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“A 46 year-old woman presented with a weakness of the left side. MRI of the brain 

showed a left temporal meningioma, a left temporal lobe herniation and two high-

signals in the right cerebral peduncle. The involvement of the pyramidal tract in the 

foot of the cerebral peduncle, in this case, results from temporal lobe hemiation. These 

findings are different from the mechanisms reported in other cases of ipsilateral 

hemiplegia. ” 

A. Donnet, P. Martini, H Dufour, F. Grisoli, Left temporal meningioma 

disclosed by ipsilateral hemiplegia, Neurochirurgie. 1997;43(5):319-21 

These findings reported in the French neurosurgery journal illustrate how in 1997, 

early experience with MRI changed medical diagnostics forever. In this clinical case 

a diagnosis was confirmed with MRI and allowed the medical team to better plan an 

upcoming, challenging, surgery. 

The surgery went well and allowed the patient to live 14 years more until her sixtieth 

birthday, when recurrence of the disease appeared and led to her inevitable death. 

While this case is used as a teaching case in the field of neurosurgery, it also happens 

to be my mother. I only learned very recently that the surgery team published a clinical 

case about her, and that her case is still presented every year at the medical university 

of Marseille. 

This thesis is a tribute to the centuries of fundamental, applied, translational and 

medical research that enabled my family to spend an incredible 14 additional years by 

her side. It allowed me to collect some of my most important memories, and my life 

wouldn’t be the same without them. 

To all the knowledge, experience and attention that you gave to me during these years. 

To Anne-Marie Peaudeau married Ferrer, may you rest in peace.  
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Chapter 1 

General introduction and thesis outline 
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During the past few decades less invasive surgical and interventional procedures have 

been developed for many clinical indications, with the aim to reduce perioperative 

complications, preserve more healthy tissue and allow for more rapid recovery (1,2). 

These procedures include laparoscopic surgery (3), robotic-assisted surgery (4), 

transluminal angioplasty (5), radiation therapy (6), and the therapeutic use of 

ultrasound (7). From all of these treatments, the use of therapeutic ultrasound with 

High Intensity Focused Ultrasound (HIFU) is the only technique that may be applied 

non-invasively, without the use of ionizing radiation. During HIFU treatment, 

ultrasound waves are transmitted into the body from acoustically coupled transducers, 

focused to one spatial location defined by the geometry of the transducer. This results 

in the creation of a high intensity focal zone within the body, where the ultrasound 

intensities reached are many orders of magnitude higher than those used for diagnostic 

ultrasound (7). The deposition of this high intensity ultrasound energy may result in 

thermal and/or mechanical effects in the tissue (8). At present, a variety of therapeutic 

applications of HIFU are being investigated, including its potential for drug delivery 

(9), increasing the permeability of the blood-brain barrier (10), controlling gene 

expression (11), chemo- or radiotherapy sensitization (12), and for local tissue 

destruction (8).  

The earliest HIFU interventions were conducted in the 1950’s, and were guided by x-

ray imaging (13). Later on, computed tomography (CT) imaging was used for HIFU 

interventions in the brain (14). However, X-ray and CT imaging provide poor soft 

tissue contrast, and deliver potentially harmful doses of radiation to the patient. The 

interest in HIFU interventions increased substantially in the 1980s, when affordable 

B-mode ultrasound imaging systems were introduced onto the market (15). Later on, 

in the 1990s, magnetic resonance imaging (MRI) was suggested for therapy guidance 

(16). In current clinical practice, HIFU interventions are predominantly guided by one 

of these two imaging modalities (17). The advantages of ultrasound imaging 

compared to MRI are its portability, lower costs, and generally higher temporal 

resolution. Furthermore, the ultrasound imaging and therapeutic transducers may be 

integrated into the same treatment unit (18) so that they are always aligned and share 

the same acoustic window (18). The advantages of MRI include its excellent soft 
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tissue contrast (19) and the opportunity for temperature monitoring (20) during 

thermal therapeutic procedures. Temperature monitoring may be used for calculating 

the applied thermal dose, for monitoring the temperature evolution in healthy tissue 

structures outside the target area, or to provide feedback for controlled heating. 

Inducing tissue necrosis with HIFU through thermal therapeutic procedure has been 

the main biological mechanism used in clinical practice until now (17). Currently, 

thermal ablation of uterine fibroids, prostate cancer, and metastatic bone tumors or 

ablating part of the thalamus to treat neurological disorders (i.e., essential tremor) are 

the main clinical applications of MR-HIFU (21–24). Research work to achieve 

improved thermal ablation procedures and create new applications are still in 

development for different organs such as the breast, liver, kidneys and pancreas (25). 

The work carried out in this thesis took part in a European Funded project that aimed 

at developing all aspects of MR-guided HIFU to enable treatment of pancreatic 

tumors. In particular, this thesis covers the development of MRI guidance 

methodology for thermal ablation and targeted local drug delivery. The rest of this 

chapter will introduce the required concepts involved in this application development, 

starting with the role MRI guidance in high intensity focused ultrasound therapy.  

MRI guidance of high intensity focused ultrasound therapy 

Magnetic resonance imaging (MRI) has been utilized as a promising approach, both in 

clinical application and in experimental research. From its first development, the focus of 

MRI has been shifting from structural imaging applications to MRI as system for 

functional, and metabolic imaging and for real-time interventional guidance (26). All these 

imaging possibilities have contributed to the field of MR guidance of HIFU treatment and 

play a role at each treatment step: 

1. Before the treatment day, MRI is routinely used in the clinic for diagnostic 

imaging or patient screening. 

2. Pre-therapeutically: For treatment planning, MRI provides excellent soft 

tissue contrasts, and is capable of providing fully 3-dimensional images. This 

enables the operator to accurately delineate the boundaries of the target 
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volume and organs at risk within the HIFU beam path for treatment safety 

and efficacy.  

3. During the therapy:  

a. Temperature monitoring: MR thermometry can be used to monitor 

in real time the treatment efficacy in the target location and 

treatment safety in its surroundings (20). MRT can be employed for 

feedback control:  

1. For thermal ablation (>65°C), in this context detection of 

abnormally high temperature can be used to abort the ongoing 

sonication by the user or the system. In the case of multiples 

successive closely-spaced sonications in temperature 

monitoring allows to keep track of the thermal dose delivered 

and help the user or the system to determine if there is a need 

to continue deliver energy to the target. 

2. For mild-hyperthermia (≈41-42°C) applied during extensive 

periods of time (>10min), MR thermometry information can be 

used to control the HIFU transducer power so as to maintain the 

pre-defined target temperature throughout the course of the 

treatment (i.e., closed-loop feedback control). 

b. MR-tracking can be used to accommodate for repetitive or bulk 

motion to improve the image quality and ensure safe energy 

delivery to the patient.   

4. Post-therapeutically, MRI allows direct assessment of treatment efficacy, most 

commonly with contrast-enhanced T1-weighted imaging (27).  

MR guidance for HIFU planning 

The primary function of focused ultrasound is relatively simple: to focus a beam into 

a target region causing localized heating by absorption of acoustic energy. However, 

clinical execution requires careful and precise planning. Focused ultrasound 

treatments are planned on the basis of the size of the ultrasound focus and geometry 

of the ultrasound beam path, in relation to the volume to be treated.  
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In practice, this can be performed over a series of stacked slices or 3D volume 

acquired perpendicular to the ultrasound beam (28). Commonly, a combination of T1- 

and T2-weighted and dynamic gadolinium-enhanced T1-weighted MRI sequences 

allows evaluation of size and number of present tumors. Tumors are delineated and 

the patient’s position relative to the ultrasound transducer is registered (29), for that 

purpose, the system superimposes the ultrasound beam path on top of the planning 

images to help the user ensure that the beam does not traverse critical structures. Then, 

a series of overlapping HIFU sonication volumes are planned so that the target volume 

is completely filled.  

While the planning procedure described above is rather standard, for some 

applications, more dedicated MR imaging sequences are used to better define the 

appropriate target to be ablated. In the case of uterine fibroids, T1-weighted contrast-

enhanced MRI angiography was used to target supplying vessel entering the fibroid 

and try improving the fibroid devascularization after treatment (30). In a more recent 

animal pre-clinical study, the feasibility of utilizing 3D MR Neurography to identify 

and guide ablation of peripheral nerves using a clinical MR-HIFU system was 

assessed (31). By using the recently developed 3D-SHINKEI sequence (32), the study 

concluded that 3D-MR neurography had potential for guiding therapy procedures 

where either nerve targeting or avoidance was desired, and may also have potential 

for post-treatment verification of thermal lesions without contrast injection. 

MR-HIFU planning and respiratory motion  

The main concepts of treatment planning in case of a static organs are relatively 

straightforward. However, in the human body some organs experience perpetual 

respiratory motion and the multiple positions of the organ have to be taken into 

account for planning. In the field of MR-HIFU these motion states are often ignored. 

Instead, attempts have been made to suppress, accommodate or compensate this 

motion which led to the creation of three main solutions to deliver energy in moving 

organs: induced apneas, respiratory gating, and beam steering strategies (33). 

During induced apneas, motion is suppressed with the help of the general anesthesia 

and mechanical ventilation. (34,35). Respiratory-gating accommodates the energy 
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delivery to a limited period of time (i.e., a gate) in which the most stationary position 

of the organ is selected (36). Finally, beam steering aims to fully compensate for the 

motion by using the available hardware and software to continuously reposition the 

HIFU focus to the current target location, which allows for continuous energy delivery 

(37).  

These three solutions reduce the target position to one reference frame. This reference 

frame is selected for treatment planning and allow to follow the above standard 

concept. It was only recently that a publication mentioned the concept of using 

respiratory motion during planning and integrating it in the energy delivery (38). 

Planning and accurately predicting temperature rise in thermal therapies is a difficult 

task because of the natural tissue variations that occur between patients and even 

between tissue regions in a single patient (39). Because of these difficulties, interest 

has arisen in using medical imaging methods to map temperature changes. Currently, 

only MRI guidance has enabled temperature monitoring during treatment. 

MR guidance by temperature monitoring 

MR thermometry is a technique which uses MR imaging to non-invasively probe the 

temperature inside the body. In principle any temperature dependent tissue property 

that influences the MR signal may be employed for MR thermometry. These 

properties include the apparent proton density (40), diffusivity of water molecules 

(41), intermolecular quantum coherences (42), the magnetic susceptibility of the 

tissue (43) and the magnetic relaxation rates (44).  

A common method for measuring temperature change is based on the proton 

resonance frequency shift (PRFS) of the water hydrogen nucleus with changing 

temperature (45). As the temperature of aqueous tissues increases, the molecular 

motion of the water molecules increases. As a consequence, hydrogen bonds stretch, 

bend, and break (46,47), and the water molecules spend less time on average in a 

hydrogen-bonded state (48). This increases the electron shielding of the water 

hydrogen nuclei and decreases the nuclear magnetic field (Bnuc) that these nuclei 

experience. 
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Changes in the hydrogen nuclear magnetic field can be measured with MRI by 

measuring the corresponding change in the nuclear magnetic resonance frequency 

(i.e., ω =γBnuc ) either via phase mapping or via spectroscopic acquisitions. If only the 

electron shielding effects are considered, the relationship between ω and the electron 

shielding constant (σ) is given by: 

𝜔 = 𝛾(1 − 𝜎(𝑇))𝐵0 (1) 

where γ is the gyromagnetic ratio for water protons and B0 the magnetic field strength. 

Phase mapping techniques are commonly used to measure the PRFS shift, by applying 

consecutive gradient echo acquisitions at the same spatial location and with the same 

echo times. The change in the accumulated phase between acquisitions is then used 

to determine the change in resonance frequency and corresponding temperature 

change. Advantages of PRFS-thermometry include the almost tissue-type 

independence of the temperature coefficient of the electron shielding constant and 

insensitivity to coagulation (47). Many research groups have investigated the 

temperature dependence of the electron shielding constant in various tissues and for 

water (45,49), finding a linear relationship with a slope of about 0.01 ppm/°C. 

For hydrogen nuclei in fat this mechanism of temperature dependence is not present 

because of the absence of hydrogen bonding in fat molecules (50). The proton 

resonance frequency is not only sensitive to temperature changes via electron 

shielding, but is influenced by any source of nuclear magnetic field variation, such as 

the main magnetic B0 field drift (51), respiration and cardiac motion (52). Such effects 

can lead to errors in PRFS Thermometry.  

Practically, a phase difference between an image obtained after heating and before 

heating, for which the temperature is either known or assumed, allows temperature 

monitoring. The MR pulse sequence needs to be gradient echo based to be phase 

sensitive (53). Often, to allow faster acquisition, echo planar image (EPI) or 

segmented EPI with parallel imaging are used (54,55). Further details about the PRFS 

calculation will be introduced in chapter 2 and 3. 
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Temperature monitoring and respiratory motion  

As stated above PRFS-MRT is a phase subtraction technique. Therefore, for organs 

experiencing respiratory motion, PRFS-MRT needs motion compensation. Recently, 

extensive work has been done to optimize PRFS-MRT in moving organs, e.g. the 

liver, and several solutions for motion compensation have been proposed: respiratory 

triggered or gating (56,57), multibaseline MRT (58), referenceless MRT (59–62), and 

combinations of the last two, so-called hybrid MRT techniques(63). 

Thermal dose monitoring 

The rapid acquisition of temperature recordings allows to monitor the treatment in 

real-time and to calculate the thermal dose delivered (64). In order to estimate the 

amount of damage inflicted onto the tissue, the delivered thermal dose is calculated 

using the concept of Cumulative Equivalent Minutes at 43°C (CEM43) The CEM43 

thermal dose model is defined as (65):  

𝐶𝐸𝑀43 = ∫ 𝑅43−𝑇(𝑡)
𝑡𝑓

𝑡𝑠

𝑑𝑡, 𝑤𝑖𝑡ℎ 𝑅 = {
0.25 𝑖𝑓 37℃ < 𝑇 < 43℃

0.5 𝑖𝑓 𝑇 > 43℃
 (2) 

where ts and tf are the starting and finishing time of the energy delivery respectively, 

R is a constant related to the rate of cell death as a function of temperature, and T(t) 

is the temperature at time t.  

Multiple studies investigated the sensitivity of different tissue type to thermal damage 

(39). Pre-clinical studies have reported thermal dose requirements ranging from 50 to 

240 CEM43 (66) to achieve tissue necrosis. It has been reported that peripheral nerves 

for an exposure of 50-80 CEM43 experienced permanent damages, while muscle 

tissue requires to rich the level of 240 CEM43 to experience the same level of damage 

(66). The concept of thermal dose comes from the mild hyperthermia definition with 

temperature ranging between 41≈43°C and is still in debate within the community 

(67,68). In current clinical practice for thermal ablation in the high-temperature range, 

the level of 240 CEM43 and above is often considered to be the lethal thermal dose 

threshold (69). As an example, if a temperature of 65°C is applied, from the equation 

introduced above, the 240 CEM43 is achieved practically instantaneously (<1s). 
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In conclusion, MRI has been proven to be a tool with great applicability for planning 

and temperature monitoring of HIFU treatment in various organs. The author will now 

focus on the potential role of HIFU in pancreatic tumors. 

Pancreatic cancer 

Prevalence and diagnosis of pancreatic cancer 

According to the report on cancer statistics in the United States in the year 2017, 

cancer was the second leading cause of death following heart disease, accounting for 

24% of the total amount of deaths (70). Pancreatic cancer is the 12th most common 

cancer and the fourth most common cause of cancer death, worldwide (71). In Europe, 

pancreatic cancer accounted for 5.4% of male cancer deaths and 6.7% of female 

cancer deaths in 2012 (71). 

The most common type of pancreatic cancer is pancreatic adenocarcinoma, which 

represents approximately 95% of all cases (72). It is most prevalent in Western 

countries, and is associated with environmental and lifestyle factors such as smoking 

(73), alcohol consumption (74) and with a genetic component (75). Despite the fact 

that pancreatic cancer is a relatively rare disease, it has a high mortality rate because 

it is typically diagnosed in a late stage of its course. Early diagnosis of pancreatic 

cancer still represents a challenge due to the absence of identification of clear 

biomarkers with an accuracy adequate for use in screening (76). Patients with 

pancreatic cancer frequently present with nonspecific symptoms such as abdominal 

pain and weight loss, which can delay diagnosis. 

For diagnosis, ultrasound and computed tomography are the first-line imaging 

modality for suspected pancreatic cancer. Magnetic resonance 

cholangiopancreatography is a second-line modality for suspected pancreatic cancer 

and is usually reserved for equivocal cases (77). 

Pancreatic adenocarcinoma staging is based on tumor size, location within the 

pancreas, involvement of surrounding vessels, and presence of metastatic disease. 

Commonly used staging systems are based on the TNM staging system (78). Clinical 

imaging is used to characterize resectable, borderline resectable, locally advanced, 
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and metastatic disease. Stages I and II are classified as resectable, with the absence of 

tumor contact with the adjacent celiac trunk, hepatic artery, superior mesenteric artery 

(SMA), superior mesenteric vein (SMV), and portal vein (79). Stage III is defined as 

a localized tumor with major vessel involvement. Stage IV is defined by the presence 

of distant metastatic disease. The assessment of resectability and tumor staging is 

critical as it will influence patient care, treatment options and therefore survival. 

Treatment options in pancreatic cancer patients 

At the moment, surgical resection is the only treatment options which can be curative 

for patients with pancreatic adenocarcinoma, from a prospective study including 366 

patients published in 2004, it has been demonstrated to offer a 5-year survival for 20% 

of this patient population (80). Unfortunately, only about 15% of patients meet the 

surgery eligibility criteria at the time of diagnosis (81). In the remaining patients, there 

might be either advanced locoregional disease without distant metastases (expected 

survival of 8–14 months) or locoregional disease with distant metastases (expected 

survival of 4–6 months) (82).  

Because life expectancy is short for patients with non-resectable tumors, treatment is 

directed towards life prolongation and palliation. Chemotherapy is the first line 

treatment for locally advanced or metastatic pancreatic cancer (83).  

Achieving primary local tumor control as close as possible in time as to chemotherapy 

seems to emerge as a novel treatment strategy. As an example, currently in The 

Netherlands a randomized clinical trial following this strategy is ongoing. Patient with 

locally unresectable disease, after randomization, will either receive chemotherapy 

only or Radiofrequency Ablation combined with chemotherapy. Results of the this 

study will potentially reveal if aiming at combining systematic treatment with local 

primary tumor control helps to improve patient survival (The PELICAN: Pancreatic 

Locally advanced Irresectable Cancer AblatioN trial). 

To improve quality of life in advanced pancreatic cancer cases, pain palliation is 

another critical aspect of patient care. Pain is the third most common symptom (72%) 

in patients with cancer in the pancreas head, second (87%) when the tumor is in the 
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body or tail (84). At diagnosis, 30–40% of patients report abdominal pain, 80% 

develop pain as the cancer progresses, and in 44% of these cases it is described as 

severe (85). The presence of pain is associated with reduced survival (86,87). In cases 

where pain is not adequately controlled with analgesics, the so called celiac plexus 

nerve block procedure is considered (88). In addition, while the celiac plexus is a 

target to achieve pain palliation, it is also known that cancer recurrence in the 

retroperitoneal area is correlated to nerve and lymph node invasion (89,90).  

US- and MR- HIFU thermal therapies in the treatment of pancreatic 

tumors 

US-HIFU for ablation of pancreatic tumors has been reported in multiple countries: 

China, Korea, Spain and Germany (91–94). Only a single prospective study using 

MR-HIFU is available from a clinical group in Italy (95). Some limitations in that 

study illustrate the challenges related to MR-HIFU treatment in the pancreas. 

Respiratory motion had to be suppressed to enable induced apneas for energy delivery 

and to allow phase subtraction based PRFS-MRT. A gel pad was used to displace the 

visceral organs such that the air in the beam path and field of view was displaced. 

