with a respiratory-gated ablation technique and with a readily-available MR-HIFU 
system with only minor modifications. In addition, these results were obtained within 
a clinically acceptable time-frame and with only minor adverse events. 

This study provides a foundation for future clinical trials. It is important to bear 
in mind that these results were obtained using a clinical MR-HIFU system, with a 
HIFU transducer which was designed for the treatment of uterine fibroids, and not 
in any way optimized for liver ablation. Already with this system, ablation of small 
liver tissue volumes was feasible and safe. This provides important information about 
patient eligibility for a future clinical trial. 

MR-HIFU ablation holds several advantages for liver tumor patients, most importantly 
its non-invasiveness and the real-time imaging and temperature guidance, which 
potentially provides more effective therapy guidance than ultrasound or CT guidance. 
At this point, the reported clinical experience with MR-guided HIFU is, to the best 
of our knowledge, limited to a few reported cases.22-24,32 In contrast, hundreds of liver 
tumor patients have been treated with ultrasound-guided HIFU.18,19,21,33-35 However, 
this method lacks the real-time temperature guidance that MR thermometry offers. In 
addition, the temperature guidance provides the physician with a real-time, thermal 
dose-based estimate of the ablated tissue. Many preclinical studies regarding MR-HIFU 
liver ablation have been published, but these were generally aimed at developing 
specific techniques such as target tracking or motion-compensated thermometry, 
rather than assessing the clinical feasibility of volume ablations.11,14,36,37 The group 
of Gedroyc and colleagues has treated several liver tumor patients with MR-HIFU, 
however to our knowledge they have not reported their findings completely.24,32 Okada 
and Anzidei each report a salvage MR-HIFU treatment of one patient with hepatocel-
lular carcinoma.22,23 Both authors used controlled apneas during sonication to prevent 
liver motion and have reported successful ablation procedures. Only Anzidei reported 
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imaging follow-up and histology which was obtained 16 months after the ablation 
procedure. 

An important advantage of this study is that the ablated tissue volumes were evaluated 
for size and confluence using cell viability histology. This is important because the 
sensitivity of HE histology for HIFU coagulation necrosis is low.38 Our results provide 
the first histological evidence that respiratory-gated MR-HIFU ablation can result in 
confluent and clinically relevant ablation volumes. Recently, Courivaud and colleagues 
reported their experience with 30 sonications with various techniques in the liver of 
small swine.39 They report that accurate liver ablation during breath holds is feasible 
but do not report cell viability assessment. The authors concluded that further inves-
tigations into the ability to ablate clinically relevant volumes while limiting the risk of 
near field heating are needed. Also of interest is the study by Kopelman and colleagues, 
who ablated liver tissue volumes in five porcine livers.16 Although they obtained histo-
logical samples, they did not perform cell viability staining. In addition, Kopelman and 
colleagues performed forced breath holds during sonication to eliminate liver motion. 
In the current study we employed a pencil beam navigator on the diaphragm which 
allowed respiratory-gated sonication and thermometry. This has several advantages. 
First, the navigator pencil beam placement is the same for the planning scan, the 
thermometry during sonication, and the treatment evaluation scans, thus ensuring 
maximum comparability between these scans in terms of target position. Second, it 
functions as a safety mechanism for unexpected movement: whenever any movement 
causes the diaphragm to move out of the gating window, the acoustical power is shut 
off within ~ 200 ms. Third, it omits the need for forced breath holds, which cause 
increased blood CO2 levels and potentially pH changes. Fourth, in our experience the 
image quality of the thermometry is better when using this technique compared to 
the breath hold technique (data not presented). Last, this technique can potentially 
also be used for patients under deep sedation (i.e. free-breathing). A last notable 
difference with the study by Kopelman is the sonication protocol. In the current 
study, we performed volumetric sonications of 4 x 4 x 10 mm3 at 450 W, compared to 
single-point sonications at 150 – 370 W in the study by Kopelman et al. This allows 
for a larger ablation volume per sonication, and thus increases the ablation speed. 
Nevertheless, the ablation speed that we achieved in this study is still not sufficient for 
treatment of larger (> 2 – 3 cm) tumors. First clinical trials will therefore have to focus 
on ablation of small tumors or partial tumor ablation. 

We are convinced that the entire damaged tissue volume which was observed at 
cell viability histology will eventually become necrotic. It is important to note that 
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the time-point at which the histological samples are obtained affects the results. As 
reported previously, the necrotic tissue area after MR-HIFU ablation increases during 
the first days after ablation.40 A similar effect has been demonstrated after radiofre-
quency ablation.41 Although NADH is a reliable indicator of mitochondrial activity, 
and thus cell viability, its sensitivity is limited in the first hours after ablation, resulting 
in under-estimation of the necrotic tissue area.42,43 Since the animals in this study 
were terminated one to several hours after the ablation procedure, any increase of 
the necrotic volume after this point could not be measured, which is a limitation 
of our study. To have an estimate of the entire damaged tissue volume, we analyzed 
both the tissue volumes with decreased viability and non-viability. Interestingly, in 
the one animal in which two tissue volumes were ablated, the first volume showed a 
very sharp demarcation of viable and non-viable tissue at NADH histology. The most 
likely explanation for this is that the time between the experiment and termination 
of the animals was longer than in other animals. Regarding any correlation between 
histology volumes and NPVs, it should be noted that our sample size was inappropri-
ate to perform a meaningful statistical analysis of correlation. 

Our results indicate that the Tmax≥57°C volume was the best per-procedural indicator 
of post-treatment NPV. In contrast, the lethal thermal dose volume was much less 
reliable, although previous studies advocate the contrary.44 This disagreement may 
have been be caused by a higher frequency of MR thermometry motion artifacts in 
the liver as compared to more stable organs such as the uterus. The non-linear fashion 
in which thermal dose accumulates causes a fast accumulation of thermal dose in case 
of a marginally decreased accuracy, in particular above the 43°C limit. This makes 
it particularly vulnerable to noise-induced artifacts and may be responsible for the 
much larger lethal thermal dose volumes. Pilot experiments had already shown that 
the lethal thermal dose limit was less reliable in this protocol and needed optimiza-
tion. For this reason, the operator relied primarily on the maximum temperature for 
determining the completeness of each sonication. There are several reasons for the 
higher artifact level in the sagittal thermometry slice. First, the high arterial flow in 
some organs (e.g. the heart) included in this imaging slice leads to artifacts. Second, 
the acoustical transparency of the four-channel coil in the HIFU table top poses a 
design compromise which leads to a strong hyper-intense signal near the coil wire. 
Third, the sagittal field of view includes the oil-filled HIFU table top and transducer, 
which can contaminate other parts of the image. 

It is worth noting that movement during a HIFU procedure may affect the accuracy 
of the sonication. Targeting is based on a planning scan which is made at the start 
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of the procedure and movement during the procedure may account for inaccurate 
targeting. During our experiments we found that the displacement was limited, 
however this was only measured during two volume ablations in the same animal. 
In a future clinical study, displacement due to stomach/bowel motion or involuntary 
patient movement should be monitored because inaccurate ablation can potentially 
result in tumor recurrence. Unfortunately, CE-T1w imaging cannot be used during the 
procedure to realign the treatment volume because not only are thermally degraded 
compounds of contrast agents potentially toxic, contrast agents also severely impair 
the accuracy of the thermometry.45 

At this point, clinical use of this ablation protocol has two main limitations. First, the 
total treatment time and resulting feasible treatment volume. In this study we aimed at 
a total treatment time of around 3 hours, which directly limited the feasible treatment 
volume. Ablation of larger volumes would have been easily possible but would have 
taken more time. Bear in mind that the cool down times are largely responsible for 
the ablation time needed. In order to avoid any adverse events we allowed for long 
cool down times between individual sonications (usually 5 – 10 min per sonication). 
This prevents heat accumulation in the tissue layers in the near field, most notably 
the subcutaneous fat layer. This was particularly important with a future clinical tre-
at-and-resect study in mind, in which the ablated tissue volume is resected surgically. 
This requires an unaffected abdominal wall for normal wound healing. However, 
it is likely that the ablation time can be decreased by shortening cool down times. 
Clinical experience with ultrasound-guided HIFU indicates that the ablation rate can 
be increased significantly without introducing severe adverse effects.17,21 Approaches 
for preventing near field damage and optimizing total treatment times are currently 
under investigation. In addition, a two-stage treatment would also be a viable option 
since HIFU does not have a dose accumulation effect, in contrast to radiotherapy. 
More importantly, there is no trade-off between damage to tumor tissue and damage 
to surrounding tissues, as there is in radiotherapy. HIFU can cause tissue coagulation 
without any damage to the surrounding healthy tissue. In principle, this means that 
the treatment is not limited by the collateral damage, allowing for aggressive treatment 
of the target area for complete tumor ablation. 

