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1. Zusammenfassung/Summary 

In der vorliegenden Studie wurde ein Knochenphantom zur Qualitätskontrolle von MR-

gesteuerten hoch-intensivem fokussierten Ultraschall (MR-HIFU) Behandlungen entwickelt 

und charakterisiert.  

Hoch intensiver fokussierter Ultraschall (HIFU) ist ein vielversprechender Behandlungsansatz, 

der auf einer komplett nicht-invasiven Erhitzung von Gewebe basiert. Die Steuerung und 

Temperaturkontrolle des Ultraschalls erfolgen mittels MR-Bildgebung. Die derzeitige 

Hauptanwendungsgebiete von MR-HIFU sind die Behandlung von Uterusmyomen, Desmoid 

Tumoren, Knochenmetastasen und der Adenomyose.  

Derzeit existieren mehrere verschiedene MR-HIFU Systeme, die durch die Firmen Profound 

Inc, (Mississauga, Canada) und Insightec Corp. (Haifa, Israel) vertrieben werden und sich 

jeweils durch die verwendeten Schallköpfe, Ansteuerungssoftware und MR-Systeme 

unterscheiden. Dies kann zu Herausforderungen beispielsweise bei Multicenter Studien 

führen, da die Vergleichbarkeit der einzelnen Geräte schwer vorherzusagen ist. Aus diesem 

Grund wurde in dieser Studie ein Knochenphantom zur Qualitätskontrolle von MR-HIFU 

Geräten und Behandlungsweisen entwickelt.  

Das entwickelte Knochenphantom sollte aus einem widerstandsfähigen Material sein, das 

auch wiederholten Behandlungen mit fokussiertem Ultraschall standhält. In dieser Arbeit 

wurden mehrere Materialien getestet, wobei das Polymer Polyurethan, aus dem auch 

Ultraschall-Absorber hergestellt werden, sich als am geeignetsten erwies.  Dieses Material 

wurde dann in einem Gel bestehend aus Polyacrylamid eingebettet und verschiedenen 

Ultraschallbehandlungen ausgesetzt, wobei mittels MR Thermometrie die Erwärmung an der 

Knochenphantomoberfläche gemessen wurde. Die Reproduzierbarkeit der 

Temperaturentwicklung bei HIFU-Experimenten wurde mittels wiederholter standardisierter 

Bestrahlungen und Messungen über einen Zeitraum von mehreren Wochen geprüft.  Dabei 

zeigte sich eine reproduzierbare, kontinuierliche Hitzeentwicklung.  

Zusätzlich wurden die Erwärmung des Phantoms unter dem Einfluss verschiedener 

Ultraschallleistungen sowie zwei unterschiedliche Ansätze der Bestrahlungsplanung 

untersucht. Die beiden Ansätze der Bestrahlungsplanung unterscheiden sich in der 

Positionierung des Brennpunktes bzw. durch die Vewendung unterschiedlicher 

Schalleistungen. Es zeigte sich ein linearer Zusammenhang zwischen angewandter Energie 

und Hitzeentwicklung. Die beiden Ansätze zur Bestrahlungsplanung zeigten keinen 

signifikanten Unterschied hinsichtlich des abladierten Volumens im angrenzenden 

Polyacrylamid Gels.  

Das entwickelte Knochenphantom kann in Zukunft dazu genutzt werden, MR-HIFU Geräte vor 

Behandlungen von Erkrankungen des Knochens zu kalibrieren und ist daher ein wichtiges 

Werkzeug in der möglichen Durchführung von Multicenter-Studien. Die Ergebnisse des 
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Vergleichs der Behandlungsplanungsansätze und des Einflusses der Energiestärke haben 

aufgrund der geringen Anzahl an Wiederholungen der Experimente nur eine bedingte 

Aussagekraft, können jedoch als Indikator für zukünftige Forschung gewertet werden.  

Ein weiterer Schwerpunkt dieses Projekts war die Herstellung von realistischen Formen des 

Knochenphantoms. Es wurden zwei verschiedene Möglichkeiten zur Herstellung eines 

maßstabsgetreuen Wirbelsäulenphantoms entwickelt.  

 

In this study, a bone phantom was developed and characterised for quality control of MR-

guided high-intensity focused ultrasound (MR-HIFU) treatments.  

High-intensity focused ultrasound (HIFU) is a promising treatment approach based on the 

completely non-invasive heating of tissue. MR imaging is used to guide and measure the 

temperature of the ultrasound. The main applications of MR-HIFU are currently the treatment 

of uterine fibroids, adenomyosis, desmoid tumours and bone metastases.  