From a meta-analysis performed in 2017 focusing on pain palliation with HIFU in 

pancreatic cancer, the results showed that from 567 patients complaining of pancreatic 

pain before treatment, 459 experienced partial or complete pain relief after treatment 

(80%) (96). The origin of pain from pancreatic cancer is multifactorial, resulting from 

tumor infiltration of nerves, tumor mass compression and inflammatory reactions 

elicited by the malignancy (97). The results of this meta-analysis study suggest that 

HIFU is an effective mean to relieve pain in patients with pancreatic cancer. The 

underlying mechanisms by which HIFU thermal ablation relieves pain are not 

completely understood but three possibilities have been proposed: 1) thermal damage 

to the nerves innervating the tumor, 2) shrinkage of the tumor resulting in reduced 

mass effect, and 3) the deactivation of the fibers of the celiac plexus that normally 

transmit the pain sensation (97). 
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Another study followed the same paradigm as the PELICAN trial, i.e. the use of 

systemic and local therapies spaced closely in time. In a prospective non-randomized 

clinical trial 36 patients were treated with US-HIFU thermal ablation after a cycle of 

chemotherapy. The study demonstrated a percent survival of 33.5% at 4.2 years after 

treatment (92). 

As an alternative to thermal ablation, HIFU can also be used to induce mild 

hyperthermia (41-42°C) which in combination with thermosensitive nanocarriers can 

potentially improve local drug delivery. In the context of pancreatic tumors only pre-

clinical studies have demonstrated the potential of mild-hyperthermia to increase the 

amount of drug delivered to the primary tumor (98). 

In summary, preliminary evidence indicates that the use of US-HIFU in the pancreas 

can achieve pain palliation and survival improvement. One prospective clinical trial 

has demonstrated the feasibility of MR-HIFU thermal ablation of pancreatic tumors. 

From the current ongoing clinical studies, it seems that thermal therapies in 

combination with chemotherapy can potentially play a role in the treatment of locally 

unresectable pancreatic tumor patients. Therefore, efforts should be made to improve 

the state of the art of MR guidance of thermal therapies, which is the motivation of 

the work carried out in this thesis. 
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Thesis outline 

This work aims to develop MR guidance methods to better plan and monitor HIFU 

energy delivery in the pancreas. The pancreas due to its anatomical location is known 

to experience respiratory motion and is positioned in between multiple parts of the 

digestive system (e.g., duodenum, transverse colon …) which makes the presence of 

air in the vicinity of the organ possible. Chapter 2 and Chapter 3 of this thesis will 

focus on technological developments for PRFS-MRT of the pancreas.  

Chapter 2 will address the challenges due to respiratory motion and strong local 

variation of susceptibility due to potential presence of air in the digestive tract close 

to the pancreas. The precision and accuracy of PRFS-MRT will be evaluated as a 

function of a dedicated patient preparation of the digestive tract in combination with 

state of the art, gating, multibaseline and referencless MRT. 

Chapter 3 addresses the spatio-temporal main magnetic field drift, which needs to be 

corrected to enable long term (> 10min) accurate temperature monitoring, in order to 

permit closed-loop feedback control of mild hyperthermia treatment. Recent proposed 

methods have used  image-based processing methods (99) or have relied on additional 

hardware, such as field probes, to measure the field variation outside of the target, 

which is then  extrapolated to the target location (100). In this chapter, a Free 

Induction Decay (FID) phase signal detection combined with phased array sensitivity 

profile will be introduced and evaluated to enable spatio-temporal B0 drift correction.  

Chapter 4, introduces a novel planning paradigm which makes use of the respiratory 

motion for energy delivery and the concept of thermal dose introduced above. By 

using 4D-MRI images respiratory motion are integrated into a combined strategy with 

so called motion-assisted and gated sonications. The method will be introduced and 

evaluated with simulations based on data acquired in volunteers. 

Chapter 5 addresses the challenge of making detailed images of the celiac plexus 

which experience both respiratory and cardiac induced motion. Using double motion 

compensation combined with a novel peripheral nerve imaging sequence the 

feasibility of the visualization of the celiac plexus was investigated.  
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Chapter 2  

Fluid Filling of the Digestive Tract for Improved Proton 

Resonance Frequency Shift-Based MR Thermometry in 

the Pancreas 
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Abstract 

Purpose: To demonstrate that a digestive tract filling preparation improves the 

performance of respiratory motion compensated Proton Resonance Frequency Shift 

(PRFS)-based MR thermometry in the pancreas. 

Material and Methods: In seven volunteers (without heating), we evaluated PRFS 

thermometry in the pancreas with and without a dedicated patient preparation, i.e. 

filling the surrounding digestive tract by liquid intake. Datasets were analyzed and 

compared with three different PRFS respiratory motion compensated thermometry 

methods: gating, multibaseline and referenceless. Precision of the different methods 

was evaluated by assessing temperature standard deviation over time, while 

superimposed simulated heating was used to study their accuracy. 

Results: Without preparation of the subjects, errors in temperature precision in the 

pancreas up to 10°C were observed for all evaluated methods. After liquid intake, 

temperature precision improved to median values between 1.8 and 2.9°C. The 

simulations showed that gating had the lowest accuracy, with errors up to 7°C. 

Multibaseline and referenceless thermometry performed best with a median error 

comprised between -3 and +3°C after fluid intake, for all volunteers.  

Conclusion: Preparation of the digestive tract near the pancreas improved MR 

thermometry precision and accuracy for all common respiratory motion compensated 

methods evaluated. These improvements are attributed to reducing susceptibility 

artifacts in the pancreas by fluid intake. 

Keywords: Pancreas, PRFS thermometry, MRI, HIFU, pineapple juice, gated, 

Referenceless, Multibaseline. 
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Introduction 

Pancreatic cancer is the fourth most common cause of cancer-related mortality across 

the world, leading to an estimated 227 000 deaths per year worldwide (1). Despite 

improvements in detection and management of pancreatic cancer, only about 4% of 

the patients will live 5 years after diagnosis(82). At present, surgical resection is the 

only chance for curative treatment, but 80–85% of the patients present with advanced, 

unresectable disease (82). Therefore, for this patient population new treatment 

alternatives are dearly needed.  

In the past decades, new minimally invasive therapeutic options have been developed, 

including High Intensity Focused Ultrasound (HIFU). Clinical trials concerning the 

use of ultrasound imaging-guided HIFU (US-HIFU) for local ablation of pancreatic 

tumors have already been performed (101,102). Improved guidance of HIFU therapy 

can be achieved by combining HIFU with Magnetic Resonance Imaging (MRI), also 

called MR-HIFU (17). Next to detailed anatomical images with excellent soft tissue 

contrast, MRI guidance also offers MR Thermometry (MRT) which can be used to 

monitor and control the HIFU energy delivery during thermal ablation procedures. In 

addition, MRI can predict the resulting therapeutic effect using the temperature maps 

acquired over time and evaluate tissue damage by measuring Non Perfused Volume 

(NPV) (27) following the treatment. MR-HIFU has been applied for ablative 

treatment of a wide variety of both benign and malignant tumors, including uterine 

fibroids, prostate cancer, liver tumors, and other solid tumors(17).  

For temperature monitoring in aqueous tissues such as the pancreas, Proton 

Resonance Frequency Shift(PRFS) MR Thermometry is the current method of choice 

(20). Because this method relies on temperature-induced changes in the phase of the 

gradient echo signal, it is sensitive to other sources of phase variations, such as 

respiratory and peristaltic motion. For this reason, PRFS MRT in the pancreas needs 

motion compensation. Recently, extensive work has been done to optimize PRFS 

MRT in other moving organs, e.g. the liver, and several solutions for motion 

compensation have been proposed: respiratory triggered or gating (56), multibaseline 
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MRT (58), referenceless MRT (59,60,103)and combinations of the last two, so-called 

hybrid MRT techniques (63). 

To transfer these methods from other moving organs to the pancreas is not 

straightforward due to differences in specific properties of the organs and their 

surroundings (e.g. size, shape, motion pattern, presence of major vessels, etc.). To the 

best of our knowledge, no work has been reported on the investigation and 

optimization of the performance of MRT in the head of the pancreas. 

In this anatomical region, next to motion of the organ itself, the possible presence of 

bowel gas in the digestive tract poses an additional challenge. Differences in magnetic 

susceptibility between air and tissue, combined with unpredictable motion of the air 

volume will lead to changes in the magnetic volume susceptibility distribution over 

time, which will result in temperature errors. This could lead to a misinterpretation of 

the temperature maps and subsequent errors in thermal dose estimations and damage 

estimation based on delivered thermal dose. The anatomy of the digestive tract near 

the pancreas is quite complex and the air can be inside the duodenum, stomach or in 

parts of the colon (right hepatic flexure, transverse colon and left splenic flexure). 

Nevertheless, the digestive tract presents the possibility to be manipulated by being 

compressed, filled or emptied.  

In this study, we will investigate if preparing the subject by filling the digestive tract 

with liquid improves the performance of respiratory motion compensated Proton 

Resonance Frequency Shift (PRFS)-based MR thermometry in the pancreas. 

Materials & Methods 

Seven healthy male volunteers (29 +/- 7 years old) were scanned on a 1.5-T clinical 

MR scanner (Achieva, Philips Healthcare, Best, The Netherlands) with an MR-HIFU 

platform (Philips Sonalleve MR-HIFU V2, Philips Healthcare, Vantaa, Finland). 

Informed consent was obtained from all volunteers and this study was conducted with 

the approval of the Institutional Review Board.  
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Volunteer preparation and positioning 

To manipulate the 

susceptibility distribution 

inside the digestive cavities 

surrounding the pancreas, an 

attempt was made to fill 

these by oral fluid intake 

(104,105). Pineapple juice 

was chosen for this purpose with the intent to reduce susceptibility differences inside 

the digestive tract and to match the relaxation time constants of the surrounding tissues 

(T1=243ms, T2=48ms, at 1.5 T)(106). To assess the time needed to obtain an 

increased signal in the transverse colon after oral intake of half a liter of juice, a pilot 

experiment was performed, in two of our volunteers. Based on the observed dynamics 

a tentative protocol was evaluated in our seven volunteers. The protocol consisted of 

drinking 500 mL of pineapple juice five hours prior to scanning with the aim to fill in 

the transverse colon and another 500mL 5 minutes before scanning to fill in the 

stomach and duodenum.  

In clinical practice, to create a proper acoustic window on the pancreas with the patient 

lying prone on the MR-HIFU table top, compression of the tissues on the ventral side 

of the pancreas would be needed. As shown in Figure 1, compression devices with the 

shape of a flat cylinder with rounded edges were designed. Two mock-up versions of 

the device were used on volunteers to assess their influence on MRT precision. Both 

devices had a diameter of 20 cm at the bottom and 10 cm on top, and they were 2 cm 

and 4 cm high, respectively. Volunteers were instructed to lay on the device with the 

cranial edge of the device as close as possible to the xyphoid. 

Experimental design 

For every volunteer, the experiment consisted of two separate scan sessions. The first 

session was a control acquisition without dedicated preparation of the digestive tract. 

For the second scan session, the volunteer was prepared with fluid intake as described 

Figure 1 : Two mockup disks with a 20-cm diameter base 

and flat top of 10cm diameter. The disks are 4 cm (left) 

and 2 cm (right) high, respectively. 
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in the above section. In each session, three multislice PRFS MRT datasets were 

acquired, i.e. without compression, and using the two mock-up compression devices, 

respectively. Thus, six datasets covering all combinations of fluid intake and 

compression device were available for further analysis. The effect of fluid intake on 

three approaches for motion compensated PRFS MRT was assessed. For each 

condition, temperature maps were generated without and with each of the three 

motion-compensation approaches, from the same dataset, thus allowing a fair 

evaluation of their relative performance.  

Data Acquisition  

Images were acquired with a dual coil set-up, using the integrated 4-element coil in 

the tabletop of the HIFU system and a 16-element flat array coil. Volunteers were 

positioned prone with the compression device on the HIFU window. For planning, an 

anatomical 3D fat suppressed T1-weighted (gradient echo) scan was acquired in a 

single breathhold. For PRFS MRT, a multislice multishot spoiled gradient recalled 

EPI sequence was used to acquire one stack consisting of three coronal 8-mm slices. 

Typical parameter settings included: binomial water selective excitation, TR = 100 

ms, TE = 19 ms, FA = 20°, echotrain length (ETL) =21; Bandwidth in EPI frequency 

direction= 28.3 kHz; FOV=400x400mm; matric 160x160; reconstructed voxel size = 

2.5x2.5x8 mm3. A stack of 3 slices was acquired every 400ms. This was repeated 500 

times for a total duration of 3 min 30 s. During scanning, the respiratory signal was 

measured with a respiratory bellows and recorded. Respiration was paced by a tone 

played over the headphones, in an 8-second cycle. 

Calculation of temperature maps  

PRF thermometry uses changes in the phase of gradient-echo, images to estimate the 

relative temperature change ΔT, as given by: 

 
𝛥𝑇 =

𝛥𝜑

𝛾𝛼𝐵0𝑇𝐸
 

(1) 

where α=-0.01ppm/°C is the PRF change coefficient for aqueous tissue, γ is the 

gyromagnetic ratio, B0 is the main magnetic field, TE is the echo time. Temperature 
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was then calculated by adding the temperature change to a baseline body temperature 

of 37°C. 

The same data set was used for evaluation of all motion compensated approaches. To 

this end, images were sorted offline based on the signal from the respiratory bellows. 

Gating 

To evaluate gated MRT approach, images were selected if they fell within a 1-s wide 

gating window, starting 0.6 s after maximum expiration every cycle. The selected 

phase images were used for phase subtraction and temperature mapping using the 

conventional PRFS approach (107). The reference image used for the gating approach 

was also used for the other MRT methods. 

Motion Compensation 

For both referenceless and multibaseline MRT a registration step is necessary. For 

this step an optical flow based technique was used (108). The incoming images were 

first registered to a gated reference image. Then the registered images were subjected 

to either a multibaseline phase correction or a referenceless phase correction, as 

detailed below. 

Multibaseline MR thermometry 

A previously described Principal Component Analysis (PCA) method was employed 

to detect spatio-temporal coherences in the physiological organ motion and to 

characterize in real-time the complex organ deformation (109). Briefly, motion 

patterns were trained in a learning step before heating during the therapy phase. A 

training set of 40 deformation vector fields describing deformation of the pancreas as 

compared to the reference image was obtained using the optical-flow-based image 

registration algorithm. With the paced breathing cycle of 8s and a dynamic acquisition 

time of 0.4s the learning phase covered approximately 2 full breathing cycles. To 

address susceptibility related phase changes caused by motion, a pixel-wise linear 

relation between position and registered phase variations was estimated during the 

preparative learning step. During the intervention phase, the PCA-based motion 



 

21 

 

patterns were used to obtain one synthetic reference phase map for every incoming 

phase map. This phase map was subtracted from the acquired motion registered phase 

image for temperature calculation. 

Referenceless MR thermometry 

For Referenceless PRFS thermometry 

the near-harmonic 2D referenceless 

approach proposed by Salomir et al 

(62) was used for background phase 

estimation. In this method use is made 

of the fact that the main magnetic field 

distribution are constrained by the 

magnetostatic Maxwell equations and 

can thus be calculated when the phase 

on a circular contour placed in a non-

heated region is known. A synthetic 

phase background is then 

reconstructed within this circular 

contour using the 2D near harmonic 

approach (62).  

To initialize the process, a circular contour was placed on the head of the pancreas 

with its upper edge under the hepatic portal vein. The algorithm was used with two 

circles diameters of 30 and 55 mm, as shown in figure 2. Using a 30-mm circle 

allowed us to keep the contour within the pancreas in order to respect the condition 

that circles have to be positioned in a homogeneous field area, while using a 55-mm 

diameter ROI most likely leads to a violation of this assumption due to the size of the 

pancreas. 

Heating simulation 

To investigate the effect of our preparation methods on the accuracy, a dataset with 

simulated phase profiles caused by heating was superimposed onto the registered 

Figure 2 : In this study, circles with two 

diameters were used to generate the reference 

phase: 30mm (blue) and 55mm (green), 

respectively. The smaller circle always 

allowed us to stay within the organ of interest 

and neighboring solid tissues; the larger one 

invariably extended outside of the pancreas. 

The white asterisk indicates a typical position 

where heating was superimposed in the 

simulation study. 
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phase data. Simulations were based on the Bio-Heat Transfer Equation (BHTE) 

(110). To simulate the temperature profile, a gaussian shaped pressure model 

(σ=2mm) was used as input leading to the creation of a simulated temperature 

profile with a temperature rise of 25 °C in 45s. For each volunteer, the simulated 

profile was centered in the smallest circle ROI used for referenceless phase 

background reconstruction, as illustrated by a white asterisk in Figure 2 and added to 

the acquired phase data. Once the superimposed phase maps dataset were created, 

they were used to compute temperature maps with the three selected methods to 

study accuracy. 

Statistical analysis 

For each method and condition, we generated voxel by voxel temperature standard 

deviation (TSD) maps from time series without simulated heating. TSD provides an 

indication of MRT precision and is calculated as: 

 

𝑇𝑆𝐷(𝑥,𝑦) = (
1

𝑁 − 1
∑(𝑇(𝑥,𝑦,𝑡) − �̅�(𝑥,𝑦))

2

𝑁

𝑡=1

)1/2, 
(2) 

Where T and �̅� are the current and mean temperature respectively. 

For each method and condition, as an indication of accuracy, we calculated the 

temperature error εT in the known hottest voxel: 

 ε𝑇(𝑥,𝑦,𝑡) = 𝑇𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑(𝑥,𝑦,𝑡) − 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑(𝑥,𝑦,𝑡). (3) 

Here Tsimulated is the temperature from the simulated heat profile and Tobserved is the 

temperature map computed from the experimental phase images superimposed on the 

synthetic phase corresponding to Tsimulated. 

For gating and multibaseline the whole pancreas was manually segmented on the T1 

image and used as ROI for statistical analysis. For referenceless, only the overlap of 

the circular ROI for background reconstruction and the segmented pancreas was used. 

We visually compared temperature artifacts in the temperature images after heating 

simulation and within the generated TSD maps as well. 
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To evaluate the precision of each MRT technique, TSD distributions were studied 

presented with box plots. For every conditions and methods median and InterQuartile 

Range (IQR) of the distribution of their TSD within the available ROI were used to 

describe the effect of the selected methods. 

To evaluate accuracy of each MRT technique, εT were studied and presented with box 

plots. For every conditions and methods median and IQR of the distribution of their 

εT were used to describe the effect of the selected methods. 

The TSD and εT distributions for the conditions with and without digestive tract filling 

were compared using a Wilcoxon rank-sum test. The comparisons were performed for 

each volunteer for matched compression condition and MRT method.  

Results 

Typical results of temperature SD maps in the same volunteer with gating used for 

motion correction, with and without fluid intake, and for the different compression 

Figure 3 : Modulus images from the MRT sequence and standard deviation maps 

computed using gating, all obtained in the same volunteer. The pancreas is outlined in 

white, the head and part of the body were always visible. The white ROI outlining the 

pancreas was drawn on the anatomical scans and overlaid on SD maps for reference. 

Volunteers were imaged without or after intake of 2 times 500mL of pineapple juice, 

and without a compression device, with a 2-cm compression device or with a 4-cm 
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devices are shown in Figure 3. By comparing the images for the different compression 

devices without using juice, no clear differences were visible in the temperature SD 

maps. SD values were in the range from 3 to 9 °C, but also particularly high values 

over 10 °C were observed, when a susceptibility artifact coincided with the pancreas.  

A clear effect of the fluid intake can be seen: it improved the overall temperature 

precision for all conditions, with or without compression device. Susceptibility 

artifacts in the SD temperature maps coming from the duodenum, stomach and the 

colon were reduced. With compression devices applied and preloading, in both cases, 

SD between 0-1°C were observed. As a note in our study, on average 78 +/- 7 phases 

images were selected after applying such a gating scheme. 