The second limitation is the obstruction by the thoracic cage. In this study we only 
ablated liver tissue which was not obstructed by the ribs, although partial obstruction 
could be overcome with the current setup. In this regard, our results clearly reveal 
which aspects of the hardware require improvement. A purpose-built liver ablation 
transducer can widen the range of eligible tumors considerably. It would allow for 



155

8

A CLINICALLY FEASIBLE TREATMENT PROTOCOL

ablation of tumors obstructed by the thoracic cage, for which several techniques 
have been proposed.14,15,46,47 In addition, optimized hardware can decrease near field 
heating, requiring shorter cool down times, resulting in shorter overall treatment 
times. Alternative techniques such as cavitation-enhanced sonication and histotripsy 
could further enhance the ablation efficacy.36,47,48

In conclusion, we have demonstrated the feasibility, reproducibility, and safety of 
MR-HIFU ablation of small liver tissue volumes, using a clinically available MR-HIFU 
system and respiratory-gated sonication and thermometry. We consider this technique 
sufficiently reliable and safe to initiate a clinical feasibility study. 
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In this thesis the application of MR-HIFU for ablation in the liver was investigated. 
In this chapter, the implications of these studies are discussed and the possibilities 
and challenges of MR-HIFU liver tumor ablation in clinical practice and future per-
spectives are presented. 

Ablation is currently a first-line treatment for early stage hepatocellular carcinoma 
patients who are not eligible for liver transplantation.1 In contrast, for patients 
with colorectal liver metastases (CLM), treatment with ablation is less well-estab-
lished.2 Chapter 2 described a study on the overall survival (OS) of CLM patients 
after percutaneous RF ablation and after hepatic resection. In this study, treatment 
with RF ablation resulted in a hazard ratio of 2.3 compared with hepatic resection. 
This result supports the view that RF ablation is only a suitable treatment option 
for patients who are not eligible for surgery. This concurs with the recommendation 
of the American Society of Clinical Oncology to reserve RF ablation for treatment 
of solitary metastasis or oligometastases in non-surgical patients.2 It should be 
mentioned that the retrospective cohort design of the study in chapter 2 is vulnerable 
to bias, in particular to confounding by indication because patients who undergo RF 
ablation have, in principle, more advanced disease. Indeed, it has been advocated 
previously that the difference in OS can be attributed to differences in tumor biology 
rather than treatment efficacy.3,4 The lack of high-level evidence on this topic results 
in an ongoing discussion on the efficacy of RF ablation and confounding factors. 

Chapter 3 provided an overview of the challenges which have to be overcome for 
clinical implementation of MR-HIFU ablation for liver tumors. In short, these are i) 
the continuous movement of the target tumor, caused by the respiratory motion of 
the liver, ii) the efficient heat evacuation in the liver caused by the high perfusion in 
the liver, iii) obstruction of the HIFU beam by the thoracic cage, iv) obstruction of the 
HIFU beam by the air in the lower lung lobe, and v) the vessels and bile ducts, which 
may be damaged due to thermal damage, or hamper the efficacy of the heating due 
to the heat sink effect. The latter challenge was not addressed in this thesis but was 
investigated previously by other research groups. Jiang and colleagues sonicated goat 
liver tissue at 0, 5, and 10 mm from the portal vein.5 They observed swelling of the 
collagen fibers and vessel wall fractures after sonication at 0 mm, and collagen fiber 
swelling only after sonication at 5 mm. However, after one week these changes were 
no longer observed. Zhang and colleagues reported the US-guided HIFU treatment 
of 42 patients with a tumor < 1 cm from a large (> 1 cm) vessel without major adverse 
effects.6 Orsi and colleagues reported the US-HIFU treatment of 23 patients with liver 
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tumors adjacent to a large vessel, heart, stomach, bowel, bile duct, or gall bladder 
without major complications. 7 Thus, low-level indicates that MR-HIFU may be used 
safely for tumor adjacent to large vessels or organs. All other challenges for MR-HIFU 
ablation in the liver have been addressed in this thesis and will be discussed in detail 
below.

In order to assess the follow-up images after MR-HIFU ablation, one needs to know 
the normal evolution of the ablation zone after treatment. Chapter 4 reported on 
a small animal study on the evolution of the ablation zone in the first month after 
treatment of a malignant tumor. The results demonstrate that the volume of necrotic 
tissue increased in size during at least the first one to three days after ablation, after 
which it gradually decreased in size. This concurs with recent findings from RF ablation 
in the liver.8 In chapter 4, the decrease in lesions volume was mediated mainly by 
macrophages and, after the first week, by lymphocytes. Interestingly, the coagulated 
tissue was cleared from the outside, as there was no influx of macrophages into the 
coagulated tissue itself. This study also showed that the lethal (240 EM) thermal 
dose area underestimated the tissue volume which eventually became necrotic. Bear 
in mind that a slight overtreatment is clinically not a problem since a margin of 
healthy surrounding tissue is always included in the ablation volume. Moreover, the 
results showed a very heterogeneous aspect of the ablation zone on images obtained 
immediately after ablation, whereas from day one after treatment and thereafter a 
very clear demarcation between non-perfused tissue and healthy tissue was observed. 
The main limitation of this study was the use of a rabbit Vx2 hind limb tumor model, 
which may show a different evolution of the lesion over time than a human liver 
tumor. The reason for choosing the Vx2 tumor model was that the rabbit is the 
largest animal for which a tumor model is readily available.9 An important clinical 
implication of the findings in chapter 4 is that treatment evaluation and assessment 
of residual disease after MR-HIFU ablation of a malignant tumor should take place 
at least one day, but preferably at least several days, after the procedure. Bear in mind 
that assessment of local tumor progression is a different matter, for example after RF 
ablation this takes several months to develop.10 

For subsequent studies a tumor model was not required to answer the research 
questions, which allowed us to switch to a porcine liver model. A porcine liver tumor 
model is available but cumbersome.11 The pig liver has a similar size and perfusion to 
that of the human liver; these are the most important factors that influence the HIFU 
beam and MR imaging. 

Chapter 5 described a study on the feasibility and safety of intrapleural fluid infusion 
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(IPI) technique to create an acoustic window for MR-HIFU ablation in the liver dome. 
The results of this study demonstrate that IPI may be used for MR-HIFU ablation as 
close to the diaphragm as 4 mm without damaging the diaphragm. In addition, the 
results indicate that the procedure can be performed safely. This is supported by safety 
data on the IPI procedure itself, which is available from clinical studies in patients 
treated with RF ablation. These studies used IPI to allow ultrasound guidance of 
RFA in the liver dome.12-15 The study in chapter 5 has one important limitation which 
should be mentioned. Although we have demonstrated the feasibility of sonication in 
the liver dome, achieving reliable coagulation necrosis in the liver dome is a different 
matter altogether. For this, a reliable intercostal sonication method is required to 
ensure sufficient power deposition in the target while sparing the ribs. In the study in 
chapter 5, coagulation necrosis in the target zone could not be achieved reliably since 
too much of the acoustic energy was blocked by the ribs. Thus, the results show that 
the IPI procedure was effective and safe. Nevertheless, not the IPI procedure but the 
lack of an efficient intercostal sonication technique remains the largest challenge for 
ablation in the liver dome. 