The main advantage of MR-HIFU is the completely non-invasive approach. This makes it a 

very patient-friendly and low-risk procedure. MR-HIFU treatment has already been approved 

for many applications, but randomised controlled trials are currently lacking to make this type 

of treatment even more widespread.  

Currently, there are several different MR-HIFU systems on the market which are mainly 

manufactured by the companies Profound Inc. (Mississauga, Canada) and Insightec Corp. 

(Haifa, Israel). They differ regarding the transducers, software and MR-systems in use. This 

can lead to challenges, for example in multicentre studies, as the comparability of the individual 

devices is difficult to predict. For this reason, a bone phantom was developed in this study for 

the quality control of MR-HIFU devices and treatment methods.  

The developed bone phantom should be made of a durable material that can withstand 

repeated treatments with focused ultrasound. In this thesis, a variety of materials was tested, 

whereas the polymer polyurethane, which is also used to manufacture ultrasound absorbers, 

was found to be the best candidate. This material was then embedded in a phantom gel 

consisting of polyacrylamide and exposed to different ultrasound treatments. The heating on 

the surface of the bone phantom during the ultrasound exposure was measured via MR- 

thermometry. The reproducibility of the temperature development of the HIFU experiments was 

tested by means of repeated standardised sonications and measurements over a period of 

several weeks. This showed a reproducible, continuous heat development.  

In addition, the influence of different power levels on the heating at the phantom surface and 

two different approaches to sonication planning were investigated. The two approaches to 

sonication planning differ regarding the positioning of the focal point and regarding the applied 

power level and sonication time. A linear relationship between applied energy and heat 
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development was found. The two approaches to sonication planning showed no significant 

difference regarding the heated volume of the surrounding polyacrylamide gel.  

The developed bone phantom can be used in the future to calibrate MR-HIFU devices prior to 

treatments of bone diseases and is therefore an important tool in the implementation of future 

multicentre studies. The results of the comparison of the treatment planning approaches and 

the influence of the energy level have only limited significance due to the low sample size of 

the experiments but can be taken as an indicator for future research.  

An added focus of this project was the manufacturing of a more realistic shape of the bone 

phantom. Two different ways of manufacturing a to scale spine phantom were developed. 
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2. Introduction 

2.1 Thermal therapy 

Cancer therapy is dominated by surgical methods, radiotherapy, chemotherapy and immune 

therapy. Despite decades of research in the field of cancer, some types of cancer are still hard 

to treat. Besides the established types of cancer treatment, much research is conducted in 

alternative treatment methods. One of them is the thermal therapy.  

Using heat for treating non-malignant growth has been a method since first described in the 

ancient Egyptian times.1 In the past, therapeutic heat was commonly applied using conductive 

heating, i.e. cauterization by using a hot solid or treatment of fever/ infections by hyperthermic 

applications (hot baths or hot stones). In 1868 the surgeon Busch observed that a fever caused 

by an erysipelas reduced the growth of a sarcoma.2 This finding triggered Coley to induce 

fewer in cancer patients using a bacterial derived toxin giving birth to the field of hyperthermia.3 

Subsequently, many devices were invented and explored to induce hyperthermia in deep- 

seated tissue. 

The main idea of these methods is still used today in the form of hyperthermic perfusion.4-7 

Other techniques induce heating using e.g. electromagnetic radiation or ultrasound waves in 

tissue, which allows the non-invasive heating of deep-seated tissues.8,9 At present, thermal 

therapy is a considerable treatment option not only for cancer, but also for non-malignant 

conditions.  

Thermal therapy can be divided into the following categories:  

Hyperthermia: Using temperature levels between 41 and 45 °C to achieve mild cytotoxic 

effects and mainly used as an enhancer of chemotherapy and radiofrequency therapy 10-13 and 

for stimulation of immunological effects. 14,15 

Thermal ablation: Temperatures above approx. 56 °C induce rapid cell death via the 

denaturation of proteins and the destruction of cell membranes and are used in therapy of 

various cancer types. 16,17 

The biological effect of the heating depends on the applied temperature, the duration of the 

heating and the type of tissue. During initial experiments with cell lines it was found that the 

relation between cell death, temperature and heating duration follows an Arrhenius curve.18,19 

Following this realization, the thermal dose concept was introduced to facilitate 

standardization:20 Treatments with different temperatures (T) and treatment times (t) can be 

compared by converting the applied temperature and time to a corresponding treatment time 

at 43 °C known as cumulative equivalent minutes (CEM43):  

𝐶𝐸𝑀43 =  ∫ 𝑅
43 °𝐶−𝑇(𝑡′)