For the gating and the multibaseline techniques, fluid intake reduced the median and 

the interquartile range (IQR), as can be seen in Figure 4. For both techniques, values 

of the IQR were reduced to fall in a range between 0.5 and 3.4°C, and a median in a 

range of 0.2 to 3.7°C over the seven volunteers. Using the referenceless technique 

with a 30-mm radius, only in volunteers 6 and 7 an improvement of both the median 

and IQR was seen. 

Referenceless MRT with the 55-mm contour performed poorly without filling the 

digestive tract , the SD distribution in volunteer 4 is comparable to the one without 

motion correction. With fluid intake and a compression device the performance of the 

technique improved, with median temperature SD between 1.8.to 2.9°C for all 

volunteers. 

In the temperature SD maps for the data obtained without fluid intake, temperature 

artifacts can be identified with the multibaseline and referenceless techniques. 

Regions with temperature errors above 10°C coming from the duodenum are 

noticeable. However, juice intake reduced the severity of temperature artifacts in both 

methods, as is shown in Figure 5. With fluid preparation, the temperature precision 

fell within a range between 1 to 3 degrees Celsius for multibaseline MRT and between 

1 to 4 degrees Celsius for referenceless, see Figure 4. 
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Figure 6A shows temperature maps obtained in the simulation experiment overlaid 

onto anatomical images. Without fluid preparation, using gating and multibaseline a 

Figure 4 : The observed distribution of temporal temperature standard deviation (TSD) 

within the pancreas for each motion compensation technique used (gating, multibaseline, 

referenceless with contour diameters of 55mm and 30 mm), for all volunteers. As a reference, 

the SD distribution without motion correction and without compression (black filled and 

black contour) and a threshold at 28C are also shown. For each technique and volunteer, 

gray boxes indicate data obtained without patient preparation, and white boxes refer to data 

obtained after drinking pineapple juice. Red, green, and blue contours represent the use of 

different compression devices, respectively (none, 2 cm, and 4 cm) 
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hotspot was observed, but 

temperature artifacts of the order 

of 20°C coming from field 

disturbances from nearby 

susceptibility variations were 

visible. In this example, the 

referenceless techniques 

overestimated the temperature by 

5°C to 10°C, respectively, for the 

small and big contour. In addition, 

the simulated hotspot appeared 

larger, especially with the phase 

reconstruction based on the 55-

mm circle. With fluid intake, a 

temperature profile similar to the 

superimposed temperature 

variation was measured using the 

referenceless method for both 

contour sizes. Figure 6B further 

shows the reduction of the 

temperature error from between 4 

to 7°C, to the range of 1 to 3°C, 

for any of the thermometry 

techniques. 

Figure 6C illustrates the temporal 

temperature profile in the known 

simulated hottest voxel. Gating 

and multibaseline were able to 

depict temperature profile properly. In this typical example, referenceless 

thermometry, showed a positive offset of 5 and 10°C during most of the simulated 

Figure 5 : Anatomical and temperature standard 

deviation images for processing by (A) 

multibaseline and (B) referenceless MR 

thermometry methods. Typical example showing 

the influence of fluid intake. Outline of the 

pancreas, and contour for referenceless 

background field calculation are shown in white. 

For referenceless, overlay of temperature SD is 

limited to the circle. 
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heating for the contour sizes of 30 and 55 mm, respectively. This is further illustrated 

Figure 6 : (a) Comparison of temperature maps after simulation of a hotspot in the 

pancreas with different motion compensation strategies without patient preparation (top 

row) and after fluid intake. (b) Comparison of error maps at the same time point as shown 

in a. (c) Temperature change as a function of time in the center of the simulated hotspot 

superimposed on the phase data and analyzed using the different approaches for 

respiratory motion compensation, with and without juice preparation. 
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in Figure 7. Gating and referenceless using a 55-mm contour diameter had the lowest 

accuracy, with IQR values up to 10°C and a median up to 7 and 15°C, whereas 

multibaseline and  referenceless with 30-mm contour had a median between -3 and 

+3°C after fluid intake for all volunteer. 

 However, the average IQR observed with referenceless was 4°C whereas with 

multibaseline IQR values of 2°C were achieved in all volunteers, using a compression 

device and fluid intake.In our statistical tests with and without fluid intake, for each 

volunteer and for matched compression conditions both precision and accuracy 

improvement were found to fall in a range of P < 0.001, for gating, multibaseline and 

referenceless with a big contour. In the case of the referenceless with a small contour 

the same results were observed in most cases but not all. 

Discussion 

Our study illustrates that without additional measures the proximity of the digestive 

system leads to errors in temperature maps with the three selected methods, gating, 

referenceless and multibaseline. These are caused presumably by the magnetic 

susceptibility difference between tissue and air inside the digestive tract, in 

combination with unpredictable peristaltic motion. The resulting temporal 

temperature standard deviation values of 10°C and more may lead to a 

misinterpretation of temperature maps and pose a clear problem for treatment 

evaluation and safety monitoring during thermal therapy.  

We presented a dedicated digestive tract filling preparation method to reduce local 

magnetic field inhomogeneities in the abdomen by oral intake of pineapple juice. Our 

results show that the temperature precision can be improved. A temperature precision 

better than 2°C was obtained in all volunteers with all methods. We further found that 

the use of a prototype mock-up compression device intended to improve acoustic 

access for the HIFU beam to the pancreas did not influence the performance of MRT.  

Referenceless MRT is based on the assumption that the measured field surrounding a 

heated region is smooth enough to reconstruct a background phase based on the 

information available in each incoming image (60). As expected, the performance of 
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referenceless MRT depended on the size of the selected ROI. This method is known 

to be sensitive to strong local susceptibility variations which are, as demonstrated 

here, present in the abdomen. The size of the heated area in relation to the organ 

Figure 7 : Evaluation of the accuracy of each of the motion compensation techniques, 

viz. gating, multibaseline, referenceless 55 and 30mm. Boxplots of the difference 

between PRFS thermometry and the known superimposed simulated heating, based 

on one data point for every time point. The temperature difference was taken from 

the simulated hottest voxel. As reference, a dotted line threshold at 08C is shown. Fill 

color of the boxplot represents the preparation of the volunteer, viz. No juice (black), 

juice (white). Contour of the boxplot represents the compression device viz. none 

(red), 2 cm (green), 4 cm (blue). 



 

30 

 

boundaries and the ROI location are also known to play an important role (63,111). 

Due to the relatively small size of the pancreas, limiting the ROI to the organ 

boundaries would probably lead to a limited temperature monitored area. However, 

we demonstrated that the presence of pineapple juice in the duodenum, allows 

extension of the ROI beyond the pancreas boundaries, leading to an improved 

background reconstruction. Thus, with such a preparation, the size of the reference 

region can be increased, leading to an improved coverage. Additionally, the fitting of 

the background phase used in the near harmonic referenceless method has so far not 

been implemented for feedback control, due to calculation time issues. Multibaseline 

methods rely on the periodic motion of the organs. In our study the precision and 

accuracy with this method reflected the good correspondence of the baseline images 

to the time course images. However, more data would be needed to evaluate 

robustness in case of non-periodic motion within the pancreas. For both referenceless 

and multi-baseline methods, through-plane motion may have negative consequences 

that have to be taken into account as long as acquisition of extended 3D volumes is 

hardly feasible in real time. However, it has been demonstrated that the motion 

trajectory of the pancreas can be approximated in first order by a linear shift (112). 

Hence, through plane motion can be minimized by choosing a proper scan geometry 

such that the pancreas motion is almost exclusively in-plane.  

For monitoring thermal therapies by MRT in the pancreas the proper method should 

be selected based on criteria such as the required temporal resolution of temperature 

monitoring, safety and field of view requirements. Typically, for applications where 

energy is delivered only during the expiration plateau, gated PRFS temperature 

monitoring would be an option to consider. If there is a need to monitor temperature 

variations over the whole breathing cycle, using the multibaseline approach could be 

considered. When invasive approaches such as endoluminal HIFU (113) or laser 

ablation are used, temperature monitoring can be confined to a limited region of 

interest and referenceless technique could be a good candidate. 

Besides the methods evaluated in this paper, alternative referenceless approaches have 

been proposed. Hybrid methods would be good candidates for temperature monitoring 
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in the pancreas (12, 13, 23). Because all these methods rely on robustness of the phase 

information, it is likely that the same fluid filling preparation would also improve the 

performance of these methods. 

Using pineapple juice for digestive tract filling can easily be translated to the clinic. 

In addition, because the origin of the problem originates from both presence of air and 

motion of the bowels, the use of drugs e.g., buscopan, to reduce bowel motion could 

be helpful especially when long-term heating is applied such as during a mild 

hyperthermia procedure (115).In this study some limitations need to be addressed, the 

presented protocol was an attempt to primarily filled the duodenum and the transverse 

colon with an MRI favorable fluid. Optimum volume and timing oral uptake could be 

studied and optimized. Other filling technique already used in a clinic routine could 

also be considered, such as MR colonoscopy preparation. In that sense, here pineapple 

juice was chosen but other candidate with the same properties could also be 

considered, again contrast agents used in clinical practice for MR colonoscopy are 

good candidates. 

Finally, in this volunteer study we studied the performance of MR thermometry using 

simulated heating. While this does not proof that actual heating, it provides useful 

information on the performance of the methods to extract temperature changes from 

the phase data in the presence of respiratory motion in the pancreas. 

In conclusion, respiration-compensated PRFS based MR thermometry of the pancreas 

benefits from digestive tract filling preparation and shows potential for clinical 

applications. The observed precision and accuracy of MRT after fluid intake are 

considered sufficient for temperature mapping in the pancreas, for example in MR-

HIFU, RF- or Laser ablation. 
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Chapter 3  

Field drift correction of proton resonance frequency 

shift temperature mapping with multichannel fast 

alternating non-selective free induction decay readouts.  
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Abstract 

Purpose: To demonstrate that proton resonance frequency shift MR Thermometry 

(PRFS-MRT) acquisition with non-selective Free Induction Decay (FID) combined 

with coil sensitivity profiles allows spatially-resolved 𝐵0 drift-corrected thermometry. 

Methods: Phantom experiments were performed at 1.5 T and 3 T. Acquisition of 

PRFS-MRT and FID were performed during MR guided High Intensity Focused 

Ultrasound (MR-HIFU) heating. The phase of the FID’s were used to estimate the 

change in angular frequency 𝛿𝜔𝑑𝑟𝑖𝑓𝑡   per coil element. Two correction methods were 

investigated: 1) using the average 𝛿𝜔𝑑𝑟𝑖𝑓𝑡  over all coil elements (0th-order), and 2) 

using coil sensitivity profiles for spatially-resolved correction. Optical probes were 

used for independent temperature verification. In-vivo feasibility of the methods was 

evaluated in the leg of one healthy volunteer at 1.5 T. 

Results: In 30min, 𝐵0 drift led to an apparent temperature change of up to -18 and -

98oC at 1.5 and 3 T, respectively. In the sonicated area both corrections had a median 

error of 0.19oC, at 1.5 T and -0.54oC at 3 T. At 1.5 T, the measured median error with 

respect to the optical probe was -1.28oC with the 0th-order correction and improved to 

0.43oC with the spatially-resolved. In-vivo, without correction the spatiotemporal 

median of the apparent temperature was at -4.3C and IQR of 9.31C. The 0th-order 

correction had a median of 0.75C and inter-quartile range (IQR) of 0.96C. The 

spatially resolved method had the lowest median at 0.33C and IQR of 0.80C. 

Conclusion: FID phase information from individual receive coil elements allows 

spatially resolved 𝐵0 drift correction in PRFS-based MRT. 

Keywords: PRFS thermometry, FID, B0 field control, receiver coil array, coil 

sensitivity, B0 field drift.   
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Introduction 

Magnetic Resonance guided High Intensity Focused Ultrasound (MR-HIFU) is an 

emerging technology for non-invasive thermal treatment of various tumors (17). 

Currently, thermal ablation of uterine fibroids, prostate cancer, metastatic bone tumors 

and part of the thalamus to treat neurological disorders (i.e., essential tremor) are the 

main clinical applications of MR-HIFU (21,23,24). While ablation therapies aiming 

at the induction of tumor necrosis have been used clinically, other forms of thermal 

treatment are under investigation for oncological applications (116,117). One example 

is the creation of local mild-hyperthermia induced by volumetric HIFU heating for 

triggering drug release from thermosensitive carriers (115,118) or for chemo- or 

radio-sensitization (119). Recently, the first clinical evidence of volumetric mild-

hyperthermia for targeted local drug delivery in soft tissue sarcoma has been 

presented, illustrating the interest for this therapeutic option (120).  

For non-invasive therapy, image guidance plays an important role in accurate tumor 

targeting and therapy monitoring. Both ultrasound (US) and MRI guidance have been 

used for thermal HIFU therapies (25). A key advantage of MRI above US guidance, 

is the possibility to acquire temperature maps to monitor changes in the 

spatiotemporal temperature distribution in almost real-time. Proton Resonance 

Frequency Shift (PRFS) MR Thermometry (MRT) is commonly used for guidance of 

MR-HIFU procedures (20,107). In the context of mild-hyperthermia, where the aim 

is to create temporally and spatially homogeneous mild heating in the target area, 

information about the temperature distribution is necessary to avoid thermal damage 

and for feedback control (121–123).  

MRT is done by measurement of phase changes in gradient echo MR images to detect 

changes in the proton resonance frequency caused by heating in aqueous tissues. 

Phase differences between a current phase image acquired during heating, and a 

reference phase image acquired prior to heating are converted to relative temperature 

maps, making use of the known sensitivity of the proton resonance frequency to 

temperature changes (45).  
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Mild-hyperthermia requires temperature mapping over extensive periods of time. But 

long-term dynamic scanning may lead to 𝐵0-field drift which is known to be caused 

by hardware imperfections (e.g., coupling between gradient and shim coils, gradient 

switching and eddy currents and field fluctuations, e.g., changes in cryogen level, 

heating of ferromagnetic passive shim elements). This drift leads to systematic errors 

in PRFS measurements and can compromise MRT (20). In a multivendor study, it has 

been demonstrated that 𝐵0 drift depends on the previous and current scanner activity 

and is spatially non-uniform (51).  

Several approaches have been suggested, to correct for spatiotemporal variations in 

𝐵0. The phase of the fat signal, which is temperature independent, has been 

investigated for correction of 𝐵0-field disturbances using body or external fat 

reference signals(44,50,124). Another group of previously developed 𝐵0 correction 

methods is based on phase navigator echoes or free induction decay (FID) phase 

signals and was mainly developed to compensate for motion induced 𝐵0 

variations(125,126). In these reports, the FID signal is acquired after slice excitation 

prior to or after image acquisition. 

While the 𝐵0  drift affects the phase in the whole field of view, the phase changes 

induced by HIFU-heating are highly localized (20,107). The so-called referenceless 

PRFS methods make use of that property, by determining the phase background from 

the acquired phase map during heating. Provided a homogeneous phase region of 

interest (ROI) surrounding the target that remains at reference temperature is 

available, referenceless MR thermometry allows to reduce the sensitivity to field drift 

effects using the current phase maps only (111). Multiple approaches based on 

different background field fitting constraints have been proposed (59,62,114). 

Recently, a comparison study illustrated limitations and advantages of five of these 

methods (61).  

Arrays of field probes which are positioned outside the patient, have also been 

proposed to introduce spatiotemporal field stabilization based on real-time sensing 

and feedback control(127,128). Recently, the use of field probes has been proposed 
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for drift correction of PRFS temperature mapping, but this approach required the use 

of additional hardware (100).   

In this study, the proposed method makes use of two key concepts. Firstly, like the 

basis of referenceless MR thermometry (62) as well as previously proposed slice-

selective FID navigator approaches for 𝐵0-field drift correction (129), we assume that 

HIFU heating is highly localized. As the 𝐵0-field drift correction of MR thermometry 

is introduced here, the same assumption is made, but we argue that using the phase 

signal from the complete sample will reduce sensitivity to temperature induced phase 

changes. Secondly, we suggest to combine the information of the individual coil 

elements to retrieve spatial information on the 𝐵0 drift, by making use of the coil 

sensitivity profiles.  Therefore, we propose a methodology to use the coil sensitivity 

profiles (as described in the SENSE methodology) combined with non-selective free 

induction decays (FID’s) acquired during thermal treatment to correct PRFS-based 

temperature mapping for the spatiotemporal 𝐵0 drift. The correction method will be 

investigated in MR-HIFU phantom experiments at 1.5 T and 3 T. An in-vivo 

experiment without HIFU heating will be performed at 1.5 T. In all experiments, the 

proposed method will be compared to a state-of-the-art referenceless PRFS method. 
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Material & Methods 

The typical implementation 

of PRFS-MRT requires a 

reference and current phase 

image for phase subtraction. 

As shown in figure 1 and 2a, 

we suggest to acquire a set of 

reference FID’s in a pre-

intervention step and 

continuously acquire FID’s 

during the intervention.  

FID’s will then be processed for 𝐵0 drift correction, either allowing a 0th-order 

correction, or in combination with coil sensitivity profiles acquired at the start of the 

procedure to resolve spatial variations in 𝐵0 drift. 

Calculation of temperature maps 

In PRFS thermometry, maps of the temperature change 𝛥𝑇 are obtained from the 

phase difference Δ𝜑 (in rad) between incoming phase and reference phase image (20):  

𝛥𝑇(𝑥, 𝑦) =
∆φ(𝑥,𝑦)

2𝜋∝𝑇𝐸𝛾̅ 𝐵0
, (1) 

where (x,y) are indices in the acquired phase maps, α is the temperature coefficient of 

the shielding constant (-0.01 10-6/°C), 𝐵0 the main magnetic field in T, the echo time 

(TE) in s, and 𝛾  the 1H gyromagnetic ratio 42.58MHz/T.  

Figure 1: Schematic pulse diagram of the fast 

alternating full volume non-selective excitation FID and 

PRFS-MRT acquisition (n is the number of repetitions 

required to acquire all slices for one dynamic). 
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𝑩𝟎 Drift estimation 

A non-selective block pulse was used to excite the full volume and generate an FID, 

fig 1 and 2a. An estimate for 𝛿𝑇𝑑𝑟𝑖𝑓𝑡 , the error in the temperature map due to 𝐵0 drift 

can then be obtained from the FID’s. For each receiver channel, the FID signal is a 

summation of all signal contributions, weighted by sensitivity of the coil element. 

Therefore, the phase evolution over the current FID was compared to the phase 

evolution of a reference FID to estimate the 𝐵0 drift. As illustrated in figure 2b, the 

phase difference for each coil element 𝑛 was calculated as follows: 

𝛿𝜑𝑛(𝑡𝑖) = 𝜑𝑛,𝑡(𝑡𝑖) − 𝜑𝑛,𝑡𝑟𝑒𝑓(𝑡𝑖) (2) 

𝛿𝜑𝑛 is in rad, 𝑡𝑖 is the time of the ith sample during the FID signal acquisition, 𝜑𝑛,𝑡 is 

the phase evolution of the FID signal acquired during heating in rad and 𝜑𝑛,𝑡𝑟𝑒𝑓  the 

phase evolution of the reference FID acquired in a prior heating step. 

Figure 2: a) the data generated by the alternating PRFS-MRT/FID acquisition scheme 

and PRFS based MRT calculation, b) the processing steps to calculate and apply the 

0th-order correction and c) the processing steps to calculate and apply the spatially-

resolved correction. 
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For each coil element 𝑛, the phase difference of the FID’s over time 𝛿𝜑𝑛(𝑡𝑖) can be 

describe with a linear model from which the  angular frequency drift 𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛can be 

obtained: 

𝛿𝜑𝑛(𝑡𝑖) = 𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛 . 𝑡𝑖 (3) 

Where the unknown 𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛 is the angular frequency offset in rad.s-1, and hence, 

𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛was obtained by a linear least squares fit of equation (3) to the phase 

difference of the samples. 