Chapter 6 described methods for reducing and monitoring near-field heating 
during high-energy MR-HIFU ablation of the liver. First, the efficacy of an active 
external tissue cooling system was demonstrated. It was clearly shown that the 
cooling system was very effective for preventing skin burns, one of the most frequent 
complications after HIFU therapy.16-18 The results of this study have recently led to 
the initiation of the clinical Direct Skin Cooling (DISC) study, which evaluates the 
use of active tissue cooling during MR-HIFU ablation of uterine fibroids to achieve 
higher ablation speeds. However, the cooling system in the study in chapter 6 was 
only marginally effective for protection of the abdominal muscle. Thus, an important 
point which emerged from these experiments is that the deeper tissue layers in 
the abdominal wall are now primarily at risk for thermal damage. In other words, 
thermometry for near-field monitoring becomes even more important, as will be 
discussed further below. 

The results in chapter 6 also demonstrate that accumulation of near-field heat 
throughout a long ablation procedure may cause thermal tissue damage. Previously, 
only the effect of acute near-field damage had been studied. Mougenot and colleagues 
quantified the maximum allowable energy density for safe ablation and reported a 
threshold of 2.5 and 3 J/mm2 for fatty tissue and skin, respectively.19 However, this 
threshold is only valid for single sonications, while during most ablation procedures 
many sonications are performed. If, in the latter case, the temperature in the near-field 
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is not allowed to return to baseline before each next sonication, this results in ac-
cumulation of heat. We have coined this accumulative near-field heating. Thermal 
damage can occur either immediately, in case of a temperature of 57°C or higher, or 
after prolonged exposure to a mildly elevated temperature (between 45°C and 57°C). 
Since accumulative near-field heating cannot be monitored using conventional PRFS 
thermometry, we have proposed to use a hybrid thermometry method combining 
apparent T2-based thermometry with PRFS thermometry.20 This technique can be 
used to monitor both acute and accumulative near-field heating throughout the 
ablation procedure. On the one hand, this can be expected to increase the safety of 
the procedure by visualizing accumulative near-field heating. On the other hand, this 
can be used to increase the ablation speed. The latter can be achieved if the cool-down 
times are adjusted in real-time, based on the current near-field temperature. This 
technique will also be valuable for other abdominal applications of MR-HIFU. 

In chapter 7, the feasibility of intercostal MR-HIFU ablation was examined. 
Ultrasound obstruction by the ribs has two unfavorable effects. First, the ribs heat 
excessively when exposed to HIFU due to their high acoustic absorption. This 
can result in rib necrosis with all associated complications.18 Second, the energy 
deposition and resulting peak temperature in the focal area are decreased. Chapter 
7 describes an investigation into the feasibility of intercostal sonication with the 
current clinical HIFU transducer, which was not designed for intercostal sonication. 
The results clearly demonstrate the current limitations imposed by the thoracic cage. 
From the viewpoint of rib obstruction only, ablation at a depth of 30 mm into the 
liver parenchyma is feasible, while the feasibility at a depth of 50 mm depended on 
the width of the intercostal space (20 mm vs. 15 mm). Thus, intercostal sonication at 
a depth of more than 50 mm is unlikely to result in coagulation necrosis. However, 
the major limiting factor was the near-field heating which occurred due to the com-
pensatory power increase. When strictly observing the previously reported near-field 
energy density limits for safe ablation (see chapter 6),19 sonication at a depth of 50 mm 
was not feasible using any sonication protocol, while sonication at 30 mm was only 
feasible using single-point sonication or a 2-mm trajectory. These results stress the 
importance of future developments to improve both intercostal sonication protocols 
and the transducer hardware. A HIFU transducer with a larger aperture and complete 
population of the surface with transducer elements would already go a long way in 
increasing the possibilities of intercostal sonication. Additionally, it should be noted 
that the results in this study were obtained without the use of the active external tissue 
cooling system described in chapter 6, which also may help to increase the possibil-
ities of intercostal sonication by reducing near-field heating. Thus, further develop-
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ments in this field are an absolute necessity for widespread adoption of MR-HIFU for 
ablation of liver tumors, since without it large parts of the liver remain inaccessible 
to the HIFU beam. 

In chapter 8, various approaches for MR-HIFU ablation in the liver were incorpo-
rated into a clinically-feasible treatment protocol, which was evaluated in a porcine 
liver model. The primary goal of this study was to investigate the ablation volume 
which can be achieved in a clinical setting. The secondary goal was to study the safety 
of this ablation protocol. This study was of particular importance because it indicated 
whether the ablation technique was ready for application in a clinical trial. The results 
in chapter 8 demonstrated that reproducible ablation of confluent volumes of up to 
3 ml (corresponding to a diameter of 18 mm) can be achieved in a clinically feasible 
setting. No major adverse events occurred during the experiments. The application 
of respiratory-gated thermometry and sonication was effective in dealing with the 
motion of the liver. A disadvantage of the respiratory-gated approach is that it does 
not offer optimal energy delivery, considering the sonication duty cycle of ~70%. 
In future studies, techniques such as motion tracking may be implemented, which 
should increase the heating efficacy and reduce near-field heating. 

The study in chapter 8 also underlines a weak point of MR-HIFU: ablation speed. 
With a total treatment time of around 3 hours for 3 ml of tissue, this technique would 
be suitable only for a very specific subset of patients. Nevertheless, there are several 
reasons to be confident that this can be improved in the future. First, in this study, 
we chose a conservative approach and maintained long cool-down times between 
individual sonications in order to demonstrate the safety of the procedure. These 
cool-down times were the main cause for the length of the procedure. However, 
data from clinical studies suggests that higher ablation speeds can be achieved.21 In 
particular, the extensive experience of the group of Wu and colleagues should be 
mentioned. They have treated hundreds of hepatocellular carcinoma patients with ul-
trasound-guided HIFU. The authors report ablating tumors of 4 – 15 cm in diameter, 
including a 1.5 – 2.2 cm margin of healthy tissue.22,23 Second, there are significant im-
provements in (transducer) hardware which can be made. The transducer which was 
used for the studies in this thesis, was designed for the ablation of uterine fibroids. 
These benign tumors generally have a much lower tissue perfusion than the liver, 
and therefore require lower acoustical powers, which makes the issue of near-field 
heating not nearly as important as for the liver. Although an extensive discussion 
of the relationship between transducer design and near-field heating is outside the 
scope of this thesis, it can be expected that with an optimized transducer design a 
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significant decrease in near-field heating can be achieved, which in turn results in a 
significant increase in ablation speed. Third, optimization of the sonication protocol 
may also result in an increased ablation speed. The study in chapter 8 was performed 
using a volumetric sonication technique.24 This technique increases the coagulation 
volume of a single sonication by spreading out the energy. However, it may well 
be that in highly perfused organs, such as the liver, this technique is not favorable 
when compared to single point sonication. For example, Kopelman and colleagues 
performed MR-HIFU ablation in porcine liver using the single point technique and 
achieved higher ablation speeds than reported in chapter 8.25 However, these results 
are difficult to compare directly since they used a different MR-HIFU system and, 
more importantly, they did not perform the procedures in a clinically feasible setting 
and did not report the side effects. In other words, although their ablation speed 
was higher, this might have been associated with clinically unacceptable near-field 
damage. This remains a topic which is yet to be studied. 