1 °𝐶 𝑑𝑡
𝑡

𝑡0

𝑅 = {
0.5, 𝑇 > 43 °𝐶

0.25, 𝑇 ≤ 43 °𝐶

 

(1) 
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The different values for the parameter R under and above 43 °C root from a breakpoint in 

thermotolerance in cells.21,22 The values of R and the breakpoint temperature, however, are a 

convention and may vary depending on the type of cells and tissue treated.23 Therefore, the 

exact thermal dose value at which proteins denature and cells, respectively tissues break down 

is different for each cell line or tissue.24,25 For example, Chinese hamster ovary cells have a 

lower thermotolerance than human melanoma cells.24 With respect to these differences in 

thermal sensitivity a threshold of 240 mins regarding the CEM43 value was chosen to predict 

a successful thermal ablation, since most tissues regardless of origin or malignancy show 

coagulative necrosis at this value.23,26 
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2.2 MR-HIFU 

The demand for non- or minimally invasive treatment options has been rising over the last 

decades.27 With MR-HIFU, it is possible to treat the patient with no incision at all. The benefits 

for the patients and economy are obvious:28,29 Shorter hospital stays up to outpatient 

procedures and less post-interventional complications such as bleeding or infection. The 

following section is focused on the technical background of this novel treatment approach.  

 

2.2.1. Focused ultrasound 

The first investigation of the interaction between biological tissue and high-intensified focused 

ultrasound was done by Lynn et al. in 1942.30 Those first insights were followed by years of 

technical evolution, but the basic principle, which is similar to focusing sunlight through a 

convex lens, still remained the same.  

The ultrasound waves are generated by a transducer with piezoelectric elements. The 

piezoelectric material inside is stimulated by an alternating voltage and contracts and expands 

in relation to the applied voltage. Because of the mechanical disturbance, ultrasound waves 

are produced. A HIFU-transducer is usually operating at frequencies around 1 MHz31, which is 

lower than standard diagnostic ultrasound (2-15 MHz).32 The optimal frequency for the various 

MR-HIFU treatments depends on the type of treated tissue. An increasing frequency leads to 

a higher heat deposition but also to an decrease in penetration depth.31 

As the name implies, HIFU works with a higher intensity than diagnostic ultrasound: Typical 

intensity (spatial and temporal average) values at the focal spot are around 1000 W/cm2. 33  

Another difference to diagnostic ultrasound is the direction of the emitted ultrasound waves: 

While diagnostic ultrasound is using a linear or divergent direction of flow, the HIFU transducer 

focuses the waves on a point and thereby concentrates the energy of the beam.  

Ultrasound beams can be focused by a spherically shaped transducer, acoustic lenses, 

reflectors or phased array transducers.34 Most common in clinical use are phased array 

transducers, since they offer the best control over the deposited acoustic energy.34 A phased 

array transducer consists of a large number of piezo-electric elements, which each emit a 

roughly spherical wave. By driving the individual elements in a coordinated manner, an 

acoustic focus with large pressure amplitudes can be generated. The long axis of the focal 

volume varies from 5-30 mm depending on frequency and aperture of the transducer, with 

diameters between 1-5 mm.34 Furthermore, modulation of the phase allows for electronic beam 

steering, where the focus point can be rapidly moved through the target tissue.   

While propagating through the human body, ultrasound waves interact with tissue in various 

ways. They can be attenuated by absorption, reflection, refraction or scattering.35 Absorption 

is caused by energy dissipation leading to vibration and rotation of molecules in the tissue 

resulting in heating via friction.36 This effect leads to rapid tissue heating within the focal 
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volume. Surrounding tissue heats up more slowly due to the lower acoustic intensities. 

Refraction and reflection occur when an ultrasound wave passes the interface between two 

media. The direction of the reflected/ refracted wave follows Snell’s law. This physical 

phenomenon is used, for instance, in diagnostic ultrasound, where the amplitude of the 

reflected wave is converted into a bright-scale and eventually an image.  

The attenuation of ultrasound waves can lead to challenges during a HIFU treatment: In order 

to achieve a sufficient absorption of ultrasound energy in the desired treatment region, the 

beam path must be free of acoustic barriers like gas-filled bowel (relevant e.g. in treatment of 

the pancreas37) or bone.38 Furthermore, heating between the transducer and the targeted 

tumour must be managed to prevent injury of healthy tissue. 

The heating rate per unit volume Q̇ at which heat is produced is proportional to the ultrasonic 

amplitude absorption coefficient  (which increases with frequency) and the time averaged 

intensity of the ultrasonic wave ITA. 