Spatially resolved frequency estimates 

 As illustrated in figure 2c, to retrieve spatial information, sensitivity profiles are used 

to create a spatially resolved frequency drift correction 𝛿𝜔𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) as follows:   

𝛿𝜔𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) =
∑ 𝑆𝑛(𝑥, 𝑦) × 𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛
𝑁
𝑛=0

∑ 𝑆𝑛(𝑥, 𝑦)
𝑁
𝑛=0

 

  

(4) 

S is the magnitude from the coil sensitivity profile acquired from a reference scan as 

defined by Pruessmann et al (130) , N is the total number of coil element with the used 

system.  

0th-order correction 

From equation (3), a 0th-order field drift estimate is then obtained by averaging 

𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛over all coil elements and used to correct the temperature maps as follows: 

∆𝑇𝑐𝑜𝑟𝑟,0(𝑥, 𝑦) = 𝛥𝑇(𝑥, 𝑦) −  𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛  with 𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛 =
𝛿𝜔𝑑𝑟𝑖𝑓𝑡,𝑛

2𝜋 ∝ 𝛾 𝐵0
 

(5) 

Where 𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛  is the average 𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛 over the number or coil elements n and is 𝛾  

the 1H gyromagnetic ratio 42.58MHz/T. 
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Spatially resolved correction 

From equation (4), the spatially resolved frequency estimates can be interpreted as 

temperature to correct for drift effects:  

∆𝑇𝑐𝑜𝑟𝑟,𝑠𝑝(𝑥, 𝑦) = 𝛥𝑇(𝑥, 𝑦) −  𝛿T𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) with 𝛿T𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) =
𝛿𝜔𝑑𝑟𝑖𝑓𝑡(𝑥,𝑦)

2𝜋∝𝛾̅ 𝐵0
  (6) 

 

Phantom Heating Experiment: 

Experiments were performed on 1.5 T and 3 T clinical MR scanners (both Achieva, 

Philips Healthcare, Best, The Netherlands) equipped with a clinical MR-HIFU 

platform (Sonalleve MR-HIFU V2, Profound, Mississauga, Canada). Images were 

acquired with a dual coil set-up, using the integrated 2-element coil in the tabletop of 

the HIFU system and a 16-element flat array coil at 1.5 T, or a 3-element pelvic coil 

at 3 T, respectively. As illustrated in figure 3a, the fast alternating acquisition of 

PRFS-MRT images and FID’s were performed by using a sequence interleaving 

framework (131). For PRFS-MRT, a multislice multishot spoiled gradient recalled 

EPI was used to acquire three coronal slices and one sagittal slice. The three coronal 

slices were as follows: one through the focus, one in the near and one in the far field. 

For both 1.5 T and 3 T common sequence parameter settings included binomial (1-2̅-

1) water selective excitation, FA = 20°, EPI factor = 21; FOV=400x400mm2; acquired 

voxel size=3.0x3.1x8mm3 reconstructed voxel size = 2.5x2.5x8 mm3. Some 

parameter settings were different: at 1.5 T, TR = 100ms, TE = 19ms and 1000 

dynamics were acquired with all 4 slices acquired sequentially with tDyn= 1,6s (4 slices 

× 0.4s). Bandwidth was 1572.3Hz/px in the readout direction and 64.5 Hz/px in the 

EPI phase encoding direction. 

At 3 T, TE was shortened to TE = 16ms to accommodate for the effects of main field 

inhomogeneity. Due to scanner limitations TR = 200ms, leading to tDyn= 3,2s (4 slices 

× 0.8s) and 500 dynamics to cover the same total duration. The bandwidth was 2807.4 

Hz/px in the readout direction and 78.3 Hz/px in the EPI phase encoding direction. 

PRFS-MRT and FID’s were alternating such that one FID per coil element was 

acquired for every set of PRFS-MRT images. A non-selective block pulse was used 
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to excite the full volume and generate an FID, fig 1. Other parameter settings included: 

flip angle = 20°, a sampling window of 8ms between 1.4-9.4ms after excitation, during 

which 256 samples were acquired, leading to a total bandwidth of 32 kHz. Finally, 

gradient spoiling was used to minimize persisting signals. 

MRT scanning was 

performed during 35min to 

allow temperature 

monitoring of the entire 

heating experiment. HIFU 

sonications with a duration 

of 1 minute were followed 

by 4 minutes of cooling. 

This scheme was repeated 6 

times giving a 30 min 

sequence of heating and 

cool-down cycles (see 

Figure 3a). HIFU 

sonications covered a 16-

mm HIFU cell using a 

constant acoustic power of 

40 W (132). The phantom 

setup consisted of a large 

basin of 40 x 30 cm2 filled with 8L manganese (Merck KGaA, Darmstadt, Germany) 

doped water  (15mg/kg), with a cylindrical 15 cm diameter agar/silica phantom 

positioned in the center to perform heating experiments (see Figure 3b). Two fiber 

optic thermometer probes (Luxtron m3300, LumaSense, Santa Clara, California, 

USA) were placed in the phantom, one probe was placed in the center of the HIFU 

sonication and the other 15 cm off center in a non-heated region, as shown in figure 

3b. From a T1w scan, the position of the tip of the temperature probe were identified. 

The temperature map was planned through the identified position to ensure that the 

readout from the temperature map and optical probe coincided. Temperature readouts 

Figure 3: a) Illustration of the different timings of 

heating, cool-down and the alternating acquisitions 

during the experiment, b) Transverse and coronal T1w 

image showing the experimental setup. The HIFU 

transducer, agar gel and surrounding doped water can be 

seen. The black asterisks indicate where the two optical 

probes were positioned: one in the center of the HIFU cell 

and one in a non-heated area 15 cm from the center of the 

phantom. 
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from the temperature probes were compared with the 𝐵0 drift corrected temperature 

maps for accuracy evaluation. 

In-vivo Experiment: 

To confirm that the proposed method can detect and correct in-vivo 𝐵0 field variations 

an experiment was performed in a healthy volunteer without heating. The volunteer 

study was performed with the approval of the institutional review board of the 

University Medical Center of Utrecht (NL53099.041.15) and written informed 

consent was obtained from the volunteer. 

At 1.5 T, four MRT slices (3 coronal and 1 sagittal) were acquired in the lower leg of 

a healthy volunteer during 20 min, using the same alternating sequence and parameter 

settings with the 16-element receive coil used in the phantom experiment. 

For referenceless PRFS thermometry, we used the near harmonic 2D referenceless 

approach proposed by Salomir et al. to estimate background phase. This method is 

based on the constraint that any static magnetic field will fulfill the magnetostatic 

Maxwell equations and can thus be calculated when the phase on a circular contour 

placed in a non-heated region is known (62). A synthetic phase background is then 

reconstructed within this circular contour using the 2D near harmonic approach. To 

initialize the process, a 100-mm diameter circular contour was placed within the 

boundaries of the phantom, which allowed to respect the condition that the used 

contour was positioned in an unheated field area.  A 50-mm diameter circular contour 

was used in the volunteer experiment, as large as permitted by the size of the anatomy. 

Statistical analysis 

For the phantom heating experiment to assess the accuracy of the two 𝐵0  field drift 

correction methods, we calculated the temperature error ε𝑇: 

𝛆𝑻 = 𝑻𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑻𝒑𝒓𝒐𝒃𝒆. (7) 

Here 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  is the temperature measured in a single voxel in the drift corrected 

temperature map ∆𝑇𝑐𝑜𝑟𝑟,0 or ∆𝑇𝑐𝑜𝑟𝑟,𝑠𝑝 at the locations x and y where the temperature 

probes were located. Tprobe is the temperature measured by the optical probes. 
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To evaluate the accuracy of the 𝐵0 drift correction methods, the distribution of εT for 

all observed time points was presented in box plots. For the two correction method, 

median and inter-quartile range IQR of the εT distribution were reported 

For the in-vivo results, to evaluate the error distribution of the 𝐵0 drift correction 

methods, errors from all acquired voxel within a large region of interested, from all 

time points are presented in box plots, median and IQR of the distributions are 

reported. 

For the phantom studies at 1.5 T and 3 T, resulting εT distributions were compared 

using Brown–Forsythe (variability) and Wilcoxon rank-sum (median) tests. The 

tested distributions were considered to be significantly different when p < 0.05. 

Similarly, the spatiotemporal temperature changes in-vivo were compared using 

Brown–Forsythe and Wilcoxon rank-sum test for data points from the ROI in which 

referenceless measurements of temperature change were available.  
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Results 

Phantom Heating Experiment 

Figure 4: Typical examples of the temperature interpreted B0 drift 𝜹𝑻𝒅𝒓𝒊𝒇𝒕,𝒏 as a function 

of time per coil-element and field strength at both 1.5 T (top) and 3 T (bottom) (a). Typical 

examples 𝜹𝑻𝒅𝒓𝒊𝒇𝒕,𝒏  and 𝜹𝑻𝒅𝒓𝒊𝒇𝒕(𝒙, 𝒚) temperature map shown at 30min time after the 

beginning of scanning at both 1.5 T (top) and 3 T (bottom) (b), the color scale for both 

field strength have been windowed to the corresponding drift range (e.g., up to 18 and 

102oC) at 1.5 T and 3 T, respectively.  Finally, subtraction of the spatially-resolved 

correction and the applied 0th-order correction is shown to highlight the spatial 

dependence of the correction (c). 

Figure 4a shows the field drift for each coil-element, interpreted as temperature over 

the course of the phantom heating experiment for both field strengths. At 1.5 T, during 

the experiment all 𝛿𝑇𝑑𝑟𝑖𝑓𝑡,𝑛 increased approximately linearly from 0°C to a range of 

14.2 to 16.9°C at 31min. While at 3 T, the impact of the 𝐵0 field drift on the 

temperature measurement by the end of the experiment was in the range of 94 to 99oC, 

depending on the coil element. 

Figure 4b, illustrates a typical example of reconstructed 𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛    and  𝛿𝑇𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) 

at the end of the heating experiment at both 1.5 T and 3 T. The 

average 𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛 correction map had a value of 15.7oC at 1.5 T and 97.8oC at 3 T. The 

spatial correction 𝛿𝑇𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) showcased values ranging between 14 to 17oC at 1.5 

T, similar to the range of 𝛿𝑇𝑑𝑟𝑖𝑓𝑡,𝑛 described in figure 4a. While at 3 T, the spatial 
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variation of 𝛿𝑇𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦) showcased values ranging between 93.5 and 95.5oC. To 

further illustrate the spatial pattern detected by the method, a subtraction image of 

𝛿T𝑑𝑟𝑖𝑓𝑡,𝑛    and  𝛿𝑇𝑑𝑟𝑖𝑓𝑡(𝑥, 𝑦)  is shown, figure 4c.  A smooth apparent temperature 

gradient can be noticed at 1.5 T while a concentric pattern was detected at 3 T. 

In figure 5, typical examples of ∆𝑇𝑐𝑜𝑟𝑟,0 and ∆𝑇𝑐𝑜𝑟𝑟,𝑠𝑝 are shown at the 25 min time 

point for 1.5 T and 3 T. At 1.5 T, with both correction methods the 16mm HIFU cell 

was well visible. Once the spatially resolved correction was applied the edges of the 

phantom appeared to be at a 0oC. 

 

Figure 5: Coronal temperature maps through the focus obtained in the phantom 

experiments after 25 min of heating. From left to right, the non-corrected ΔT maps, and 

ΔT maps for 0th-order drift correction, spatially-resolved correction and referenceless 

thermometry at both 1.5 T (top) and 3 T (bottom) are shown. The dashed black square 

dimensions are 250 x 250 mm. It represents, approximately, the reachable area with our 

HIFU system. The black dashed circles represent the boundaries of the agar phantom 

which had a 150 mm diameter. 

At 3 T, with both correction methods, MRT was accurate in the center of the phantom 

within a 4 cm diameter area and allowed clear identification of the HIFU sonication 

cell. However, strong artifacts were present at the edge of the phantom that neither of 

the methods were able to correct for and errors ranging between -5 to 5oC at the edge 

of the phantom typically remained.  
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At 1.5 T, referenceless MRT, 0th-order correction and spatially-resolved correction all 

performed similarly, with a sonication location that was clearly identifiable on the 

temperature maps. At 3 T, while the global aspect of the sonication seemed to be 

similar on all drift compensation techniques, the center of the sonications appeared to 

reach a lower temperature at the 25 min time point for referenceless MRT, in the order 

of magnitude of 2°C, as compared to the 0th-order and spatially-resolved corrections 

obtained from the FID’s. 

In figure 6a, the temperature readout from the optical probes at the matching locations 

of 𝛥𝑇 show with an improvement with both the ∆𝑇𝑐𝑜𝑟𝑟,0 and ∆𝑇𝑐𝑜𝑟𝑟,𝑠𝑝 correction. At 

both 1.5 T and 3 T, in the center of the HIFU cell with both 0th-order and spatially 

resolved correction, the optical probe readings compared to the measured PRFS 

temperature were in a close agreement with less than 2oC difference in all cases. This 

was further confirmed by the εT distribution. The distribution of εT for the entire 

experiment duration in the HIFU-heated area laid between -1 to 1°C and -2 to 1°C at 

1.5 T and 3 T respectively, see figure 6e-f. 

In the control area at 1.5 T, figure 6c shows an improvement of the spatial correction 

readout compared to the 0th-order correction. As shown in figure 6e the εT median and 

IQR from 0th-order were -1.28oC and 2.6oC respectively, and were improved to a 

median of 0.4oC (Wilcoxon rank-sum: p<0.001) with a 0.90oC IQR (Brown–Forsythe: 

p<0.001).  
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 At 3 T in the control area, no noticeable difference could be observed between the 

0th-order and spatially resolved correction with a measured median of 2.1 and IQR of 

3.53oC in both cases,  figure 6f.At 1.5 T, the measured temperature changes with the 

referenceless method are in close agreement with ΔTcorr,0 and ΔTcorr,sp and the optical 

Figure 6: Comparison of uncorrected ΔT measurements in the center of the HIFU cell 

and in the control area at 1.5 T (a) and 3 T (b). Optical probe temperature readings 

are compared with ΔTcorr,0 , ΔTcorr,sp and ΔTreferenceless for both locations (HIFU and 

control) at 1.5 T (c) and 3 T (d). The accuracy of 0-th order correction, spatially 

resolved correction and referenceless thermometry are shown in terms of the 

temperature error εT for e) 1.5 T and f) 3 T. With the referenceless method, 

measurements were not possible in the control area. Due to interference with the 

ultrasound waves, the optical probe data for the heated area is only shown for the 

cooling periods in a, b, c and d. 
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probe readings (Fig 6c). However, after the 20 min time point, the temperature change 

is underestimated progressively by up to 2°C. At 3 T, the temperature change 

measured with the referenceless method were first overestimated within a range of 1 

to 2°C until the 17 min time point. From this time point to the end, the temperature 

changes were underestimated between 1 to 3°C (Fig 6d). At 1.5 T, the εT distribution 

had a median of 0.03oC and an IQR of 0.4oC, which indicated larger variability than 

the 0th-order and spatially-resolved corrections (Brown–Forsythe: p<0.001). At 3 T, 

the εT distribution had a median of -0.68oC with an IQR of 1.5oC, again indicating 

larger variability than the 0th-order and spatially-resolved corrections (Brown–

Forsythe: p<0.001). 

In-vivo Experiment 

To illustrate the need for drift correction, and the effectiveness of applied corrections, 

maps of the maximum absolute temperature error observed during the experiment are 

shown in figure 7. Without correction, values up to 14C were observed with a cranio-

caudal gradient ranging between 13C and 14C. With the 0th-order correction an 

overall maximum error of 1.5C with values up to 2C at the edges of the leg can be 

noticed. The spatially resolved method allowed the lowest error values under 1.5C. 

The temperature error over time for both methods, figure 8a, shows that a temperature 

error within -1 to 1C could be maintained. However a clear 1C offset is present 

between the two methods, with the spatially resolved correction method close to the 

Figure 7: Coronal images through the lower leg of a volunteer, showing maps of the 

maximum temperature error incurred during the entire experiment at 1.5 T. From left to 

right: without correction, 0th-order correction, spatially-resolved correction and with 

referenceless thermometry. 
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0C line. Summarizing the temperature estimates from all locations in the ROI for all 

time points in box plots, figure 8b, shows that the median temperature estimate was -

4.3C with an IQR of 9.31C without correction, with a substantial improvement by 

the 0th-order correction method to a median of 0.75C with an IQR of 0.96C. Finally, 

the spatially resolved correction allowed the lowest errors with a median at 0.33C 

and an IQR of 0.80C.  

Figure 8: a) Typical examples of temperature change as a function of time in three 

locations (indicated by the white asterisk in 6a), with the 0th-order correction (red), 

spatially resolved (blue) and referenceless (green) methods. For reference, a dotted line 

at 0°C is shown. b) The observed spatiotemporal temperature distribution for all 

acquired slices, from left to right, without correction, 0th-order correction, spatially-

resolved correction and with the referenceless method. Distribution of all points 

encompassed within the same region of interest as the one used for referenceless MRT 

were used in the analysis. 
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In the volunteer experiment, the maximum errors for the referenceless method were 

larger than those observed for the FID-based corrections, fig 7. A strong artifact 

originating from the bony structure close to the reference contour has led to these 

above 3°C artifact present in the overall region of interest. Figure 8a shows a clear 

offset increasing from 1°C to 2°C during the larger part of the experiment. It was also 

observed that precision was lower for referenceless thermometry than for the FID-

based corrections, with a median of 1.89 (Wilcoxon rank-sum: p<0.001) and IQR of 

2.36°C (Brown–Forsythe: p<0.001), fig 8b. 
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Discussion 

Thermal therapy monitoring using PRFS temperature mapping requires an efficient 

spatial 𝐵0 drift correction to maintain an adequate accuracy (range of ±1°C). As 

demonstrated in this study, this can be achieved by correcting for drift using 

alternating PRFS thermometry and multichannel FID acquisitions. The method 

allowed to account for spatial variation in the 𝐵0 drift correction and maintain this 

accuracy level over the 30 min duration of the experiment. The proposed method 

neither required user interaction, nor were adaptations to the hardware of the MR-

HIFU setup needed. 

The approach bears similarities to using field probes for monitoring the 

spatiotemporal variation of the 𝐵0 field of the system (100,127). However, individual 

field probes require a spatial interpolation because they measure field variation in 

locations outside the body, while the use of the imaging array and its individual 

sensitivity profile allows to directly measure 𝐵0 variation from the body itself. 

Inherently, by comparing the results between the 16-element setup at 1.5 T and 3-

element setup at 3 T (figure 6e and f), it can be established that the efficiency of the 

correction methods depends on the number of coil elements and the associated receive 

field of the individual and overlapping coil profiles (133). While superior spatial 𝐵0 

drift correction can be achieved using a high number of coil elements, in practice, 

these arrays are not generally available on MR-HIFU systems because these systems 

have additional design constraints. Therefore, combination of existing techniques 

using the phase images (e.g., referenceless) with the proposed method or with external 

field probes could be of interest. 

The comparison between the FID-based methods and referenceless MRT, showed that 

in the phantom study, the FID-based method performed as well as the referenceless at 

1.5 T. The accuracy of referenceless thermometry was poorer at 3 T, and it did not 

allow temperature monitoring in the control area. In the in-vivo experiment 

referenceless MRT precision was poorer than with the FID-based methods. It can be 

argued that referenceless is better suited for large organs with a relatively smooth 
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background phase, e.g. brain and liver (63,111,134,135), than for challenging 

anatomy (e.g., bowel, bone). 

With the referenceless approach positioning of the ROI within the organ boundaries 

and an area that is not affected by any phase changes due to heating is key to avoid 

corruption of the reconstructed phase background (111). However, in the context of 

mild-hyperthermia, the measured phase within the surrounding ROI might get 

corrupted due to heat diffusion from the large targeted heated volume.  