The study in chapter 8 is important as a bridge towards a phase one clinical trial 
on MR-HIFU ablation in liver metastasis patients because various learning points 
and teething problems have already been encountered and acted upon. One specific 
example is the fact that the focal point of the HIFU beam may lie outside the 
thermometry slices, which results in unobserved heating. This has urged us to always 
perform a meticulous focal point calibration using a low-energy test shot (resulting 
in a non-damaging temperature rise) to ensure accurate targeting before initiating 
the actual ablation. Ideally, the target volume and adjacent tissues are monitored 
using volumetric thermometry, which eliminates this problem. These techniques are 
currently under evaluation in pre-clinical studies.26,27 

The study in chapter 8 was the last step towards clinical translation of MR-HIFU 
for liver tumors. Indeed, this work has led to the initiation of the MRI-Assisted 
high intensity focused ultrasound for metastatic Liver Tumor Ablation (MALTA) 
study.28 This ongoing clinical feasibility study investigates the accuracy and safety 
of MR-HIFU ablation in CLM patients. A detailed outline of the MALTA study is 
provided in the appendix on page 189. 
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Future Perspectives
At present, MR-HIFU is at an early stage of clinical development. In particular for 

application in the liver, there is a long way to go before this technique can be used 
widely. Currently, the two main limitations are the obstruction by the thoracic cage 
and the ablation speed (and, as a result, the feasible treatment volume). In this regard, 
it is interesting to note that the treatment volume of RF ablation was limited to ap-
proximately 2 ml in its early days.29 This is very similar to the ablation volume which 
was achieved in the study in chapter 8. The above-mentioned limitations imply that 
the first clinical studies can only focus on the ablation of small tumors that are not 
located behind the thoracic cage. In addition, these first studies need to be performed 
in an institution with an experienced multidisciplinary study team. Thus, with the 
current limitations, the application of MR-HIFU is limited to investigational use. 

For the further future, several potential applications for MR-HIFU in the liver 
can be considered. Most importantly, it should be stressed that until the first clinical 
studies have been performed, and the clinical benefits and disadvantages have been 
estimated, this remains mainly speculation. The extent of the possibilities depends 
highly on technical developments, such as a HIFU transducer designed for ablation 
of highly perfused abdominal organs (thereby decreasing near-field heating and 
increasing ablation speed), and motion tracking combined with real-time HIFU beam 
steering.30,31 One possible application would be the treatment of small solitary tumors, 
in particular in patients who are not eligible for surgery because of comorbidities. The-
oretically, MR-HIFU has the additional advantage that the coagulation relies mainly 
on direct heating and less on heat diffusion than with RF ablation, making it theoreti-
cally more suitable for ablation of tumors adjacent to a large vessel.32 At present there is 
limited evidence whether this translates into decreased tumor recurrence rates, since 
few clinical (ultrasound-guided) HIFU studies include a histopathological evaluation. 

For the palliative treatment of non-surgical patients, RF ablation is likely to remain 
the ablation modality of choice in the near future. However if future developments 
allow for MR-HIFU ablation of larger volumes, this may become a valuable treatment 
option since the effect on the quality of life is expected to be relatively limited due to 
its non-invasiveness. Studies in cancer patients have shown that hospitalization and 
admission to the intensive care unit have a degrading effect on quality of life.33 This is 
a particularly important aspect for patients in the final stage of the disease. For these 
patients, a non-invasive therapy such as MR-HIFU, which can be performed on an 
outpatient basis, may be a valuable therapeutic option. Naturally, the precise impact 
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of MR-HIFU treatment on quality of life in patients is largely unknown and should be 
investigated. 

In light of the increasing knowledge about inter-individual differences in cancer 
biology and the increasing number of available cancer therapies, one can consider 
several possible combination therapies which include MR-HIFU34. For example, the 
use of radiation therapy in the liver has historically been limited because the normal 
liver parenchymal radiation tolerance is far below required tumoricidal doses of 
radiation.35 New techniques, such as intensity-modulated radiotherapy (IMRT) and 
stereotactic body radiotherapy (SBRT), are expected to increase the tumor dose 
dramatically. A combination of SBRT and MR-HIFU may be even more effective, 
considering the ability of MR-HIFU to coagulate the tumor bulk, and the ability 
of radiation therapy to take out small clusters of micrometastases surrounding the 
tumor. Another interesting combination would be MR-HIFU and trans-arterial che-
mo-embolization (TACE). Treatment of hepatocellular carcinoma patients with TACE 
and ultrasound-guided HIFU was reported to be more effective than TACE alone.36 
A pilot study performed by our research group indicated that, in addition to the 
complimentary effect of both treatments, the embolization also increases the heating 
efficacy during subsequent MR-HIFU treatment.37 This is most likely caused by the 
decreased perfusion in the liver resulting from the embolization, thus preserving the 
thermal energy in the target volume. All in all, although there are many possible roles 
for MR-HIFU in the treatment of liver tumors, its precise role is difficult to predict. 
Most likely, it will depend mainly on the results from the first clinical trials, such as the 
ablation speed and the tumor recurrence rates which can be achieved. 

As discussed previously, a major limitation of the current MR-HIFU technique is 
the small achievable ablation volume per unit of time. There are several technical de-
velopments which have the potential to increase the ablation volume. First, since the 
ablation speed during thermal ablation, is in part, limited by the amount of near-field 
heating, transducer hardware plays an important role. As discussed earlier, the current 
MR-HIFU system was developed for the ablation of uterine fibroids. For applicati-
ons in the highly perfused liver, the current transducer geometry has a sub-optimal 
balance between target heating and near-field heating. The UMC Utrecht is currently 
developing a transducer which is optimized for ablation in highly-perfused organs. An 
optimized transducer design will also contribute to more possibilities for inter-costal 
sonication, which is the second main limitation of the current MR-HIFU ablation 
protocol. Even with optimized hardware, intercostal sonication is an important aspect 
of MR-HIFU which still needs much pre-clinical development before this technique 
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can be adopted for liver tumors in every segment of the liver.

Several sonication techniques have been proposed as promising methods for creating 
larger coagulation volumes within a similar time-frame. One example is the use of 
cavitation effects.38,39 During HIFU ablation, the peak negative pressure in the target 
tissue may cause gas bubble formation. The alternating acoustical pressure causes these 
gas bubbles to oscillate and grow. Two types of cavitation are recognized. In stable 
cavitation, the gas bubbles stop growing and remain in a stable, oscillating state.40 The 
use of stable cavitation has been proposed for creating an area of gas bubbles behind 
the focal point which acts as an acoustic reflector to increase the amount of energy 
deposited in the focal area.38 Also, the non-linear oscillations lead to harmonics of 
the ultrasound frequency, and thus to higher absorption rates. On the other hand, 
inertial cavitation occurs when the gas bubbles continue to grow until they violently 
collapse. The resulting pressure gradient causes mechanical damage to the tissue.40 
Inertial cavitation may be used for mechanical (i.e., non-thermal) tissue destruction, 
a process called histotripsy.41,42 Histotripsy uses very short (sub-second) bursts of 
extremely high (> 1000 W) acoustic power. Histotripsy has been demonstrated to 
liquefy the tissue, leaving a cavity with a cell debris emulsion in situ, while sparing 
connective tissue structures such as vessel walls.41,42 This implies the technique would 
be equally effective adjacent to large vessels. Theoretically, histotripsy also eliminates 
the risk of near-field heating, making tissue ablation at much higher speeds possible. 
However, reliable histotripsy may be challenging in vivo because it requires very high 
acoustical pressures. Apart from the feasibility and reproducibility, an aspect which 
will need thorough research is the risk of tumor seeding. At this point, it is unknown 
whether the mechanical destruction of tumor cells will increase the risk that cells in 
the periphery of the tumor dislodge into the systemic circulation. Both cavitation-en-
hanced sonication and histotripsy are currently under investigation in in vivo animal 
studies. 
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Conclusion