The FID based method relies on the presence of non-heated tissue, where the only 

source of phase change is the field drift (60). In our study, the use of a non-selective 

full volume excitation reduces the influence of the heated volume: firstly, by making 

use of a large pool of non-heated water protons and, in-vivo, by adding a large pool of 

lipid protons. The frequency shift of the fat signal is independent of temperature, 

because hydrogen bonds are absent in the fat aliphatic chains. Hence, only 

susceptibility and 𝐵0 drift affect the frequency of the fat signal (50). In the proposed 

implementation, the excitation pulse used for the acquisition of the FID’s is 

chemically broadband and spatially non-selective. Thus, including the fat signal 

enlarges the pool of spins experiencing only the 𝐵0 drift contributing to the FID 

signals.  

Still, this method would be limited if the heated volume becomes too large and starts 

to significantly affect the FID signal, as was shown for correction based on slice-

selective FID phase navigators (129). For the experiments presented here, the heated 

volume was relatively small and the performance of 𝐵0 drift correction did not seem 

to be affected. However, this limitation, especially in the context of radiofrequency 

mild-hyperthermia, where the volume of heated tissue is larger should be investigated. 

Similar experiments with regional heating should be carried out to evaluate if the use 

of non-selective FID’s still allows accurate drift correction in this context (e.g. by RF 

heating or HIFU) (136). 

In principle, 𝐵0 drift can also lead to slice position shifts and in plane distortions (137). 

In this study, with the sequence used, no slice or voxel shift were noticed. In principle, 

however, using this method could also offer the possibility to correct for in plane 
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distortions and shifts as previously demonstrated with a similar approach by Versluis 

et al (138). 

For use in therapy guidance and especially for mild-hyperthermia, where temperatures 

are intended to be kept within tight boundaries (139), it is crucial that drift correction 

can be applied in real time to correct MR temperature mapping. When feedback 

controlled heating methods are used, MRT  is used to control the energy delivery and 

therefore requires a short latency (140). The suggested acquisition and processing 

scheme have the potential to fulfil these real time requirements. As implemented, the 

acquisition of the FID required only one extra TR per dynamic and the spatial 

unfolding of the signal relies on a previously acquired sensitivity scan. The only 

processing steps that would need to take place in real time are the linear fit and the 

calculation of the weighted sum. In the MatlabTM (The MathWorks, Inc., Natick, 

Massachusetts, United States) implementation these two steps were achieved in less 

than 0.1s. In addition, the full-volume non selective excitation yielded FID’s with high 

SNR both at 1.5 T and 3 T. 

Some limitations of this study are worth mentioning. At the edge of the field-of-view, 

larger residual drift terms were present, which were not corrected by the proposed 

correction method. These variations were present in the uncorrected drift maps and 

were not sufficiently resolved by the coil sensitivity map to be corrected. Further work 

should be carried out to investigate whether this effect is still present in-vivo and 

whether it can be corrected with a higher number of coil elements.  In this study, the 

created temperature rise was slightly higher than the typical temperature rise with 

mild-hyperthermia, however, the performance of the method did not seem to be 

affected. All experiments carried were performed in a phantom or in stationary 

anatomy. Respiratory, cardiac and incidental patient motion are known to affect MR 

thermometry (34) and are likely to affect the acquired FID signal. Similar FID phase 

navigators or navigators based on the central k-space point or profile have been 

proposed for motion correction (35). The suggested implementation allows a high 

degree of freedom for acquisition of the FID with a superior frame rate to enable 

capturing changes in motion state. Further work should be carried out to develop 
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strategies to extract drift information in case of motion, or even extract drift and 

motion estimates simultaneously. In this study, the suggested approach was evaluated 

in the lower leg of one healthy volunteer without HIFU heating. Further work should 

be carried out to investigate if the proposed method still performs robustly in body 

areas such as the abdomen, where multiple air-to-tissue boundaries are encountered.  

In addition, of the accuracy and precision of the method during in-vivo MR-HIFU 

heating should be investigated.  

In conclusion, using individual receive coil sensitivity profiles combined with fast 

alternating FID acquisitions allows to spatially compensate 𝐵0 drift in PRFS-based 

MRT. Acquisition of the FID’s were sufficiently fast to not compromise the temporal 

resolution of the PRFS-MRT and allowed to achieve sufficient temperature precision 

for mild-hyperthermia guidance (range +/- 1°C). 
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Chapter 4  

A planning strategy for combined Motion-assisted/gated 

MR guided Focused Ultrasound treatment of the 

pancreas 
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Abstract  

Purpose: To develop and evaluate a combined motion-assisted/gated MR-HIFU 

heating strategy designed to accelerate the treatment procedure by reducing the 

required number of sonications to ablate a target volume in the pancreas.  

Methods: A planning method for combined motion-assisted/gated MR-HIFU using 

4D-MRI and motion characterization is introduced. Six healthy volunteers underwent 

4D-MRI for target motion characterization on a 3.0-T clinical scanner. Using 

displacement patterns, simulations were performed for all volunteers for three 

sonication approaches: gated, combined motion-assisted/gated, and static. The 

number of sonications needed to ablate the pancreas head was compared. The 

influence of displacement amplitude and target volume size was investigated. 

Spherical target volumes (8, 15, 20 and 34 mL) and displacement amplitudes ranging 

from 5 to 25 mm were evaluated. For this case, the number of sonications required to 

ablate the whole target was determined.  

Results: The number of required sonications was lowest for a static target, 62 on 

average (range 49-78). The gated approach required most sonications, 126 (range 97–

159). The combined approach was almost as efficient as the hypothetical static case, 

with an average of 78 (range 53-123). Simulations showed that with a 5-mm 

displacement amplitude, the target could be treated by making use of motion-assisted 

MR-HIFU sonications only. In that case, this approach allowed the lowest number of 

sonication, while for 10mm and above, the number of required sonications increased.  

Conclusion: The use of a combined motion-assisted/gated MR-HIFU strategy may 

accelerate tumor ablation in the pancreas when respiratory-induced displacement 

amplitudes are between 5 to10-mm. 

Keywords: Thermal ablation, High intensity focused ultrasound, Imaging (i.e., MRI), 

Modeling (i.e., treatment planning). 
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Introduction 

At present, surgical resection is the only option for curative treatment of pancreatic 

cancer. Unfortunately, 80-85% of the patients diagnosed with pancreatic 

adenocarcinoma present advanced unresectable disease (82). Therefore new treatment 

alternatives are dearly needed. The use of High Intensity Focused Ultrasound (HIFU) 

for thermal ablation of tumors in the pancreas has been demonstrated to be feasible 

and preclinical studies have shown benefits in terms of pain palliation and prolonged 

survival  (25,91,92,102,141). Improved guidance of HIFU therapy can be achieved by 

combining HIFU with Magnetic Resonance Imaging (MRI), also called MR-HIFU 

(17). However, MR-HIFU treatment of tumors located in the abdomen remains 

challenging. First, there are problems related to organ motion, mostly due to 

respiration (33). Second, it has been demonstrated that the heat sink effect caused by 

a high tissue perfusion rate may negatively affect the HIFU treatment efficiency (142). 

The pancreas is an organ with a relatively low blood perfusion (blood flow of 94.1 ± 

24 mL/100 mL of tissue min) and it has also been shown that perfusion is decreased 

in pancreatic adenocarcinoma especially, (blood flow of 16.6 ± 13.1 mL/100 mL of 

tissue min)(143). Pancreatic tissue displacement due to respiratory motion has also 

been characterized and is known to occur mainly in the cranio-caudal direction, with 

an average maximum amplitude of 7.5 ± 4.6mm in prone position (144).  

Three main solutions have been proposed to achieve motion compensation for HIFU 

energy delivery: induced apneas, respiratory gating, and beam steering 

strategies(35,37,145,146). Induced apneas under general anesthesia and mechanical 

ventilation, or pharmacological control of the respiratory cycle under deep sedation 

allow for temporary interruption of the respiratory cycle to deliver ultrasound 

energy(147,148). One drawback of that approach is that it reduces the non-invasive 

nature of HIFU treatment approach. In addition, this approach may not be suitable for 

patients with advanced cancer (34) . Alternatively, respiratory-gating limits energy 

delivery to the period, in which the diaphragm remains stationary (36). In this case, 

time-synchronized modulation of the HIFU energy delivery is performed as a function 

of the position of the target volume in the pancreas. Finally, beam steering strategies 
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with real-time tracking have been proposed (149). These strategies exploit the beam 

steering capabilities of phased array transducers to continuously reposition the HIFU 

focus to the current target location, which allows for continuous energy delivery. This 

approach is technically challenging because the delay between the target position 

determination  and the actual sonication should be kept as short as possible (order of 

100ms) (37). In this time, multiple intensive computational tasks need to be performed 

(image acquisition, image processing, switching of the HIFU generator and data 

transport).  

Besides motion tracking and beam steering, it might be advantageous to use a static 

HIFU beam and let the respiration-induced motion assist the HIFU (MA-HIFU) 

energy delivery process. Typically, the target volume is covered by a number of 

sonications, either single cell or, in order to accelerate target coverage, volumetric 

cells with cool-down periods in between sonications.  

Using MA-HIFU, the induced thermal dose for a given location will be distributed 

inside the target as a function of the displacement pattern during the respiratory cycle. 

Therefore, delivering the required thermal dose to the whole target volume in MA-

HIFU might not always be feasible depending on the maximum displacement. For this 

reason the planning method should be supplemented by alternative options for energy 

delivery (i.e., by gated sonications).  This study follows on a recently proposed HIFU 

approach leveraging respiratory organ motion (38). This planning was simulated using 

a simplified model for a typical displacement pattern, and showed that treatment 

durations may indeed be shortened.   

Because of the relatively low displacement amplitude and low perfusion values of the 

pancreas, we hypothesized that MA-HIFU may accelerate HIFU treatment in the 

pancreas by lowering the total number of treatment cells to cover the target lesion. 

Recent studies have demonstrated the use of MRI to acquire 4D imaging information 

to fully characterize the tumor displacement over the respiratory cycle (150).  

Here, we demonstrate a practical implementation of planning a combined motion-

assisted/gated MR-HIFU in the pancreas: it makes use of 4D-MRI data to identify 

locations where motion-assisted sonications can be used and those that should be 
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targeted with gating. This approach was tested using simulations based on 4D-MRI 

data obtained in volunteers. To evaluate its potential treatment acceleration, the 

number of sonications needed for ablation of the pancreatic head using the combined 

motion-assisted/gated MR-HIFU approach was compared to the number needed with 

the gated approach and in a hypothetical case without motion. In addition, we 

investigated the influence of target size and displacement amplitude on the efficiency 

of the proposed method in a simulation study.   

Materials & methods 

Combined motion-assisted/gated MR-HIFU strategy 

The premise of the motion-assisted/gated treatment approach is that given the target 

motion within the respiratory cycle, a part of the target volume can potentially be 

identified for motion-assisted sonication. It is a fair assumption that this volume would 

consist of positions (in the stationary frame of the MR-HIFU system) where part of 

the target is present, always, regardless the respiratory phase. Then by placing the 

Figure 1: Illustration of combined motion-assisted/gated HIFU treatment. Motion-

assisted/gated HIFU treatment follows the same steps as conventional MR-HIFU with a 

planning and therapy delivery phase. As part of the planning, a 4D-MRI set to 

characterize the target motion is acquired and is then used to generate an optimized plan 

that takes into account this target motion. More details on this optimization are provided 

in Figure 2. In the treatment phase, the system delivers motion-assisted sonications by 

applying power throughout the respiratory cycle, or gated sonications by limiting energy 

delivery to end expiration. 
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HIFU transducer focus at such a location, a MA-HIFU sonication can be delivered.  

As illustrated in figure 1, based on acquired 4D-MRI data, the system takes into 

account tissue displacement throughout the respiratory cycle and generates an 

optimized plan for therapy, consisting of motion-assisted sonications (green), where 

energy is delivered throughout the respiratory cycle, and gated sonications (blue), 

where gating is limited to end expiration. In the following sections, the key steps and 

a possible implementation of an algorithm for motion-assisted/gated MR-HIFU 

planning are introduced.      

The planning of the combined motion-assisted/gated MR-HIFU method is divided 

into four steps, as described below and illustrated in figure 2: 

 

(1) 4D Motion characterization  

(2) Target volume segmentation 

(3) Thermal dose simulation  

(4) Planning optimization 

Figure 2: Illustration of the combined motion-assisted/gated sonication planning approach 

and its four main steps. 
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4D Motion characterization  

First, a 4D-MRI data is acquired from which the displacement fields are extracted 

describing the target motion throughout the respiratory cycle. A golden angle self-

navigated stack of stars 4D-MRI sequence as described by Stemkens et al (112) was 

used for image acquisition,  The main sequence parameter settings were: TR=3.0 ms, 

TE=1.45 ms, Flip angle=30°, FOV=350 x 350 x 200 mm3, Matrix size = 233 x 233 x 

51. After acquisition, all spokes were sorted into (K=10) phases covering the 

respiratory cycle using phase binning. 

For planning in this framework, a common coordinate system to the patient and MR-

HIFU hardware needs to be defined. In this study this domain will be called Ω, which 

is equal to the acquired 4D-MRI volume dimensions and discretized at the imaging 

resolution: Ω ⊂ ℝ3. In this domain, (x,y,z) are indices of locations centered in the 

voxels of Ω. For motion characterization, an L2-L1 optical flow 3D image registration 

algorithm was used to extract the displacement fields describing the target 

motion.(108). Optical-flow image registration is a non-rigid registration method based 

on a spatially constrained model (i.e., voxel intensity conservation along the 

trajectory, using a transport equation)(151). As implemented, the L2-L1 algorithm 

allows to capture any type of elastic deformation under the assumption that motion 

amplitude between one pixel and its neighbors is encompassed within the 3D acquired 

volume and locally constrained to smooth spatial variations (108). The motion 

estimation in the pancreas with this acquisition and registration method has previously 

been evaluated, and a mean residual error of 0.51 mm was found (112). 

For each respiratory phase the MRI image was registered to the first respiratory phase. 

In this volume, a target volume and its margins were manually segmented 

defining 𝑀1(𝑥, 𝑦, 𝑧), a binary mask which contains N locations in Ω. From the 

registration step, as an output, vector field displacement are saved and will be used in 

the next step. 

Target volume segmentation 

As opposed to treatment planning for a static organ, for motion-assisted/gated MR-



 

62 

 

HIFU, a sonication strategy has to be assigned to all points within the target volume. 

This is achieved by segmenting the target into two subsets. For each target location, 

the sonication strategy is allocated based on the calculated presence probability 

throughout the respiratory cycle as explained below.  

First all positions of 𝑀1(𝑥, 𝑦, 𝑧) are spatially transformed to take into account the 

target displacement: 

𝑀𝑘(𝑥, 𝑦, 𝑧) = 𝑇𝑘(𝑀1(𝑥, 𝑦, 𝑧))   (1) 

 

The 𝑀𝑘 set constitutes a set of binary masks that is obtained by applying the 

transformation 𝑇𝑘, which describes the respiratory motion, to the binary mask 𝑀1, 

defining the target in the first volume of the 4D series. In applying the transformation 

𝑇𝑘  , we used a linear interpolation followed by a thresholding at 0.5 in order to obtain 

a transformed binary mask. Thus, the 𝑀𝑘 describe the position of target through the 

respiratory cycle. Then, projection over the respiratory phases, i.e. along the time axis, 

of the segmented target volume yields a 3D likelihood map P(x,y,z), according to: 

𝑃(𝑥, 𝑦, 𝑧) =
1

𝐾
∑𝑀𝑘(𝑥, 𝑦, 𝑧)

𝐾

𝑘=1

,    ∀ (𝑥, 𝑦, 𝑧) ∈ Ω ⊂ ℝ3 (2) 

P(x, y, z) indicates the presence of  𝑀1 at all given positions (x,y,z) through all 

respiratory phase k. At all positions, P has a value between 0 and 1 with a step of 1/K. 

If P(x,y,z) = 1, then sonications at this location would at all times fall within the target 

volume, therefore making this location a candidate for MA-HIFU. 

Based on this threshold value P=1, we propose to create two subsamples of locations: 

𝐶𝑠 = { (𝑥, 𝑦, 𝑧) ∈  𝑀1 | P(x, y, z) = 1} (3) 

                                                              𝐺𝑠 =  𝑀1\𝐶𝑠, (4) 
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Here Cs is the set of points where continuous sonications are possible and Gs is the set 

of points where gated sonications should be performed. The subset 𝐶𝑠 are the points 

within  𝑀1 where the likelihood is 1 and 𝐺𝑠 are all the others points within  𝑀1. 

Therefore by the definition of 𝐶𝑠 and 𝐺𝑠 from equation 3 and 4 the number of elements 

of their union should be equal to N. 

Thermal dose simulation  

It is assumed that an acoustic window exists that allows HIFU sonications at all N 

selected locations in our target. As a next step, temperature profiles were simulated 

and the associated thermal dose calculated.  

The temperature profiles were simulated using Penne’s Bio Heat Transfer Equations 

(BHTE) model (152). The bio-heat transfer equation (BHTE) was employed as the 

model for 3D temperature prediction, which includes the applied acoustic power 𝑃, a 

priori knowledge of the absorption rate 𝛼, the heat diffusion coefficient 𝐷 and the 

perfusion value 𝜔.  

𝜗

𝜗𝑡
𝑇(𝑟, 𝑡) = 𝛼. 𝑃(𝑟, 𝑡) + 𝐷. ∇2𝑇(𝑟, 𝑡) − 𝜔. 𝑇(𝑟, 𝑡) (5) 

where ∇2 is the Laplacian operator, and 𝑟 = (𝑥, 𝑦, 𝑧) is the spatial location.  

In the implemented model, the coefficients 𝑃, 𝛼, 𝐷 and 𝜔, were assumed to be 

spatially and temporally invariant. The spatial distribution of the acoustic pressure 

field was assumed to have a gaussian pressure model aspect (σ=2mm). Simulations 

(110)were performed with an applied acoustic power 𝑃 of 450W and 30s duration. 

The acoustic properties of the pancreas were taken from (153):  density=1045 kg/m3, 

Thermal conductivity = 0.51 W/m/°C, Specific Heat = 3164 J/kg/°C, Perfusion rate= 

4.5 kg/m3/s. 

To evaluate the effect of motion on the sonication protocol at all locations included in 

Cs, the extracted displacement vectors from the 4D-MRI data were used in Eq. 5 as a 

trajectory 𝑟(𝑡) . The extracted displacement vectors were interpolated in the time 

domain to match the temporal resolution of the thermal simulations, which was set to 
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40ms to guarantee numerical stability. For interpolation in the time domain, a 

symmetrical low pass Finite-duration Impulse response Filter (FIR) was used with the 

purpose to minimize the interpolated errors(154). The extracted displacement vector 

fields were applied as a trajectory on the reference volume to simulate the effect of 

MA-HIFU.  

For the simulated sonications, the applied power duration was set as follows. For MA-

HIFU and static sonications, power was applied during 30s. For gated sonications, the 

maximum sonication duration was 30s, but during this 30s the energy delivery was 

only allowed during end expiration as shown in figure 1, as it has been shown to be 

feasible in the liver in a preclinical study (36). 

For all simulated sonication locations in both Cs and Gs, the delivered thermal dose 

was calculated from the temperature profile using the Sapareto-Dewey expression to 

convert temperature history to cumulative equivalent minutes (CEM) (65). In the 

CEM 43°C representation, the thermal dose required to create a thermal lesion is 

equivalent to an exposure of 240-min at 43°C (155). In this study, the 240 CEM 

threshold was used as ablation threshold. 

At the end of this step a set of N thermal dose volumes Di(x,y,z) associated to all 

locations, was created and saved. 
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Planning optimization 

This step aims at minimizing the total number of sonications required to ablate the 

whole target. An optimization problem can be formulated with the purpose to 

minimize the number of locations sonicated in Cs and Gs   combined to reach total 

ablation of the target volume. The optimization problem can be considered linear 

because the thermal dose is additive, and assuming that all sonications can be 

considered independent (i.e., that sufficient cooling time is allowed between the 

sonications). Therefore, the optimization problem to find the minimum number of 

sonications needed can be written as:  

{
 
 

 
 𝑚𝑖𝑛∑𝑥𝑖

𝑁

𝑖=1

𝑥𝑖  ∈  {0,1}    1 ≤ 𝑖 ≤ 𝑁
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝐶𝑥 ≥ 𝛾

                    (6) 

 Here, 𝑖, 1 ≤ 𝑖 ≤ 𝑁 is the index of a spatial location (x,y,z) in  𝑀1 

 𝑥𝑖 , 1 ≤ 𝑖 ≤ 𝑁 is a binary variable associated with each spatial location i: 

o  𝑥𝑖 = {
1 if the point i has to be sonicated

0 otherwise
 

 ∑ 𝑥𝑖
𝑁
𝑖=1  corresponds to the number of points to be sonicated  

 γ is 1D representation of the 3D target volume: 

o  γ𝑖 ∈ ℝ
𝑁 

o  γ𝑖 = {
240 𝑖𝑓 𝑡ℎ𝑒 𝑙𝑒𝑡ℎ𝑎𝑙 𝑑𝑜𝑠𝑒  𝑎𝑡 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  

 𝐶 is a cover matrix 𝐶 ∈ ℝ𝑁∗𝑁, 𝐶𝑖𝑗 is obtained from the simulated doses 

Di(x,y,z) and represents the simulated dose at location j when the sonication 

is applied at location i. 

To solve the optimization problem from Eq. 6 the dual-simplex method for solving 

large scale problems from the optimization toolbox of matlabTM (MathWorks, 

Natick, MA) was used (156). This final step leads to creation of set of points with 𝑥𝑖 =

1, composed of both continuous and gated sonications optimized to reach ablation of 

100% of the target (i.e., 240 EM within the tumor volume).  
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Planning studies on volunteers and method comparison 

In order to investigate the feasibility of our approach, six volunteers were scanned on 

a 3.0-T clinical scanner (Ingenia, Philips, Best, The Netherlands) using the 28-channel 

body array receive coil. Institutional Review Board approval for this volunteer study 

aimed at MRI protocol development had been granted and written informed consent 

was obtained from all volunteers. In clinical practice, to create a proper acoustic 

window on the pancreas with the patient lying prone on the MR-HIFU table top, 

compression of the tissues on the ventral side of the pancreas would be needed. 

Therefore, all volunteers were scanned prone on a flat table with a compression device 

positioned under their xiphoid process [30]. Data were acquired to cover the whole 

pancreas throughout the respiratory cycle. For the evaluation, the target volume was 

defined as the entire pancreas head for every volunteer. The target was manually 

segmented on the first phase of the 4D-MRI data set. 

Three scenarios were evaluated, first, the proposed combined motion-assisted/gated 

approach. Second, the target was assumed to be static and in the third, only gated 

sonications were used. For scenarios 2 and 3, single point sonications were simulated 

at every location in the target with the same protocol as the one we used in the 

combined motion-assisted/gated approach. The linear optimization step described 

above was used for all three scenarios. This led to creation of three sets of optimized 

sonications for every volunteer. The number of sonications needed to reach 100% of 

ablation of the target was used to compare the efficiency of the strategies. For the 

combined method, the percentage of the target volume ablated using continuous 

sonications was also assessed. 

Influence of target size and displacement amplitude 

Between subjects, tumor size and induced respiratory displacement may vary 

considerably and these parameters are expected to significantly influence the 

applicability and performance of the sonication strategies. Therefore, a simulation 

study was carried out using in-vivo displacement patterns obtained in the volunteers. 

The effect of both displacement amplitude and target volume size on the planning and 
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number of sonications needed to ablate the target was investigated.  A spherical tumor 

model instead of the pancreas head was used as the target. Four spherical models of 

varying diameter (25, 30, 35 and 40 mm) with respective target volumes of (8, 15, 22 

and 34mL) were evaluated. For each target volume, the number of sonication to reach 

total ablation with our method was evaluated. This was done for different 

displacement amplitudes, ranging from 5 to 25 mm. 
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Results 

Planning studies on volunteers and method comparison 

An example of the 4D-MRI data, with the segmented pancreas head and the resulting 

likelihood maps is shown in fig 3a. In this volunteer, the maximum displacement 

amplitudes were 8 mm in the cranio-caudal direction, and less than 1 mm in the antero-

posterior and left-right directions. In this volunteer, the volume for which P=1 covers 

90% of the target volume. Overall, in our six volunteers the main direction of motion 

Figure 3: (a) Typical example of acquired 4D images and likelihood map. A red 

referenced line positioned at the boundary of the organ in the reference phase are there 

to help the reader to visualize the motion of the target. The color overlaid represents the 

likelihood map P(x,y,z)in X, while the contour of the target in the reference phase is 

represented with a white contour. (b) Average displacement per ROI measured in all 

volunteer in the three main direction (antero-posterior, left- right and caudo-cranial). 
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was cranio-caudal with displacement amplitudes varying between 4 to 13 mm with an 

average of 8 mm. In the antero-posterior direction the maximum displacement was 

found to be less than 3mm, while in the left-right direction it was less than 2mm (fig. 

3b).  

Figure 4 shows an overview of the likelihood maps for all volunteers. It can be noticed 

that in all volunteers, most of the target was covered by locations with P=1 and the 

percentage of the target volume covered by continuous sonications varied from 76 to 

94 % with an average of 88%. 

Figure 4: Likelihood P(x,y,z) overlay in X on the reference image in all our volunteer. A 

single slice through the coronal and sagittal orientations are represented for all 

volunteers, while the contour of the target in the reference phase is represented with a 

white contour. 
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Figure 5 illustrates the effect of the optimization step where sonication locations are 

selected. If we were to sonicate all 1260 motion-assisted/gated locations the tumor 

would be severely overtreated, with the ablation threshold (240 CEM) far exceeding 

the margins of the target, as delineated by the green line. The optimization step only 

selected 53 shots, viz. 49 (green voxels) in the motion-assisted volume Cs and 4 (blue 

voxel) in the gated sonication volume Gs. In addition, the 240 CEM contour of the 

overall delivered dose is well within the margin volume, while still covering the full 

target delimited by the white contour. 

Figure 5: Typical example showcasing the linear optimization step. Single slices in the 

three orientations are showing, from left to right: all simulated locations (i.e., Cs and Gs), 

the maximum thermal dose associated with all these locations, the optimized points 

selected by our algorithm and its associated thermal dose. The contour of the target in 

the reference phase is represented with a white contour and as an indication a margin 

contour at 3mm of the target is indicated in green. Blue and green voxel are locations 

where gated and motion-assisted sonication can be achieved, respectively. 
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With all evaluated strategies (hybrid, gating and static), the desired thermal dose of 

240 CEM was delivered to the target volume, as shown in Figure 6. From the same 

number of simulated locations, in this volunteer 1260, a total of 97 locations were 

needed with gating, 53 with our hybrid strategy and 49 for the hypothetical static 

target. 

In Figure 7, the number of sonications needed to ablate the complete target volume is 

shown for all volunteers and strategies. In the hypothetical case of a static organ the 

number of sonications was the lowest, ranging from 49 to 78, with an average of 62 

sonications. The gated scenario needed the highest number of sonications within a 

range of 97 to 159 sonications with an average of 126. Our combined approach came 

close to the hypothetical static case with a range of 53 to 123 sonications with an 

average of 78. Overall, a stationary target would have allowed the lowest number of 

Figure 6: Comparison of delivered thermal dose and planning sonications after 

optimization in three scenarios respectively, motion-assisted/gated, gated and static 

scenario. The contour of the target in the reference phase is represented with a white 

contour and as an indication a margin contour at 3mm of the target is indicated in green. 
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sonications, except in 

volunteer 2, where the 

combined motion-

assisted/gated approach 

achieved the lowest number of 

sonications to ablate the 

complete target. In average in 

this study, gated sonication 

allowed energy delivery during 16s ± 1s per sonication. 

Influence of target size and displacement amplitude 

The variation of the two sonication volumes (Cs and Gs) are shown as a function of 

the displacement amplitude, for all target volumes in fig 8a. Cs volume linearly 

decreases for an increase in displacement amplitude while Gs increases for an increase 

in displacement amplitude. For all target volume sizes, the same tendency can be 

Figure 7: Optimized number of sonications to ablate 

the overall target in all volunteers as a function of 

different energy delivery strategies: gated, combined 

(motion-assisted/gated) and static. 

Figure 8: (a) Evolution of the continuous sonication (Cs) and gated sonication (Gs) volume 

as a function of the maximum motion displacement in four different tumor volumes (8, 

15, 20, 34 mL). Coverage volume is expressed as a percentage coverage of the target M1. 

(b) Number of sonications needed to achieve 100% ablation as a function of the maximum 

motion displacement for the same four different tumor volumes. The number of 

continuous and gated sonications within the overall number of sonications is also 

represented. 
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observed. Conversely, for the same displacement amplitude an increase in tumor 

volume leads to superior 𝐶𝑠 volume coverage. For an 8 mL target volume, at 25 mm 

displacement amplitude none of the target is suited for continuous sonication, while 

with a 34mL target 25% of the target could be accessed. Overall, the number of 

sonications required to reach ablation of 100% of the target volume increased as a 

function of the maximum motion amplitude and the tumor volume (fig 8b). For all 

target volumes, a 5 mm displacement amplitude, would allow coverage of the 

complete target with MA-HIFU sonications only, while for 10 mm and over the 

number of gated sonications required increased with increasing motion amplitude.  
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Discussion 

In this study, an automated planning approach for a combined motion-assisted/gated 

MR-HIFU approach was introduced for the treatment of the pancreas head and 

compared to a gating scenario and a hypothetical static case. Based on the acquired 

in-vivo motion data the combined approach would outperform a fully gated sonication 

strategy and reduce the number of required sonications for ablation of the full target. 

The hypothetical case of the static pancreas represented a reference scenario with 

respect to the achievable treatment time, given the chosen and simulated HIFU energy 

delivery protocol. We demonstrated that similar results could be achieved using 

combined MA-HIFU and gating. Furthermore, in one volunteer our proposed method 

achieved a lower number of sonication which can be due to the specific geometry of 

the target. Therefore, this approach holds potential for time efficient MR-HIFU 

treatment in the pancreas head, making it of interest for further evaluation. 

Clinically, promising results with Ultrasound guided and MR guided HIFU have 

already been shown for pancreatic tumors (95,102). However, in both reports, 

respiratory motion has been outlined as a remaining technical challenge and this 

approach could contribute to a solution. In the pancreas, displacement amplitudes of 

7.5 ± 4.6mm in prone position were observed (144). The motion estimates in the 

volunteers in this study fall within the same range. From the literature, the average 

tumor size for pancreatic adenocarcinoma has been reported to be 33±10 mm (157).  

When looking at the results of our simulation study, it appears that the pancreas 

benefits from its relative low displacement amplitude versus organ size which leads 

to a large target volume available for the MA-HIFU approach.  

The method proposed here represents one possible implementation for this planning 

approach. The golden-angle stack of stars 4D-MRI acquisition is not yet widely 

available on all systems, and investigating the use of other sequences could be of 

interest. The authors made the choice to design an optimization step based on thermal 

dose. This choice was motivated by the additive property of the thermal dose, making 

the formulation of the optimization problem simple. In this study, the dual simplex 

method allowed us to find a solution to the optimization problem in all cases. The 
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development of algorithms to solve minimization of linear functions is an ongoing 

field of research in computer science, so the optimization approach used is by no 

means the only one possible. However, improving the solver for the optimization 

problem itself was beyond the scope of this paper.  As implemented the optimization 

step creates a minimum thermal dose of 240 EM over the entire target, but no 

maximum was set. As such, the authors made sure that the obtained planning would 

lead to ablation of the entire target, possibly with areas receiving a thermal dose above 

240EM. 

In our matlabTM implementation the image registration of each 4D-MRI dataset was 

performed under a minute. The linear optimization was done within a maximum time 

of 90s. The BHTE simulation was the most time consuming task because the thermal 

dose was computed sequentially for all points, however, all sonications are 

independent and can therefore be computed in parallel under a GPU implementation.  

In this combined strategy, the temporal projection step is crucial to determine which 

parts of the target should be treated with MA-HIFU and gating. From our volunteer 

study, it appears that the likelihood threshold value of 1 allows to cover most part of 

the pancreas with MA-HIFU sonications, which is one of the main reasons behind the 

improved sonication efficiency. These results were obtained for a spherical target, 

which is representative for many pancreas tumors. However, for tumors with a 

different shape, the extent of the tumor volume in the main direction of respiratory 

motion will play a key role in determining the fraction of the target covered by 𝐶𝑠. 

Some limitations in this study need to be addressed. The acoustic access was assumed 

to be similar for all target points, which may not be the case during real treatment. 

This should be investigated in further studies. In this work, the respiratory motion was 

assumed to be regular and cyclic. During prolonged MA-HIFU treatment, bulk motion 

or variation in displacement amplitude may occur. Thus, the use of motion tracking 

and displacement anticipation solutions might be needed to enable safe treatment. 

Solutions have already been proposed for tracking three-dimensional respiratory 

motion with two–dimensional real-time MRI image series (158) and adaptive methods 

anticipating organ motion as well (159). Evaluation of these approaches in the context 
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of MA-HIFU sonication would be of interest. Real-time temperature and motion 

monitoring would play a major role in this treatment procedure. Some online tools 

have been already proposed to achieve these tasks but it would be needed to evaluate 

them in this context (58,59,63,109,146,160). Future work should include pre-clinical 

and clinical experiments to demonstrate its in-vivo feasibility with actual HIFU 

heating. It should also include the development and evaluation of online adaptive 

planning tools and dose deposition update. 

We introduced a planning strategy for combined motion-assisted/gated MR-HIFU for 

tumor ablation in the pancreas. When compared to the gated sonication approach, a 

careful planning for combined motion-assisted/gated MR-HIFU may accelerate the 

treatment procedure. 
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Chapter 5  

Respiratory and cardiac triggered three-dimensional 

sheath inked rapid acquisition with refocused echoes 

imaging (SHINKEI) of the abdomen for magnetic 

resonance neurography of the celiac plexus 
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Abstract 

The visualisation of the celiac plexus using respiratory and cardiac-triggered three-

dimensional (3D) sheath inked rapid acquisition with refocused echoes imaging 

(SHINKEI) was evaluated. After ethical approval and written informed consent, eight 

volunteers (age 27 ± 5 years, mean ± standard deviation) were scanned at 1.5 and 3 T. 

Displacement of the celiac ganglia due to aortic pulsatility was studied on axial single-

slice breath-hold balanced turbo field-echo cine sequences in five volunteers, and 

found to be 3.0 ± 0.5 mm (left) and 3.1 ± 0.4 mm (right). Respiratory and cardiac-

triggered 3D SHINKEI images were compared to respiratory and cardiac-triggered 

fat-suppressed 3D T2-weighted turbo spin-echo and respiratory-triggered 3D 

SHINKEI in all volunteers. Visibility of the celiac ganglia was rated by three 

radiologists as visible or non-visible. On 3D SHINKEI with double-triggering at 1.5 

T, the left and right ganglia were seen by all observers in 7/8 and 8/8 volunteers, 

respectively. At 3 T, this was the case for 6/8 and 7/8 volunteers, respectively. The 

nerve to muscle signal ratio increased from 1.9 ± 0.5 on fat-suppressed 3D T2-

weighted turbo spin-echo, to 4.7 ± 0.8 with 3D SHINKEI. Anatomical validation was 

performed in a human cadaver. An expert in anatomy confirmed that the hyperintense 

structure visible on ex-vivo 3D SHINKEI scans was the celiac plexus. In conclusion, 

double-triggering allowed visualization of the celiac plexus using 3D SHINKEI at 

both 1.5 T and 3 T.  

Keywords: Abdomen, Celiac plexus, Magnetic resonance imaging, Organ motion.  
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Introduction 

Magnetic resonance neurography (MRN) methods allow visualization of peripheral 

nerves by generating contrasts based on the relatively long T2 relaxation time of 

endoneurial fluid (161), and/or based on restricted diffusion within axons (162,163). 

Recent peripheral nerve imaging studies have demonstrated a potential for depiction 

of three-dimensional (3D) nerve anatomy and disorders using MRN techniques such 

as T2-weighetd turbo spin-echo (TSE) and diffusion weighted imaging (DWI) in both 

the lumbosacral and the brachial plexus [2, 4]. Advantages and limitations have been 

shown for either approach: exploiting the contrasts based on differences in T2 delivers 

high-resolution images which typically show nerve signal isointense to that of slowly 

flowing blood. On DWI, nerves are hyperintense, but since DWI commonly employs 

echo-planar imaging (EPI) read-outs, it often suffers from relatively low spatial 

resolution and image distortion (165,166). 

Recently, 3D  sheath inked rapid acquisition with refocused echoes imaging 

(SHINKEI) was introduced, which combines an improved motion sensitized driven 

equilibrium (iMSDE) prepulse with a T2-weighted fat-suppressed sequence in order 

to suppress signal of slow flowing blood (167,168). In a recent study, 3D SHINKEI 

of the lumbosacral plexus was shown to increase the contrast of nerve to surrounding 

tissue as compared to 3D inversion-recovery TSE, resulting in better conspicuity of 

smaller nerve branches (169). 

In the abdomen, MRN methods have not yet been implemented. These methods would 

have value for imaging the celiac plexus, a dense neuronal network in the 

retroperitoneum which surrounds the celiac trunk and the root of the superior 

mesenteric artery (SMA) and includes two large celiac ganglia (170). However, the 

complex anatomy and the organ motion due to respiration and peristalsis pose 

challenges for MRN in the abdomen. Moreover, the celiac plexus might also be 

subject to tissue displacement caused by pulsation of the aorta (171). We hypothesized 

that 3D SHINKEI is a good candidate for imaging the celiac plexus, based on its 

capabilities to suppress signal from background tissues and from slowly flowing 

blood, provided that cardiac and respiratory motion are adequately compensated. 
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In this study, we evaluated whether double-triggered 3D SHINKEI improved 

visualization of the celiac plexus as compared to the visualization obtained with 

respiratory-triggered 3D SHINKEI and double-triggered fat-suppressed 3D T2-

weighted TSE. Because of the known location of the celiac plexus close to the aorta, 

tissue displacement was expected in the target area. Therefore, we characterized the 

motion over the cardiac cycle. In addition, an anatomical validation was performed 

in a human cadaver. 
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Material and Methods 

Ethical approval for the volunteer study aimed at developing a magnetic resonance 

imaging (MRI) protocol had been granted by the medical ethics committee of the 

University Medical Center of Utrecht (NL53099.041.15) and written informed 

consent was obtained from all volunteers. Eight healthy volunteers (age 27 ± 5 years, 

mean ± standard deviation) were scanned in two independent sessions at 1.5 and 3 T 

using clinical scanners (Ingenia, Philips Healthcare, Best, The Netherlands). 

Volunteers were scanned in supine position. Images were acquired using a 16-element 

array anterior coil and a 12-element array posterior coil for signal reception. 

Aortic pulsatility imaging and displacement measurements 

An axial single slice breath-hold balanced turbo field-echo cine sequence was 

acquired two times in the same scan session at the level of the SMA in five volunteers. 

The mixed image contrast of this sequence provides high fluid signal and background 

tissue contrast, making it attractive for measuring the tissue displacement caused by 

aortic pulsatility at the location of the celiac ganglia. Data were acquired over multiple 

heartbeats using vector cardiogram, triggering and retrospectively binned into 30 heart 

phases. Scan parameters were: repetition time 2.9 ms; echo time 1.44 ms; turbo factor 

17; reconstructed voxel size 0.99  0.99  8 mm3; scan duration 9s; number of 

excitation 1. An optical flow based method (108) was used to register the cine images 

so as to obtain displacement maps for all cardiac phases. These maps were used to 

determine tissue displacement inside circular regions of interest positioned at the 

expected locations of the celiac ganglia. Next, the cardiac trigger delay was set to be 

as short as possible to allow MRN data acquisition during the most favourable part of 

the cardiac cycle. 