The work in this thesis aimed to pave the way for clinical translation of MR-HIFU 
ablation for liver tumors. Considering the results, the initiation of a clinical study is 
now warranted. In this clinical trial we face two main challenges: the obstruction of the 
HIFU beam by the ribs and the limited ablation speed. It can be expected that future 
technical developments, such as a dedicated transducer design, will aid in overcoming 
these problems and widen the range of therapeutic possibilities. At the same time, 
clinical studies will need to provide therapeutic experience with this treatment 
modality. Although MR-HIFU is unlikely to become the standard first-line treatment 
for liver tumor patients in the near future, there are definitely patient populations 
which can benefit from this therapy.  
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Samenvatting 
MRI-geleide hoge intensiteit gefocust ultrageluid (MR-HIFU) ablatie is een beeldg-

estuurde, non-invasieve thermische ablatietechniek. De transducer, geïntegreerd in 
de tafel van de MRI-scanner, genereert een convergerende ultrageluidsbundel met 
een hoge intensiteit (HIFU).1 Vanwege de convergerende bundelgeometrie gaat de 
HIFU-bundel door de huid en onderliggende weefsels heen zonder schade aan te 
richten, doordat de ultrageluidsintensiteit daar relatief laag is. In het focus van de 
bundel daarentegen is de akoestische intensiteit dusdanig hoog dat er biologische 
effecten optreden (zie hoofdstuk 3, figuur 3). Men spreekt van thermische ablatie als 
hierbij het weefsel in het focus wordt opgewarmd tot temperaturen waarbij denaturatie 
van eiwitten tot celdood leidt. Acute celdood vindt plaats zodra er een temperatuur 
van 570C wordt bereikt, na langere duur kunnen lagere temperaturen ook celdood 
veroorzaken. Op deze wijze kan een kleine hoeveelheid weefsel (het sonicatievolume) 
in het menselijk lichaam zeer nauwkeurig worden geableerd zonder dat hiervoor een 
operatie nodig is. De ablatie van grotere weefselvolumes vindt plaats door vele achter-
eenvolgende sonicaties. 

HIFU werd al in 1942 beschreven door Lynn et al, maar omdat er nog geen goede 
beeldvormende technieken beschikbaar waren om deze behandeling te sturen bleef 
het gebruik van HIFU lang beperkt tot preklinisch onderzoek.2 Begin jaren ’90 werd 
MRI voor het eerst gebruikt voor beeldsturing van HIFU ablatie.3 MRI maakt het 
mogelijk om zeer nauwkeurig het weefsel af te beelden met zeer goede contrasten 
tussen verschillende weefselsoorten. Bovendien kan MRI gebruikt worden om tijdens 
het verhitten de spatiële verdeling van temperatuur in het weefsel te meten (thermom-
etrie). De visualisatie van de temperatuur in het weefsel vindt plaats door middel van 
kleurgraderingen in het MRI-beeld (zie hoofdstuk 3, figuur 2 en hoofdstuk 5, figuur 
3). Op deze manier kan tijdens de ablatie-procedure gecontroleerd worden of er in het 
doelgebied voldoende verhitting plaatsvindt en of de omliggende weefsels niet te veel 
verhit worden. Hoewel er talrijke mogelijke toepassingen zijn voor MR-HIFU, is voor 
velen de meest tot de verbeelding sprekende toepassing het ableren van kwaadaar-
dige tumoren op volledig niet-invasieve wijze: opereren zonder snijden. Momenteel 
onderzoeken verschillende onderzoeksgroepen het gebruik van MR-HIFU voor 
ablatie van onder andere borst-, bot-, prostaat- en hersentumoren. De preklinische 
studies in dit proefschrift richtten zich op de toepassing van MR-HIFU in de lever. 
Het uiteindelijke doel van deze studies was om MR-HIFU ablatie van levertumoren 
mogelijk te maken. 

CHAPTER 10
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Als eerste werd in hoofdstuk 2 de overleving na behandeling met een bestaande 
beeldgestuurde ablatietechniek onderzocht: radiofrequente (RF) ablatie. In deze 
retrospectieve studie werd de overlevingsduur van patiënten met levermetastasen 
die chirurgisch verwijderd werden vergeleken met die van patiënten die RF ablatie 
ondergingen. De resultaten wijzen erop dat chirurgische behandeling een langere 
overleving geeft dan RF ablatie (hazard ratio 2,3; 95% betrouwbaarheidsinterval 
1,2 – 4,3). Er kan geconcludeerd worden dat RF ablatie een geschikte behandeling is 
voor patiënten die niet in aanmerking komen voor chirurgische behandeling. Deze 
studie is een retrospectieve studie, net als verreweg de meeste studies die chirurgische 
behandeling met RF ablatie vergelijken. Het feit dat het type behandeling (chirurgie / 
RF ablatie) klinisch werd bepaald maakt deze studie vatbaar voor bias by indication: 
mogelijk werden de patiënten die al vóór behandeling een slechtere prognose hadden 
eerder geselecteerd voor behandeling met RF ablatie. In deze studie werd daarom 
gecorrigeerd voor drie factoren die van invloed waren op de overleving (namelijk de 
aanwezigheid van extrahepatische metastasen, de aanwezigheid van metastasen in 
beide leverhelften en de aanwezigheid van minstens één tumor van meer dan drie 
centimeter diameter). Echter, doordat het aantal patiënten per groep te gering was 
kon niet gecorrigeerd worden voor alle factoren die mogelijk van invloed zijn op 
de overleving. Hoewel RF ablatie een goede behandeloptie is voor niet-chirurgische 
patiënten, heeft MR-HIFU twee belangrijke voordelen. Ten eerste de beeldsturing: 
waar RF ablatie gedaan wordt zonder informatie over de temperatuur in het weefsel 
tijdens de behandeling, geeft MR thermometrie actuele informatie over de temperatu-
urverdeling. Bovendien vereist het RF ablatie het inbrengen van een RF applicator, wat 
complicaties zoals bloedingen kan veroorzaken, terwijl MR-HIFU volledig non-in-
vasief is en dit nadeel dus niet heeft. 

In hoofdstuk 3 richtten we onze blik op MR-HIFU als beeldgestuurde, niet-invasieve 
ablatie-methode. MR-HIFU ablatie in de lever is lastiger dan in veel andere organen. 
Dit heeft een aantal redenen, die uitgebreid beschreven worden in hoofdstuk 3. Ten 
eerste zorgt de ademhaling ervoor dat de lever continu in beweging is. Dit betekent 
dat ook de tumor die geableerd moet worden continu beweegt. Bovendien geeft de 
beweging problemen bij de controle van de weefseltemperatuur, aangezien beweging 
van het weefsel forse artefacten kan veroorzaken in de thermometriebeelden. Ten 
tweede wordt het bovenste deel van de lever omringd door de onderste longkwabben. 
De luchthoudende long vormt een barrière voor het ultrageluid, wat ablatie in het 
bovenste deel van de lever lastig maakt. Ten derde zorgt de hoge doorbloeding in de 
lever ervoor dat de warmte snel afgevoerd wordt. Dit kan gecompenseerd worden 
door een hoger akoestisch vermogen te gebruiken tijdens ablatie in de lever. Echter, dit 
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brengt het probleem met zich mee dat omliggende weefsels, vooral de buikwand waar 
de HIFU-bundel doorheen gaat, ook verwarmd worden en dus beschadigd kunnen 
raken. Ten vierde wordt de lever voor een groot deel afgeschermd door de ribben, die 
het grootste deel van het ultrageluid blokkeren. Dit vereist een techniek die sonicatie 
tussen de ribben door mogelijk maakt: intercostale sonicatie. Als laatste bevinden 
zich vele bloedvaten en galwegen in de lever, die beschadigd kunnen raken of een 
negatief effect op de opwarming kunnen hebben. Dit laatste werd eerder al onderzocht 
door andere onderzoeksgroepen.4-6  Alle andere bovengenoemde hindernissen bij de 
toepassing van MR-HIFU ablatie in de lever werden in de verschillende studies in dit 
proefschrift onderzocht. 