In-vivo MRN of the celiac ganglia 

Fat-suppressed 3D T2-weighted TSE and 3D SHINKEI data was acquired 

with the parameter settings summarised in Table 1. All volunteers, were 

scanned in two independent sessions at 1.5 and 3 T using the following 

protocol: 
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 1) respiratory and cardiac triggered fat-suppressed 3D T2-weisghet TSE; 

 2) respiratory triggered 3D SHINKEI; respiratory and cardiac triggered 3D 

SHINKEI. 

Physiology signals for triggering were obtained using a respiratory belt and a 

peripheral pulse unit. The respiratory trigger delay was set to 400 ms, such 

that the acquisition window would start in a stable expiration phase. In all 

acquisitions, three saturation bands were added to further suppress peristaltic 

motion artifacts. 

The visibility of the celiac ganglia was assessed by three trained radiologists with 

respectively 4, 11, and 4 years of experience. Visibility was rated on a binary scale: 0 

if not visible and 1 if visible. When visible, the ganglia were manually segmented 

slice by slice by a single observer (C.J.F) and labelled as left or right ganglia 

Sequence / 

Parameter 

Field of 

view 

(mm) 

Resolution 

(mm3) 

TR/TE 

(ms) 

Flip 

angle 

Bandwidth 

per pixel 

(Hz) 

iMSDE 

3D T2-

wTSE 

250  

250  

100 

1.1  1.1  

1.0 
3000/57 90° 431.7 Not applied 

3D 

SHINKEI 

(1.5 T) 

250  

250  

100 

1.25  1.25 

 2.5 
2400/51 90° 1,034.3 

Venc = 

1 cm/s 

Tprep = 

50 ms 

3D 

SHINKEI 

(3 T) 

250  

250  

100 

1.0  1.0  

2.0 
2400/61 90° 1,034.3 

Venc = 

 1 cm/s 

Tprep = 

50 ms 
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depending on their position relative to the main vascular landmarks (aorta, SMA and 

celiac trunk). The number of volunteers in whom ganglia were visible was reported 

for every sequence at both field strengths, and for left and right ganglia separately. 

Ganglia were considered visible if all three readers could independently identify the 

structure. 

The nerve signal Sn in the regions of interest of the ganglia was compared to the signal 

reference Sm of the musculus erector spinae, by calculating the signal ratio as follows:  

𝑅𝑛𝑚 =
𝑆𝑛
𝑆𝑚

 (1) 

 

Ex-vivo anatomical validation study  

A formaldehyde-fixated human cadaver torso was derived from a body, which entered 

the department of anatomy through a donation program. Written informed consent 

was obtained during life that allowed using the entire body for educational and 

research purposes. The torso was scanned at room temperature in supine position on 

a 3-T scanner (Ingenia, Philips Healthcare, The Netherlands), using the same 

protocols and parameter settings as those for volunteer scanning, except for a fixed 

repetition time of 4,000ms. After MRI, a 15-cm3 frozen volume containing the celiac 

plexus region was cut from the torso. Axial slices were cut using a cryomacrotome 

(CM3600 XP, Leica, Wetzlar, Germany) and photographed at 0.5-mm intervals, with 

a field of view of 200  150 mm2 with a matrix of 2,560  1,920. The obtained 

cryomacrotome images were used as the reference ex vivo data set. 

These reference ex-vivo data set was co-registered to the cadaver images. First, a 

manual initialization with rigid transformation was done. Secondly, an affine 

registration was performed using in-house developed software (Elastix, Image 

Science Institute, Utrecht, The Netherlands) (172). An expert in anatomy with over 

25 years of experience (R.L.A.W.B) was asked to identify the celiac ganglia on the 

reference ex vivo images. Then, image overlay was used to assess the correspondence 
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between the structures identified as the celiac ganglia on the reference ex vivo images 

and ex vivo MRI, respectively. 

Statistical analysis 

Tissue displacement and signal ratio 𝑅𝑛𝑚, were reported as median and range over all 

subjects. 𝑅𝑛𝑚 distributions values were compared using a Wilcoxon signed-rank test: 

comparisons were performed per ganglion and between double-triggered 3D 

SHINKEI and 3D T2-weighted TSE. A p-value lower than 0.05 was considered 

statistically significant. 

Results 

Aortic pulsatility imaging and displacement measurements 

Two representative examples of cine images at minimum and maximum cross 

sectional area of the aorta over the heart cycle illustrate the induced tissue 

displacements seen at the level of the SMA (Fig. 1). The area of the plexus moved 

mainly in the anteroposterior direction, with maximum displacements of 

approximately 3 to 3.5 mm immediately near the aorta where the celiac plexus was 

expected to be located (see Fig. 1a,b). Displacements decreased with distance from 

the aorta, but remained well over 1 mm within a 50-mm diameter area (see Fig. 1a). 
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The subjects had a relatively stationary phase of approximately 600 ms duration, 

during which the displacements were less than 1.5 mm (see Fig. 1b). Similar results 

were obtained in all five volunteers. On average, the left and right ganglia 

displacements were found to be 3.0 mm (range 2.4 – 3.6 mm) and 3.1 mm (range 2.5 

– 3.9 mm), respectively. 

In-vivo MRN of the celiac ganglia 

A representative case of the improved image quality obtained using double-triggering 

at the level of the celiac plexus is shown in Fig. 2. In this example, the ganglia present 

Figure 1: a) Representative cine images acquired in two volunteers at the level of the 

superior mesenteric artery. Phases with minimum (left) and maximum (middle) aorta 

diameter are shown, i.e., phase 1 of 30 and 10 of 30, respectively. The induced 

displacement amplitude over the cardiac cycle is presented as a color coded overlay on 

the anatomy (right). Arrows illustrate amplitude and direction of the displacements. B) 

Variation of the motion amplitude over the cardiac cycle. White asterisks in a indicate 

where the displacement was evaluated 
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as a laminar shaped hyperintense structure on the right side of the celiac trunk and 

multiple hyperintense structures on the left side. On respiratory triggered 3D 

SHINKEI images, only in a single volunteer a ganglion was identified by all 

observers: a left ganglion at 3 T and a right ganglion at 1.5 T.  

Figure 2: Typical axial-acquired image, centred at the level of the celiac trunk, 

obtained with 3D T2-weighted TSE and 3D SHINKEI sequences in the healthy 

volunteer #1. 3D SHINKEI images with respiratory triggering only at 1.5 T (c) and 3 T 

(d) show significant motion artifacts: blurring, signal loss, and noise band in phase 

direction. These artifacts mostly disappeared after adding cardiac synchronisation to 

the 3D T2-weighted TSE sequence at 1.5 T (a) and 3 T (b) or to the 3D-SHINKEI 

sequence at 1.5 (e) and 3 T (f). The right (solid white arrows) and left ganglia of the 

celiac plexus (dashed white arrow) are clearly distinguishable as hyperintense signals 
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On double-triggered 3D-SHINKEI and 3D T2-weighted TSE images, at 3 T 8 out of 

8 right ganglia and 6 out of 8 left ganglia were visible; at 1.5 T, on double-triggered 

3D-SHINKEI images, 8 out of 8 right ganglia and 7 out of 8 left ganglia were visible, 

while on double-triggered fat-suppressed 3D T2-weightes TSE images, the right 

ganglion was visible in 7 out of 8, and the left ganglion in 6 out of 8 volunteers. 

Quantitative analysis showed that nerve-to-muscle signal ratio was consistently higher 

on the double-triggered 3D-SHINKEI images compared to fat-suppressed 3D T2-

weighed TSE images (Fig. 3). At 3 T, the 3D-SHINKEI signal ratios were 4.2 (range 

3.4 - 6.1) and 3.7 range (3.0 – 5.8) for the right and left ganglia, respectively, with a 

significant increase (p < 0.001) with respect to the signal ratios on fat-suppressed 3D 

T2-weighted TSE of 1.6 (range 1.3 – 2.2), right ganglia and 1.7 (range 1.2 – 3.0), left 

ganglia. Likewise, the signal ratios at 1.5 T increased from 1.7 (range 1.1 – 3.0), right 

ganglia and 1.6 (range 1.2 – 4.1), left ganglia on fat-suppressed 3D T2-weighted TSE 

Figure 3: Nerve-to-muscle signal ratio (Rnm) at 3 T and 1.5 T 

for the 3D T2-weighted TSE, the respiratory-triggered 3D 

SHINKEI, and the double motion-compensated 3D SHINKEI 

sequences. The asterisk indicates that the measurement could 

only be done in one volunteer 



 

88 

 

images to 5.7 (range 3.8 – 6.0) and 5.0 (range 3.3 – 6.5) on 3D-SHINKEI images, 

respectively (p < 0.001). 

Ex-vivo anatomical validation study  

Based on color, location, configuration, size, and tissue contrast, the expert in anatomy 

identified two structures on the ex vivo reference image as the left and right celiac 

ganglia (Fig. 4). These locations coincided with that of distinctly hyperintense 

structures on 3D-SHINKEI images (see Fig. 4). In a sagittal reformat the two ganglia 

can be identified as elongated structures following the aorta from the level of the SMA 

to the level of the renal arteries (see Fig. 4). In terms of location and shape, the 

appearance of the celiac plexus on the ex vivo MRI corresponded to that on in vivo 

MRI.   

Figure 4: Comparison of ex vivo cryomacrotome images and 3D-SHINKEI images. The first 

row shows axial slices at the level of the superior mesenteric artery trunk: the cryomacrotome 

section (left), the corresponding 3D SHINKEI (middle) and an overlay (in green) of the 3D 

SHINKEI image on the corresponding cryomacrotome image (right). The second row shows 

the same data set reformatted in the coronal plane. The white asterisk indicates the position 

of the superior mesenteric artery. The locations of the right and left ganglia of the celiac 

plexus are respectively indicated by RG and LG, respectively 
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Discussion 

In this study, we showed the feasibility of imaging the celiac plexus in volunteers by 

using a 3D-SHINKEI sequence with combined respiratory and cardiac triggering. 

This motion compensation scheme substantially improved the visibility of structures 

identifiable as the left and right ganglia with respect to respiratory triggering only. 

The double-triggered 3D-SHINKEI sequence also increased the signal to background 

ratio as compared to double-triggered fat-suppressed 3D T2-weighted TSE. 

Comparison of the location, shape and aspect of the celiac ganglia in the ex vivo 

reference and MRI sets from the cadaver study, supported the anatomical 

interpretation of the in vivo volunteer scans. As such, double-triggered 3D-SHINKEI 

holds the potential for further evaluation in clinical and research settings. 

In this study, we measured the motion of the celiac plexus caused by aortic 

distensibility. In our population, the measured displacements were in a range of 3 to 

3.5 mm. From the literature it is known that the size of the ganglia vary between 5 to 

45 mm (173,174). The observed motion amplitude therefore amounts to 10% to 75% 

of the size of the structures of interest. This observation is a likely explanation for the 

superior conspicuity of the celiac ganglia on double motion compensated imaging 

strategies as compared to methods using respiratory triggering only. Similar 

improvement of abdominal imaging with combined respiratory and cardiac triggering 

has also been demonstrated in the context of diffusion weighted imaging (175,176), 

albeit that the mechanism for the sensitivity to the cardiac cycle in that case is mostly 

understood in terms of tissue deformation, rather than as being caused by 

displacement of small anatomical structures. 

High-resolution imaging of these structures would be of potential interest in different 

contexts. The celiac plexus is involved in various pain transfer mechanisms and is a 

target for image-guided pain palliation intervention (177). The efficacy of these 

procedures relies on precise targeting of the celiac plexus (178), which shows 

considerable anatomical variability (179). In addition, improved neurographic image 

quality in this anatomical region could also be of added value for tumour staging 

(180,181).  
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For this feasibility study, the evaluation was limited to assessing the visibility and 

contrast of the celiac ganglia. Further investigations are necessary to evaluate the 

value of the proposed method in radiological assessments. Also, this study was 

conducted in young healthy volunteers, in whom the selected triggering scheme led 

to a steady acquisition pattern. Further studies are required to evaluate the 

performance of double triggering in patients, who have a higher risk of uncontrolled 

motion that might lead to deterioration of the image quality. In addition, aortic 

distensibility is known to decrease with age, which may influence the necessity for 

cardiac compensation in a typical patient population (182). 

In conclusion, double-triggering allows visualization of the celiac plexus using fat-

suppressed 3D T2-weighted TSE and 3D SHINKEI at both 1.5 and 3 T. Contrast of 

the celiac ganglia was highest on 3D SHINKEI images. 
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Chapter 6  

General discussion 
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The work presented in this dissertation was aimed at developing methods for 

improving image-guided focused ultrasound therapy of pancreas cancer. The 

presented methods are discussed below, concluding with an outlook on future 

perspectives. 

This thesis dealt with multiple aspects of MR guidance for HIFU in the pancreas. 

Methods were developed to improve temperature monitoring, energy delivery and 

visualization of organs at risk.  

In chapter 2, existing strategies for motion compensation of PRFS temperature 

monitoring were translated to the pancreas and systematically evaluated. Challenges 

were identified in the area close to the digestive tract, in which air is frequently present 

leading to susceptibility artifacts. A potential solution was presented in chapter 2, by 

filling the digestive tract with a favorable contrast agent. In healthy volunteers we 

demonstrated an improvement of both accuracy and precision of temperature 

monitoring in the pancreas head. Its translation to the clinic appears feasible. Further 

improvements to the results presented could be obtained by making use of an 

improved filling with superior filling quantity and different contrast agent could be 

investigated. The combination with drugs to reduce bowel movement could also be 

considered. 

In chapter 3, it was demonstrated that maintaining temperature monitoring stability 

for an extensive duration in a large region with PRFS-MRT is challenging because of 

the B0 spatiotemporal drift at both 1.5 T and 3 T. A novel approach to compensate for 

these effects was introduced. It combines pre-acquired sensitivity profile information 

of each coil element to resolve spatial information and an online full volume 

acquisition of FID to record the drift of the center frequency associated with each 

acquired image. To allow sequential acquisition of the full volume FID and slice 

selective PRFS-MRT, a fast-dynamic alternating scheme was used. The introduced 

method was evaluated in a phantom experiment at 1.5 T and 3 T, and in-vivo at 1.5 

T. In all experiments, the introduced method was compared to referenceless MRT. 

The referenceless is inherently drift independent but, as was demonstrated in chapter 

3, is less robust to drift than the suggested FID method. The FID method allowed 
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superior spatiotemporal precision and accuracy, especially at 1.5 T where a higher 

number of coil element was used.  

For the pancreas, it remains to be demonstrated that the same methodology would 

work in the presence of motion. The same PRFS acquisition was used in chapter 2 

and 3. Therefore using the interleaved scheme introduced in chapter 3 with 

previously mentioned respiratory motion compensated PRFS temperature mapping 

method presented in chapter 2 should be feasible but remains to be done. In chapter 

3, it was shown that the referenceless method was outperformed by the newly 

developed, FID-based, PRFS-MRT. Hence, it should be feasible to combine the B0 

drift compensation with gating or multibaseline, possibly based on the interleaved 

scheme suggested in chapter 3. Hybrid methods have already been investigated for 

temperature monitoring. They present the advantage of using both atlas and 

referenceless based methods. The multibaseline approach was demonstrated to be the 

most robust method in chapter 2. A similar hybrid method combining the 

multibaseline and the FID-based method could be of interest for moving organs and 

should be investigated for robust MRT monitoring in the pancreas. Currently, the 

Sonalleve HIFU system uses information from a manually drawn ROI indicated by 

the user to correct for the drift effect (140). In the abdominal area, as demonstrated in 

chapter 2, strong artifacts from various origins can occurs in the MRT images 

rendering the use of any image-based type of correction methods prone to errors. 

Implementing the FID-based method developed in this thesis represents an interesting 

solution as it does not require any user input nor modification of sequences. Accurate 

temperature monitoring plays a crucial role in mild hyperthermia procedure as the 

information captured is used for power calculation and adaptation by using a feedback 

loop into the Sonalleve software piloting the ultrasound transducer (140).  

While motion insensitive acquisition schemes (i.e., EPI) have been investigated since 

a few decades, recent technological development enabled improved spatio-temporal 

resolution and could be considered for this application. Parallel imaging techniques 

have been tested within the context of temperature monitoring (183). One potential 

benefit of Simultaneous Multi-Slice acquisition for PRFS MRT would be to increase 
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the temporal resolution while maintaining the same volume coverage. However, most 

of the parallel imaging methods rely on a higher SNR provided by a higher number 

of coil elements. Coil setups with higher number of coil elements are not yet available 

with HIFU system and would be needed to benefit from this technology. 

In addition, 3D radial sampling acquisition schemes have been explored to acquire 

PRFS; a hybrid golden angle ordered with EPI encoding through plane was used for 

volumetric PRF thermometry (184), whereas improvements in temporal resolution 

were achieved by employing partial Fourier along the Cartesian encoded slice 

direction and using a k-space weighted image contrast filter (185). A recent study 

combining these encoding strategies with a variable flip angle acquisition enabling 

both acquisition of PRFS and T1 mapping for temperature monitoring was recently 

published (186). An in-plane resolution of 1.1 to 1.3 mm was achievable with an 

accuracy of 2 to 3°C for a 3D volume of 256 x 256 x 48 mm3. This illustrates the 

emerging possibility to move from motion insensitive acquisition using single slice 

EPI, to 3D volume image acquisition for temperature monitoring.  

Besides treatment monitoring by MR thermometry, treatment planning can potentially 

benefit from being able to capture the 3D motion state of the entire organ through the 

course of the respiratory cycle. Having access to 4D image information should 

become the new standard, in order to visualize the target position and its motion 

during treatment planning. The planning approach presented in chapter 4 was 

designed with this rationale in mind, and heavily relies on the 4D-MRI acquisition. 

This approach parallels the development in radiotherapy treatment guidance using 

first 4D-CT (187) and more recently by MR guidance (112,188). In chapter 4, a 

sonication approach using a fixed beam across all respiratory phases, MA-HIFU was 

introduced. The planning algorithm allowed to plan a pancreas MR-HIFU treatment 

in one fixed frame where positions of the target are anticipated and the system 

optimizes the treatment plan based on the target displacement during the respiratory 

cycle. The introduced method was evaluated in healthy volunteers based on recorded 

motion vectors. From the simulation work carried out in this study, sonications 
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throughout the respiratory motion would potentially reduce treatment time, with a 

heating efficacy close to what is achieved in static organs. 

In future iterations of the planning application, perfusion, tumor depth and tissue type 

in the beam path could also be taken into account to help minimize the amount of 

energy needed for ablation. 

While making use of respiratory motion has potential to reduce treatment time for 

thermal ablation, taking into account the target movement for planning a mild-

hyperthermia protocol could allow an increased volume coverage. MR-HIFU mild 

hyperthemia in a moving organ still represents a technical challenge (e.g., motion 

anticipation, drift correction…). One of the drawbacks of focused ultrasound therapy 

is the limited volume accessible with a fixed sonication pattern. The first approach to 

improve volume coverage was volumetric sonication by using circular or spiral 

trajectories. This heating strategy mainly makes use of the heat diffusion term from 

Pennes Bioheat equation to efficiently increase the thermal exposure volume (27). 

More recently, to be able to target larger tumor volumes, a combination of electronic 

steering and mechanical movement of the transducer was proposed (189). Using the 

respiratory motion to increase the heated volume in the context for mild-hyperthermia 

applications can be considered as an extra heating trajectory available. As the goal is 

to achieve a stable heating during an extended period within the full target volume, it 

would be advantageous to use this already present motion and implement a focus 

trajectory that works in synergy with respiration. Therefore, a similar planning tool as 

developed in chapter 4 can be considered with a different optimization formulation 

based on a target temperature for mild hyperthermia instead of thermal dose for 

ablation.  

In addition to planning, online adaptive tools are required to adapt the treatment plan 

to variability of physiology or of treatment efficiency. Gaining access to volumetric 

temperature monitoring could play a role in plan adaptation during treatment. One of 

the consequences of MA-HIFU sonication is that heat deposition is deformed by the 

respiratory motion. Therefore, monitoring temperature evolution in 3D and time could 

be helpful as input for plan adaptation. For example by inserting this information in 
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the heating model used in chapter 4 to adapt the plan online as a function of the actual 

measured thermal dose. Thus, planning in 4D should be developed in parallel with 

temperature monitoring in 3D and time. 

Finally, to make use of the respiratory motion for energy delivery of focused 

ultrasound in moving organs, as suggested in chapter 4, motion tracking is required. 

During planning the assumption that the target is always present at the selected 

sonication is made while considering a fixed motion amplitude (i.e., the one recorded 

during an average of multiple breathing cycles during 4D-MRI acquisition). During 

treatment that assumption must be verified. Therefore, a feedback loop mechanism 

evaluating the motion amplitude would need to be implemented to be able to stop 

energy delivery if the amplitude goes out of the limit recorded during planning to 

prevent for undesirable adverse effects. Technically, the optical flow image 

registration algorithm used in chapter 2 and 4 could be used for motion tracking in 

this application. An alternative implementation for online tracking would be to make 

use of a fast motion surrogate detection which can be MR based as pencil beam (37), 

noise information (190), or non MR based, external ultrasound probe (191) or optical 

sensors (108). FIDs like the one suggested in chapter 3 have also been used for 

motion detection (125).  

Treatment planning requires characterization and delineation of the target and the 

structures present close to it and in the beam path, including the organs at risks that 

are to be spared. In chapter 5, visualization of the celiac plexus, a nerve structure 

playing a major role in pain management in pancreatic tumor patients, has been 

investigated. In this work we investigated the feasibility of visualization the celiac 

plexus by applying cardiac and respiratory motion compensation to a recently 

developed T2-weighted sequence with diffusion-weighted suppression of fluid 

signals. Healthy volunteers were scanned with the suggested protocol. In addition, an 

ex-vivo validation experiment was performed to compare and validate the MRI 

findings with a reference anatomical set. The use of double triggering allowed to 

eliminate the effects of both respiratory and cardiac induced motion, to be able to gain 
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access to high resolution images and visualize the celiac plexus. This result was 

further confirmed by the ex-vivo anatomical validation. 

It appears that this sequence also holds potential to be able to visualize lymphatic 

structures which are of interest for cancer staging (77,192). The identification of all 

structures present in this area is complex as significant anatomical variability is 

observed in the population (173,174,177). 

The T2 weighted based imaging sequence used in chapter 5 requires long repetition 

times and leads to lengthy procedures. To address the long acquisition time the use of 

acceleration methods and other sampling trajectory mentioned above can also be 

considered e.g., SMS, radial sampling, compressed sensing. In addition, other 

contrasts e.g., balanced, Dixon methods (161,162) or quantitative methods (193) with 

shorter repetition times and access to different type of tissue contrast could be 

investigated.  

The iPaCT Project 

The work of this thesis took place within a European Union Funded Project: Image 

guided Pancreatic Cancer Therapy (iPaCT). This project aimed to develop novel 

technologies to enable imaged guided and locally targeted drug delivery in the 

pancreas. This encompassed a new focused ultrasound transducer design 

incorporating a standoff imaging probe and its integration into a research Sonalleve 

system. Novel thermosensitive liposomes formulation have also been developed 

(194). 

The ultrasound transducer design by Ramaekers et al. (195,196) improved the surface 

coverage as compared to the existing design, using a Voronoi-tessellated Fermat spiral 

arrangement of the 256 elements. The non-symmetrical arrangement of all elements 

improved performance outside of the geometric focus, e.g., reducing near field heating 

and enabling superior energy delivery with less off-focus grating lobes (196). To 

allow more efficient heating at depth, which is especially important for hyperthermia, 

the transducer was integrated within the HIFU table with a dual frequency matching 

board to allow sonication at 1.2 and at a lower frequency of 0.75 MHz.  
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Finally, pre-clinical experiments in a pig animal model were performed to 

demonstrate the feasibility of delivering acoustic energy to the pancreas head using 

this new transducer. The study aimed to demonstrate feasibility of both thermal 

ablation (>60°C) and mild-hyperthermia (≈41°C) energy delivery (197). Animals 

were under full anesthesia, and energy delivery continued throughout the respiratory 

cycle as suggested in chapter 4, using gated acquisition of temperature mapping as 

described in chapter 2. To improve acoustic coupling, an attempt to clear the beam 

path by manipulating the digestive tract with an acoustically transparent compression 

device (similar to that proposed in chapter 2) was performed and attempts to reach the 

pancreas head through the bowels were made. 

Pancreatic tissue was successfully ablated as was indicated by a non-perfused volume 

measured using DCE-MRI and confirmed by histology. Mild hyperthermia was 

induced for more than 10 min with an average temperature of 41°C, which should be 

sufficient to increase the local drug concentration in this tissue by triggering drug 

release from thermosensitive liposomes. These preliminary results showcased that 

targeting the pancreas head with this novel hardware allows the delivery of enough 

acoustic energy to achieve thermal damage, even during respiratory motion.  

Future perspectives 

In this thesis, novel acquisition and processing schemes have been proposed, 

developed and evaluated offline. The main limitation of this work lies in the lack of 

online implementation and evaluation of the suggested methods during in-vivo 

heating experiments. 

One of the main challenges identified during the pre-clinical experiments carried out 

in our center was the creation of a proper acoustic access to the pancreas. While the 

compression device was helpful, adequate positioning of the animal and maintaining 

this positioning during the entire procedure was cumbersome. For MR-HIFU 

treatments to be a successful in the pancreas, this problem should be addressed with 

priority. Allowing safe ultrasound energy delivery to the pancreas head remains the 

key step to move forward and create a successful clinical application of MR-HIFU 

treatment. 
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In the current designs of the Sonalleve system, the transducer is fixed within a water 

bath in the support table, which means that the patient itself must be lifted, moved and 

laid down again to make use of the force created by its mass for compression. An 

alternative design is to use an ultrasound transducer mounted on a robotic arm that 

can fit into an MRI bore with a patient laying in a supine position. This type of system 

has been in development since a few years (198). The design has similarities to the 

ones used in ultrasound guided systems and allows compression of the abdomen by 

the transducer itself and manipulation of the digestive tract manually or by moving 

the robotic arm instead of by moving the patient. Finally, as an alternative to these 

fully non-invasive approaches, an endoluminal probe with a HIFU transducer 

mounted on top has been proposed, which would allow to go directly in contact with 

the target via the digestive tract itself (113,153). These systems hold promise in 

allowing energy delivery to the pancreas and would also be compatible with MRI 

guidance and the technology developed for MRI guidance in this thesis.  

Another part of the patient preparation that plays an important role for MR-HIFU 

procedures is anesthesia. As already shown, in the context of gated sonications, 

optimizing the patient sedation can prolong the duration of the respiratory plateau to 

increase the energy delivery (148). The simulation work of chapter 4 showed a gain 

in ablation rate for reduced motion amplitude. These results in the case of a Motion 

Assisted treatment have implication in terms of patient anesthesia. A stable and 

shallow breathing pattern would be beneficial for the treatment as it would allow to 

reduce motion amplitude and cover a large part of the target. Therefore, working 

towards optimizing the sedation or anesthesia protocol is a key step for the 

development of the motion assisted sonication approach.  

In the near future, implementation of thermal ablation of pancreatic tumors located in 

the pancreas head represents the next logical step for the development of MR-HIFU 

treatment in the pancreas. Ablation of tumors located in the body of the pancreas has 

already been demonstrated to be feasible with both US guided and MR guided HIFU 

(92,93,95,96). The pre-clinical evidence from the iPaCT project suggests that with 

proper patient preparation and compression of the digestive tract, it is possible to 
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deliver energy to the pancreas head. All described temperature monitoring methods in 

chapter 2 allow sufficient temperature precision and accuracy to assess safety and 

monitor thermal ablation.  

Up to now, gated temperature monitoring was mainly associated with gated energy 

delivery. The fastest road to clinical implementation of MR-HIFU pancreatic tumors 

is probably the use of a fully gated approach with both temperature monitoring and 

energy delivery. However, this leads to an overall lengthy treatment procedure mainly 

due to limitations in the time window for energy delivery.  

Recent reports describe that with appropriate sedation up to 70% of the respiratory 

duty cycle can be used for ablation of tumor with MR-HIFU (148). While using a 

fully gated approach is attractive in terms or clinical implementation and could be of 

interest to create evidence that ablation of pancreatic tumors with MR-HIFU is 

feasible in patients, efforts should be made to enable 100% duty cycle treatment to 

improve treatment efficacy. 

To the best of the author’s knowledge, currently there is still no clinical evidence that 

focused ultrasound energy has been used in combination of beam steering to 

compensate for respiratory motion. Implementing a combined MA- HIFU/gated 

treatment solution could be an attractive solution to enable sonication throughout the 

respiratory cycle in the pancreas as an alternative to gating or beam steering treatment. 

In terms of implementation this scenario puts emphasis on the planning phase because 

the effect of motion must be anticipated. However, during treatment the beam 

trajectory does not need to be adapted as opposed to beam steering strategy. Instead, 

some feedback loop control on the motion amplitude should be implemented.  

System latency (i.e., image acquisition, image reconstruction and image processing) 

in real time should be of prior concern to allow integration of technology and research 

efforts should be made in that direction. Work should be carried out to evaluate what 

are the best tools to enable online real time tracking and monitoring within all the 

recent developed technologies.   
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Conclusion 

Over the past few decades, substantial progress has been made to meet the challenges 

hampering clinical application of abdominal focused ultrasound therapy, especially in 

the pancreas. The work carried out in this dissertation comes together with recent 

efforts to develop improved transducer designs to be able to enhance energy delivery. 

Many practical challenges of HIFU treatment in the abdomen, such as beam 

obstruction and respiratory motion can potentially be overcome. 

However, the proposed methods have so far mainly been investigated in simulation 

studies, phantom studies, and animal models, and more clinical evidence still needs 

to be gathered.  

For this reason, the Focused Ultrasound Foundation has been recently organizing an 

open registry to gather data to show the clinical potential of focused ultrasound 

treatment in the pancreas. While the registry aimed at gathering clinical data with the 

available systems, innovative work should be carried in parallel to critically test new 

methods and select the adequate ones for integration. By pursuing in that direction, 

the focused ultrasound community will be able to present robust data to the 

international community to evaluate the potential of MR-HIFU in the pancreas and 

decide if it can play a role in the future of oncology treatment in the pancreas. 
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Summary 
The work carried out in this thesis was part of a European Funded project that aimed 

at developing all aspects of MR-guided HIFU to enable treatment of pancreatic 

tumors. In particular, this thesis covers the development of MRI guidance 

methodology for thermal ablation and targeted local drug delivery. This work aimed 

to develop MR guidance methods to better plan and monitor HIFU energy delivery in 

the pancreas. The pancreas due to its anatomical location is known to experience 

respiratory motion and is positioned in between multiple parts of the digestive system 

(e.g., duodenum, transverse colon …) which makes the presence of air in the vicinity 

of the organ possible. Chapter 2 and Chapter 3 of this thesis focus on technological 

developments for Proton Resonance Frequency Shift Magnetic Resonance 

Temperature mapping (PRFS-MRT) of the pancreas. Chapter 4 introduces a novel 

planning paradigm which makes use of the respiratory motion for energy delivery, 

Motion Assisted-HIFU (MA-HIFU). Chapter 5 addresses the challenge of making 

detailed images of the celiac plexus, a nerve structure that plays a major role in pain 

management. 

In chapter 2, existing strategies for motion compensation of PRFS-MRT temperature 

monitoring were translated to the pancreas and systematically evaluated. Challenges 

were identified in the area close to the digestive tract, in which air is frequently present 

leading to susceptibility artifacts. A potential solution was presented, by filling the 

digestive tract with a suitable contrast agent. In healthy volunteers we demonstrated 

an improvement of both accuracy and precision of temperature monitoring in the 

pancreas head. Its translation to the clinic appears feasible.  

In chapter 3, it was demonstrated that maintaining temperature monitoring stability 

for an extensive duration in a large region with PRFS-MRT is challenging because of 

the B0 spatiotemporal drift at both 1.5T and 3T. A novel approach to compensate for 

these effects was introduced. It combines pre-acquired sensitivity profile information 

of each coil element to resolve spatial information and an online full volume 

acquisition of FIDs to record the drift of the center frequency associated with each 

acquired image. To allow sequential acquisition of the full volume FIDs and slice 
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selective PRFS-MRT, a fast-dynamic alternating scheme was used. The introduced 

method was evaluated in a phantom experiment at 1.5T and 3T, and in-vivo at 1.5T. 

In all experiments, the introduced method was compared to referenceless MRT. The 

FID method allowed superior spatiotemporal precision and accuracy, especially at 

1.5T where a higher number of coil element was used.  

In chapter 4, a sonication approach using a fixed beam across all respiratory phases, 

MA-HIFU was introduced. The planning algorithm allowed to plan a pancreas MR-

HIFU treatment in one fixed frame where positions of the target are anticipated and 

the system optimizes the treatment plan based on the target displacement during the 

respiratory cycle. The introduced method was evaluated in healthy volunteers based 

on recorded motion vectors. From the simulation work carried out in this study, 

sonications throughout the respiratory motion would potentially reduce treatment 

time, with a heating efficacy close to what is achieved in static organs. 

In chapter 5, visualization of the celiac plexus, a nerve structure playing a major role 

in pain management in pancreatic tumor patients, has been investigated. In this work 

we investigated the feasibility of visualization the celiac plexus by applying cardiac 

and respiratory motion compensation to a recently developed T2-weighted sequence 

with diffusion-weighted suppression of fluid signals. Healthy volunteers were 

scanned with the suggested protocol. In addition, an ex-vivo validation experiment 

was performed to compare and validate the MRI findings with a reference anatomical 

set. The use of double triggering allowed to eliminate the effects of both respiratory 

and cardiac induced motion, to be able to gain access to high resolution images and 

visualize the celiac plexus. This result was further confirmed by the ex-vivo 

anatomical validation.   
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Samenvatting 

De resultaten beschreven in dit proefschrift zijn verkregen in het kader van een 

Europees project dat gericht is op de ontwikkeling van de verschillende aspecten van 

MR (Magnetic Resonance imaging)-geleide HIFU (High Intensity Focused 

Ultrasound) behandeling van alvleeskliertumoren. Dit proefschrift beschrijft de 

ontwikkeling van MR-technieken voor beeldgestuurde thermische ablatie en gerichte 

lokale medicijnafgifte, in het bijzonder, om de energieafgifte van het ultrageluid in de 

alvleesklier beter te plannen en te bewaken. Het is bekend dat de alvleesklier beweegt 

als gevolg van de ademhaling en zich tussen delen van het spijsverteringsstelsel 

bevindt (zoals de twaalfvingerige darm en de transversale dikke darm). Hierdoor kan 

voorkomen dat zich lucht bevindt in de buurt van het orgaan en dat is problematisch 

voor een eventuele MR-HIFU behandeling. Hoofdstuk 2 en Hoofdstuk 3 van dit 

proefschrift richten zich op technologische ontwikkelingen van 

temperatuursmetingen van de alvleeklier met behulp van Proton Resonance 

Frequency Shift Magnetic Resonance Temperature mapping (PRFS-MRT). 

Hoofdstuk 4 introduceert een nieuw planningsparadigma, Motion Assisted-HIFU 

(MA-HIFU), dat gebruik maakt van de ademhalingsbeweging voor energieafgifte van 

ultrageluid. Hoofdstuk 5 gaat in op de uitdaging om gedetailleerde afbeeldingen te 

maken van de plexus coeliacus, een zenuwknooppunt dat een belangrijke rol speelt in 

de pijnbestrijding bij patiënten met alvleesklierkanker. 

In hoofdstuk 2 worden een aantal bestaande strategieën voor bewegingscompensatie 

bij temperatuurmetingen met behulp van PRFS-MRT toegepast op de alvleesklier en 

systematisch geëvalueerd. Een uitdaging was de aanwezigheid van luchtbellen in het 

spijsverteringskanaal die voor susceptibiliteitsartefacten zorgden. Een mogelijke 

oplossing werd onderzocht door het spijsverteringskanaal te vullen met een 

contrastmiddel. Bij gezonde vrijwilligers lieten we vervolgens zien dat zowel de 

nauwkeurigheid als de precisie van temperatuurbewaking in de alvleesklier verbetert 

kan worden. De klinische implementatie van de techniek lijkt daarmee haalbaar. 

In hoofdstuk 3 wordt aangetoond dat de langdurige stabiliteit van de 

temperatuurbewaking in een groot gebied met PRFS-MRT een uitdaging is vanwege 
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de B0 spatiotemporele drift bij zowel 1.5T als 3T. Daartoe werd er een nieuwe aanpak 

geïntroduceerd voor de correctie van de drift. De oplossing gebruikt zowel informatie 

over de gevoeligheid van de individuele spoelelementen om ruimtelijke informatie te 

verkrijgen als een online FID (Free Induction Decay) volumeacquisitie om de 

verschuiving van de centrale frequentie te bepalen die bij elk verkregen beeld hoort. 

Om de sequentiële  acquisitie van het volledige FID volume en een slice-selectieve 

PRFS-MRT mogelijk te maken, werd een snelle dynamisch alternerende sequentie 

gebruikt. De geïntroduceerde methode werd geëvalueerd middels een 

fantoomexperiment bij 1,5T en 3T en in vivo bij 1,5 T. In alle experimenten werd de 

geïntroduceerde methode vergeleken met MRT zonder referentie. De FID-methode 

verbeterde de ruimtelijke precisie en nauwkeurigheid, vooral bij 1,5 T, waar een hoger 

aantal spoelelementen werd gebruikt. 

 

In hoofdstuk 4 wordt een MA-HIFU strategie gepresenteerd op basis van een 

stationaire ultrageluidsbundel die gebruik maakt van de ademhalingsbeweging voor 

energieafgifte. De planning van de MR-HIFU-behandeling van de alvleesklier werd 

uitgevoerd door één vast frame te kiezen waar de tumor zich bevond, om vervolgens 

het behandelplan op basis van de tumorverplaatsing tijdens de ademhalingscyclus te 

optimaliseren. De geïntroduceerde methode werd geëvalueerd bij gezonde 

vrijwilligers op basis van gemeten bewegingsvectoren. Uit de simulaties bleek dat 

sonicaties tijdens de ademhalingsbeweging de behandelingstijd mogelijk verkorten, 

met een verwarmingsefficiëntie vergelijkbaar met die in statische organen. 

In hoofdstuk 5 is visualisatie van de plexus coeliacus, een zenuwstructuur die een 

belangrijke rol speelt bij pijnmanagement bij patiënten met een alvleeskliertumor, 

onderzocht. In deze studie onderzochten we de haalbaarheid van de visualisatie van 

de plexus coeliacus door respiratoire bewegingscompensatie toe te passen op een 

recent ontwikkelde T2-gewogen sequentie met diffusiegewogen onderdrukking van 

vloeistofsignalen. Gezonde vrijwilligers werden gescand met het voorgestelde 

protocol. Bovendien werd een ex-vivo validatie-experiment uitgevoerd om de MRI-

bevindingen te vergelijken en te valideren met een referentie anatomische set. Het 
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gebruik van een dubbele triggering maakte het mogelijk om de effecten van zowel 

ademhalings- als hartgeïnduceerde beweging te elimineren, zodat hoge 

resolutiebeelden werden verkregen en de plexus coeliacus werd gevisualiseerd. Dit 

resultaat werd verder bevestigd door ex-vivo anatomische validaties. 
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