Voor klinische toepassing is het belangrijk te weten wat er gebeurt met een maligne 
tumor na MR-HIFU ablatie en hoe dat afgebeeld wordt met MRI. Immers, kennis 
van het normale beloop is vereist om afwijkingen van het normale beloop na de 
behandeling te herkennen. In hoofdstuk 4 wordt een studie beschreven naar de 
ontwikkeling van de ablatiezone na MR-HIFU ablatie van een kwaadaardige tumor. 
Hiervoor werd een Vx2 tumormodel gebruikt in de achterpoot van konijnen. Deze 
tumoren werden geableerd met een klinisch MR-HIFU systeem. Vervolgens werden er 
op verschillende tijdstippen MRI-beelden gemaakt van de ablatiezone. De resultaten 
lieten zien dat het niet-geperfundeerde gebied (op T1-gewogen MRI na toediening 
van een T1-verkortend contrastmiddel) in de eerste drie dagen na behandeling 
toeneemt in grootte. Bovendien was de ablatiezone na één, en vooral na drie dagen, 
veel scherper begrensd dan direct na de thermische ablatie. Deze resultaten zijn 
belangrijk voor klinische toepassing van MR-HIFU omdat ze suggereren dat de 
ablatiezone pas enkele dagen na de behandeling betrouwbaar beoordeeld kan worden. 
In deze studie werd ook gekeken naar de thermische dosis, dit is een maat voor de 
thermische schade die het weefsel heeft opgelopen, die bepaald wordt op basis van 
het verloop van de weefseltemperatuur in de tijd. Uit eerdere studies is gebleken dat 
een thermische dosis van 240 equivalentminuten (EM) op 43°C in de meeste weefsel 
voldoende is om necrose te induceren.7,8 Deze grens wordt daarom vaak aangehouden 
om tijdens de ablatieprocedure de grootte van het necrotische weefselvolume in te 
schatten. In de studie in hoofdstuk 4 bleek de grens van 240 EM de grootte van het 
niet-geperfundeerde gebied echter te onderschatten. Hierbij moet worden opgemerkt 
dat de gevoeligheid van weefsel voor thermische schade sterk afhankelijk is van het 
weefseltype. De minimale dosis die vereist is voor necrose van een levermetastase zal 
dan ook in klinische studies moeten worden vastgesteld. Overigens kan een kleine 
onderschatting van het geableerde weefselvolume bij ablatie van een maligne tumor 
acceptabel zijn, in tegenstelling tot een overschatting, aangezien dat laatste kans zou 



181

10

NEDERLANDSE SAMENVATTING

geven op het achterblijven van tumorweefsel. 

De studie in hoofdstuk 5 betrof een techniek om MR-HIFU ablatie in het bovenste 
deel van de lever mogelijk te maken: Intrapleural Fluid Infusion (IPI). In een varkens-
model werd een hydrothorax geïnduceerd door fysiologisch zout te injecteren in de 
intrapleurale ruimte. Door positionering van het dier op de rechter zijde, zakte de 
geïnjecteerde vloeistof naar de laterale sinus pleurae, wat resulteerde in een akoestische 
toegangsroute tot het craniale deel van de lever. De resultaten laten zien dat op deze 
wijze MR-HIFU ablatie op enkele millimeters afstand van het diafragma mogelijk is 
(zie hoofdstuk 5, figuur 5). Deze techniek kan dus gebruikt worden om MR-HIFU 
behandeling van tumoren in de subdiafragmale lever mogelijk te maken. Studies 
van andere onderzoeksgroepen laten zien dat de IPI procedure weinig complicaties 
veroorzaakt wanneer IPI wordt gebruikt om echogeleide radiofrequentie-ablatie in 
de subdiafragmale lever mogelijk te maken.9-11 Een vergelijkbaar veiligheidsprofiel 
kan verwacht worden bij toepassing in combinatie met MR-HIFU, mits de geïnject-
eerde vloeistof goed ontgast wordt. Dit laatste is van belang om te voorkomen dat 
de hoge akoestische onderdrukken tijdens sonicatie de vorming van gasbellen in de 
vloeistof veroorzaken, wat reflectie van de HIFU-bundel kan veroorzaken. Dit zou 
in specifieke gevallen complicaties kunnen veroorzaken door onbedoelde opwarming 
van omliggende weefsels. Een belangrijke kanttekening bij deze studie is dat voor 
de klinische toepassing van deze techniek tevens een effectieve intercostale soni-
catie-techniek vereist is. Zonder dat is depositie van energie in het doelvolume lastig, 
waardoor het behalen van een temperatuur van minimaal 57°C, voor inductie van 
weefselnecrose, onvoldoende reproduceerbaar is. 

In hoofdstuk 6 wordt een studie beschreven waarin in een varkensmodel manieren 
om opwarming van de buikwand tijdens MR-HIFU ablatie in de lever te beperken 
en te bewaken werden onderzocht. Ten eerste werd de effectiviteit van een nieuw 
ontwikkeld koelsysteem onderzocht. Dit koelsysteem maakte gebruik van een wa-
tergekoeld, akoestische transparant kussen dat de buikwand koelt in het gebied waar 
de HIFU-bundel doorheen gaat. Deze wijze van weefselkoeling maakte het mogelijk 
om een tot driemaal hogere akoestische intensiteit te gebruiken dan de veilige grens 
die in eerdere studies bepaald was.12 Ten tweede liet deze studie zien dat accumulatie 
van hitte in de buikwand tijdens ablatie in de lever een reëel gevaar is. Helaas kan deze 
accumulatie van hitte over langere periodes (> 10 minuten) niet met de standaard 
thermometrie-techniek (proton resonance frequency shift, PRFS) worden gemeten, 
aangezien deze thermometrie-methode gevoelig is voor variaties in de tijd van het 
B0-veld van de MRI scanner. Bovendien geven deze metingen alleen de temperatu-
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ursverhoging ten opzichte van de start van de pulssequentie. Om deze redenen werd 
in deze studie gebruik gemaakt van zowel PRFS thermometrie als T2-gebaseerde ther-
mometrie, zoals beschreven door Baron et al.13 Aangezien T2-gebaseerde thermome-
trie veel minder gevoelig voor veranderingen in het B0-veld van de MRI-scanner, geeft 
dit meer betrouwbare temperatuursinformatie over langere periodes. De resultaten in 
hoofdstuk 7 laten ook zien dat de hoeveelheid geaccumuleerde hitte in de buikwand 
zeer moeilijk te voorspellen is. Dit heeft geleid tot de aanbeveling om bij klinische 
toepassing van MR-HIFU in de lever een hybride thermometrietechniek te gebruiken, 
waarbij de twee bovengenoemde technieken worden gecombineerd. De verwachting 
is dat dit zal leiden tot minder complicaties door dat de temperatuur in de buikwand 
beter bewaakt wordt. Tijdens MR-HIFU ablatie wordt ruim voldoende afkoelingstijd 
aangehouden na elke sonicatie, om zo opwarming van de buikwand te voorkomen. 
Deze afkoelingstijd is grotendeels de reden voor de relatief lange duur van ablatiepro-
cedures. Een hybride thermometriemethode kan helpen de behandelduur te verkorten, 
door de afkoelingstijd per sonicatie terug te brengen tot de minimale veilige tijd. 

Een van de belangrijkste beperkingen voor klinische translatie van MR-HIFU 
ablatie in de lever is de obstructie van de HIFU bundel door de ribben. De ribben die 
in de bundel liggen warmen snel op door de hoge akoestische absorptie, wat kan leiden 
tot ernstige complicaties zoals ribnecrose.14 Wellicht belangrijker nog, dit resulteert in 
onvoldoende akoestische energie in het focus, waardoor er niet voldoende opwarming 
kan worden gerealiseerd om necrose van het weefsel in het doelgebied te veroorzaken. 
In hoofdstuk 7 werden de mogelijkheden onderzocht voor intercostale sonicatie met 
het momenteel klinisch beschikbare MR-HIFU systeem. Doordat de HIFU transducer 
uit 256 individueel aanstuurbare elementen bestaat, kunnen de elementen die door ri-
bobstructie geen akoestisch venster hebben selectief uitgeschakeld worden. Hierdoor 
gaat de HIFU bundel alleen tussen de ribben door. Dit vereist echter wel een compen-
satoire verhoging van akoestisch vermogen in de overgebleven elementen, wat weer 
tot snellere opwarming van de zachte weefsels tussen de ribben kan leiden. De studie 
in hoofdstuk 7 werd deels uitgevoerd in een varkensmodel en deels door middel van 
akoestische simulaties. De resultaten lieten zien dat de haalbaarheid van intercostale 
sonicatie, met het huidige MR-HIFU systeem, sterk afhankelijk is van de grootte van 
de intercostale ruimte, de diepte in het leverparenchym van de tumor en de grootte van 
het sonicatievolume. Deze studie liet zien dat ablatie op 5 cm diepte in het leverparen-
chym slechts mogelijk is bij een intercostale ruimte van ten minste 2 cm en een klein 
sonicatievolume. Ablatie op 3 cm diepte was ook haalbaar bij een intercostale ruimte 
van 1,5 cm of een groter sonicatievolume. De resultaten onderstrepen het belang van 
verder onderzoek naar optimale methodes voor intercostale sonicatie. Ook de ontwik-
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keling van een HIFU transducer specifiek voor ablatie in de lever zal bijdragen aan het 
vergroten van de mogelijkheden voor intercostale sonicatie, en daarmee de patiënten-
populatie vergroten die voor deze behandeling in aanmerking komt. 

Het uiteindelijk doel van alle studies in dit proefschrift was om de klinische 
translatie van MR-HIFU ablatie als behandeling van levertumoren mogelijk te 
maken. In voorgaande hoofdstukken werden specifieke onderwerpen onderzocht 
die van belang zijn voor klinische translatie. In hoofdstuk 8 evalueerden we in een 
groot diermodel of de beschikbare MR-HIFU ablatiemethode en techniek voldoende 
ontwikkeld is om gebruikt te worden in een klinische studie. Deze dierstudie werd 
dusdanig opgezet dat het volledige behandelprotocol rechtstreeks in een klinische 
studie gebruikt zou kunnen worden. Daarom werd er een klinisch MR-HIFU systeem 
gebruikt, werd de totale behandeltijd beperkt tot ongeveer drie uur en werden er 
voorzorgsmaatregelen genomen om eventuele complicaties te voorkomen (zo werd na 
elke sonicatie lang genoeg gewacht om opwarming van de buikwand te voorkomen). 
De dieren werden onder volledige narcose gebracht en mechanisch beademd. In deze 
studie werd de sonicatie en thermometrie door de ademhalingsbeweging aangestuurd. 
Hierbij detecteerde de MRI-scanner automatisch de stand van het diafragma. Door de 
mechanische beademing bleef het diafragma drie seconden in de ruststand staan na 
elke ademteug. De stand van het diafragma werd gekoppeld aan de HIFU generator, 
zodat de HIFU transducer alleen actief was zolang het diafragma in de ruststand stond. 
Bovendien werd ook de thermometrie-scan alleen uitgevoerd bij stilstand van het 
diafragma, zodat er geen bewegingsartefacten zouden optreden. Gezien de resultaten 
uit hoofdstuk 7 werd ervoor gekozen om alleen subcostale ablatie uit te voeren (dat 
wil zeggen alleen delen van de lever te behandelen die niet achter de ribben liggen). 
Met deze behandelmethode bleek het mogelijk om een volume weefsel in de lever te 
ableren ter grootte van een kleine metastase, zonder dat er grote complicaties optraden 
(zie hoofdstuk 8, figuur 3). Grotere volumes zijn haalbaar indien er meer behandelti-
jd beschikbaar is dan de maximale tijd van drie uur die in deze studie aangehouden 
werd. Histologisch onderzoek van het geableerde leverweefsel liet zien dat in slechts 
één geval niet het gehele volume geableerd kon worden door aanwezigheid van een 
bloedvat in de laesie. De conclusie van deze studie is dat het haalbaar is om dit behan-
delprotocol te gebruiken in een klinische studie. Het is belangrijk om te noemen dat 
het gebruik van het klinisch beschikbare MR-HIFU systeem aanzienlijke beperkingen 
opleverde. De verwachting is dat optimalisatie van het HIFU systeem (voornamelijk 
de transducer) voor organen met een hoge perfusie, zoals de lever, zal leiden tot hogere 
ablatiesnelheden en een uitbreiding van de toepasbaarheid. 
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Toekomstperspectieven
Gezien het vroege stadium van ontwikkeling is het van belang dat MR-HIFU ablatie 

van levertumoren voorlopig alleen zal plaatsvinden in het kader van klinische studies, 
om zo de veiligheid en de effectiviteit aan te kunnen tonen. Bovendien zouden dergelijke 
studies alleen in gespecialiseerde behandelcentra plaats moeten vinden, gezien de 
specifieke medische, natuurkundige en technische kennis die hiervoor vereist is. In 
het UMC Utrecht werd recent de MALTA studie opgezet (MRI-Assisted high intensity 
focused ultrasound metastatic Liver Tumor Ablation), die als doel heeft het aantonen 
van de haalbaarheid van MR-HIFU ablatie bij patiënten met levermetastasen. In deze 
studie zullen patiënten met een levertumor, die in aanmerking komen voor chirur-
gische behandeling, eerst behandeld worden met MR-HIFU ablatie. Vervolgens zal 
de tumor chirurgisch verwijderd worden zoals dat gebruikelijk is. Het ablatievolume 
in het resectie-specimen zal vervolgens vergeleken worden met het ablatievolume op 
(anatomische en functionele) beeldvorming, waarbij de primaire uitkomst van de 
studie de betrouwbaarheid van de beeldsturing zal zijn. Als secundaire uitkomst zal 
er worden gekeken naar de veiligheid van de procedure, door te letten op ongewenste 
effecten en door middel van biochemische bepalingen van leverschade. Gezien de 
beperkingen met betrekking tot intercostale sonicatie (zie hoofdstuk 7) zal het be-
langrijkste inclusiecriterium zijn dat er een vrije akoestische toegang moet zijn tot de 
tumor, dat wil zeggen dat de tumor niet achter de ribben mag liggen. Een uitgebreide 
beschrijving van deze klinische studie, die momenteel open is voor inclusie, is te 
vinden in de appendix op pagina 189. 

Voor de verdere toekomst zijn meerdere scenario’s denkbaar. Aangezien de 
MR-HIFU ablatie-techniek nog in de kinderschoenen staat zijn zal de precieze 
toekomstige toepassing van MR-HIFU in de lever afhangen van de technische ontwik-
kelingen en van de resultaten van de eerste klinische studies. Vanuit een technische 
oogpunt is verdere ontwikkeling belangrijk, aangezien de verwachting is dat er nog 
veel verbetering haalbaar is wat betreft nauwkeurigheid, precisie en efficiëntie. De 
ontwikkeling van een MR-HIFU systeem specifiek voor intercostale ablatie en ablatie 
in goed geperfundeerde organen zoals de lever, zal bijdragen aan een toename van de 
omvang van de patiëntenpopulatie die in aanmerking komt voor deze behandeling. 
Ook op het gebied van beeldsturing is er nog veel winst te behalen. Zo wordt op dit 
moment gewerkt aan real-time bewegingscorrectie van de verzamelde temperatuurs-
informatie, bijvoorbeeld na beweging van de patiënt of beweging van de lever door 
motiliteit van de tractus digestivus, en volumetrische thermometrie voor een preciezer 
ruimtelijk beeld van de behaalde temperaturen. 
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Parallel daaraan zullen de resultaten van de klinische studies verder richting geven 
aan de discussie over de rol die MR-HIFU kan spelen bij de behandeling van levertumo-
ren. Specifieke toepassingen waaraan gedacht kan worden zijn bijvoorbeeld de ablatie 
van kleine solitaire levermetastasen, bijvoorbeeld bij patiënten die door comorbiditeit 
niet in aanmerking komen voor chirurgische behandeling. Deze patiëntengroep zou 
met deze niet-invasieve behandelmethode toch een kans op curatie krijgen. Daarnaast 
kan gedacht worden aan een combinatiebehandeling bestaande uit radiotherapie en 
MR-HIFU ablatie. Dit is een potentieel gunstige combinatie doordat met MR-HIFU 
de tumormassa vernietigd kan worden en met radiotherapie microscopische kleine 
uitlopers van de tumor vernietigd kunnen worden. Deze synergie leidt mogelijk tot 
een lagere kans op recidief van de tumorgroei dan na alleen ablatie van de tumor. 
Een andere combinatie is die met radio- of chemo-embolisatie, waarbij de chemo-em-
bolisatie een anti-kanker effect heeft in een groter gebied. Bovendien vermindert de 
embolisatie de koeling van het weefsel doordat de perfusie wordt verlaagd, waardoor 
er tijdens de MR-HIFU ablatie hogere temperaturen bereikt kunnen worden met 
hetzelfde vermogen en de ablatiesnelheid verhoogd wordt.

Conclusie 

Zoals beschreven biedt MR-HIFU ablatie enkele belangrijke potentiële voordelen 
ten opzichte van conventionele behandelingen, voornamelijk de continue MRI beeld-
sturing met thermometrie en het non-invasieve karakter. De studies in dit proef-
schrift laten de mogelijkheden en beperkingen van MR-HIFU ablatie van weefsel in 
de lever zien. Bovendien laten de resultaten zien dat MR-HIFU ablatie nu voldoende 
ontwikkeld is voor klinische translatie in een eerste klinische studie bij patiënten met 
levertumoren. Hoewel de precieze toekomstige rol van MR-HIFU bij de behandeling 
van levertumoren zal afhangen van de resultaten van de klinische studies en van de 
technische ontwikkelingen, is het de verwachting dat beeldgestuurde behandeling, in 
één of andere vorm, een steeds belangrijkere rol zullen gaan innemen in de oncologie. 
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Introduction 

The work included in this thesis was performed to pave the way to the clinical 
translation of MR-HIFU for the treatment of liver tumors. In chapter 8, we evaluated 
an ablation protocol that would be feasible in a clinical setting and concluded that 
this ablation technique is now ready for clinical translation. Thus, the next step is to 
investigate this ablation technique in a clinical feasibility study. 

Evaluation of the accuracy and reliability of the image guidance is of vital importance 
for any new image-guided therapy, since the physician has to rely on image guidance 
for treatment control and evaluation during any image-guided procedure. At present, 
the reported clinical experience with MR-HIFU ablation of liver tumors is limited to 
a few isolated cases world-wide.1-3 There is insufficient histopathological evidence of 
both the accuracy of MR guidance and the feasibility and reliability of MR-HIFU for 
creating confluent coagulation necrosis in tumor tissue. The MALTA study (MRI-As-
sisted high intensity focused ultrasound for metastatic Liver Tumor Ablation) was 
designed to answer these research questions. The design of the MALTA study is 
outlined below. 

Study design, objectives, and subjects 

The MALTA trial is a feasibility study, primarily designed to investigate the 
accuracy of the image guidance during liver tumor ablation. In addition, this will 
provide information about the ability to create confluent coagulation necrosis in liver 
tumors. The secondary objective is to evaluate the safety of the MR-HIFU procedure, 
in terms of adverse events and biochemical liver damage markers. The MR-HIFU 
ablation protocol in this study is essentially the protocol described in chapter 8. It is a 
single-arm, non-randomized study based on a treat-and-resect protocol, in which the 
patients undergo an ablation procedure with subsequent surgical resection of the same 
tumor. The surgical resection specimen will provide the histopathological reference 
standard for evaluation of the ablation efficacy and the MR image and thermometry 
guidance. 

All patients with (at least one) liver metastasis of any primary are considered 
for recruitment (figure 1). For consistent data, hepatocellular carcinomas are not 
considered for this study since these occur mostly in cirrhotic liver, which has very 
different acoustic properties. The main exclusion criteria are dictated by the limitations 
of the HIFU system. E.g., the maximum allowed depth of the target tumor (measured 
from the skin) is 10 cm. In addition, considering the major limitations for intercostal 
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sonication with the current transducer (see chapter 7), the HIFU beam requires a 
proper acoustic window to the target area. As a consequence, patients with a tumor 
largely obstructed by the thoracic cage are not eligible. 

Study procedures 

All MR imaging and MR-HIFU ablation procedures are performed on a Sonalleve 
v2 MR-HIFU therapy system (Philips Healthcare, Vantaa, Finland) integrated with 
a clinical 1.5-T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands). 
For this study, two modifications to the MR-HIFU system were made. An acoustically 
transparent cushion circulated with cold water is placed between the patient and the 
acoustic window in the MR-HIFU table-top, in order to cool the skin and minimize 
the risk of skin burns. In addition, the acoustic output of the HIFU generator is syn-
chronized to the MR pencil beam navigator, allowing for respiratory-gated sonication 
(see chapter 8). 

After obtaining informed consent, the patient undergoes a pre-treatment MRI on 
the MR-HIFU system in the planned treatment position (usually prone). No treatment 
is performed during this session. The pre-treatment MRI includes at least one 
T2-weighted 3D MRI and one T1-weighted 3D MRI. The pre-treatment MRI scans 
are used to pre-plan the MR-HIFU procedure, in order to reduce the number of futile 
procedures. The simulation provides an estimate of the feasibility of the MR-HIFU 
procedure in terms of acoustic window to the target tumor, energy deposition in the 
target tumor, and required position of the patient. If the study team considers the 
treatment feasible, the patient is invited for the actual MR-HIFU procedure. 

The MR-HIFU treatment is performed under general anesthesia or procedural 
sedation and analgesia (PSA). PSA is to be preferred, provided respiratory-gated 
sonication and MR thermometry under PSA are deemed sufficiently reliable. The 
tumor is ablated partially since complete ablation is not required to assess the accuracy 
of the image guidance. In addition, this renders patients with tumors too large for 
complete ablation eligible. The targeted volume is ablated by sonication of 4 x 4 x 8 
mm volumetric treatment cells with an acoustic power of 450 W.4 MR thermometry 
during ablation is performed using the proton resonance frequency shift technique as 
described in chapter 8. The physician manually stops the ablation when a temperature 
≥ 60°C is maintained for at least 5 seconds, or in case considerable near field heating 
is observed. Post-procedural imaging includes at least a contrast-enhanced (CE) 
T1-weighted MRI. Blood samples are obtained before and after the ablation procedure 
for measurement of aspartate transaminase (AST) and alanine transaminase (ALT) 



192

A

APPENDIX

levels, the two most important markers for hepatocellular cell damage. Determination 
of AST and ALT levels is repeated before the start of surgical resection of the tumor, 
one to four weeks later. Resection of the tumor is standard clinical care. 
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Figure 1. Flowchart of the study procedures. 
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Analysis and reporting 

To assess the primary outcome, an analysis is performed of i) the size and quality 
of the non-perfused volume on CE-T1w imaging, ii) the lethal thermal dose (240 
EM) tissue volume and the tissue volume which reached a temperature higher than 
57°C, both obtained from the MR thermometry data, and iii) the coagulated tissue 
volume on histopathology. The image analysis is performed as described in chapter 8. 
Resection specimens will be marked for orientation by the surgeon during resection 
and fixed in formalin. After analysis of the resection margin for tumor cells (standard 
clinical care), the rest of the resection specimen will be cut in coronal slices and stained 
with hematoxylin and eosin for morphological assessment and with CAM5.2 histo-
chemistry for cell viability.5 To assess the secondary outcome, all adverse events and 
liver transaminase values will be analyzed and reported. 

Ethical considerations

Approval for this study was obtained from our institution’s institutional review board 
and the study has been entered in the primary national registry for clinical trials.6,7 As 
a requirement for IRB approval, the modifications to the MR-HIFU system have been 
approved by our institution’s Department of Medical Technology and Clinical Physics 
and the study is monitored by an independent third party. 

Conclusion 

In conclusion, the MALTA study aims to investigate the accuracy and the MR 
guidance during ablation and the feasibility and reliability of creating confluent 
coagulation necrosis in tumor tissue. The study will also provide valuable clinical 
experience with MR-HIFU which may be used for further pre-clinical development 
of this ablation technique. 
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APPENDIX
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