�̇� = 2𝛼𝐼𝑇𝐴 =  
𝛼𝑝𝑝 ∗

𝜌 ∙ 𝑐
=  𝛼 

𝑝0
2

𝜌 ∙ 𝑐
 

(6) 

 

with ρ as density, p0 as the pressure amplitude and c as the sound speed. Consequently, the 

rate of temperature rise T/t at the bone interface increases linearly with the applied acoustic 

intensity.39  

∆𝑇 =  
1

𝐶𝑣
 ∙  �̇� ∙  ∆𝑡 =  

∆𝑡

𝐶𝑣
 ∙  𝛼 

𝑝𝑝 ∗

𝜌 ∙ 𝑐
=  

1

𝐶𝑣
 ∙  𝛼 ∙  

𝑝0
2

𝜌 ∙ 𝑐
∙  ∆𝑡 

(7) 

 

with Cv as the heat capacity.  

The equation above does not take into account the in vivo perfusion of the tissue adjacent to 

the bone surface, which adds to heat dissipation. A mathematical model which considers this 

relationship between heat transfer and blood flow is the Pennes’ bioheat equation.16,40,41  

 

2.2.2. Thermometry 

Guidance of the focused ultrasound can be achieved either through diagnostic ultrasound or 

magnetic resonance imaging. MR images offer a higher soft tissue contrast and a better 

resolution than ultrasound images.17,42 On the other hand, diagnostic ultrasound guidance 

provides images in real time, but cannot provide detailed information about the achieved 

temperature.43 MR-guidance instead provides near real-time temperature information.44  

MR-thermometry is based on the principle of proton resonance frequency shift (PRFS) and 

was first introduced by Ishiara et al. and De Poorter et al. in 1995.45,46 The exploited physical 

phenomenon is, to a good approximation, the linear decrease of the water proton resonance 

frequency with increasing temperature described by the temperature-dependent water 
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chemical shift  = -0.01 ppm/°C. The shift is caused by a weakening of the screening effect of 

the hydrogen bonds in water molecules. Consequently, the local magnetic field Bloc changes:  

Bloc = B0 × (1 −  𝜎)  

 

(1) 

With B0 as the external magnetic field and σ as the screening constant, which depends linearly 

on the local temperature: 

𝜎(𝑇) =  𝛼𝑇 (2) 

 

where α is the proportionality constant (α =−1.03 ± 0.02 ∙ 10−8 1/°C for -15 °C<T< 100 °C). This 

leads to a linear correlation of the protons Larmor frequency 𝜔 with temperature:  

𝜔(𝑇) =  𝛾 B0 (1 − 𝜎) (3) 

 

with γ as the gyromagnetic ratio, defined as the ratio of the magnetic momentum and the 

angular momentum of the proton. To calculate the local temperature, the difference of the 

current Larmor frequency φ(T) after a certain time t to the baseline Larmor frequency of 

unheated tissue (φ(Tref)) is measured via the phase shift in a gradient recalled echo (GRE) 

image.  

∆𝑇 =  
𝜑(𝑇) −  𝜑(Tref)

𝛾𝛼𝐵0 𝑡
 

(4) 

 

As this technique is only suitable for the measurement of temperature differences, the resulting 

ΔT is added to the baseline temperature of the unheated tissue, which must be determined by 

other means.44,47  

The PRFS method provides temperature measurements with an accuracy of ΔT < 1 °C in 

stationary tissue and ΔT < 2-3 °C in moving tissue.48 MR-HIFU systems in clinical usage work 

with 1.5 or 3.0 Tesla MR scanners.49   
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2.3 Clinical applications of MR-HIFU in bone related conditions 

Applications of MR-HIFU have become increasingly widespread over the last few decades. 

While the first U.S. Food and Drug administration (FDA) approved focused ultrasound device 

was only in use to treat glaucoma,50 in 2022 treatment of 32 clinical conditions gained 

regulatory approval in the world, eight of them are approved by the FDA and in 96 clinical 

indications there is ongoing research.51 Currently, the most widespread applications of MR-

HIFU are the ablation of uterine fibroids and bone metastases. The Sonalleve® System 

(Profound Medical Inc. Canada) is CE-approved for both indications.  

MR-HIFU treatment of bone differs from other conditions because of the particular acoustic 

and thermal properties of the bone cortex.52,53 It has a higher absorption rate and a lower 

conductivity of acoustic energy than soft tissue and has almost no perfusion. Moreover, the 

surface between bone cortex and surrounding tissue causes reflection of ultrasound waves as 

well as shear waves inside the bone cortex.54 These circumstances together lead to a fast 

heating of the bone cortex and the consecutive ablation of the tissue surrounding it.35  

The following sections are focused on MR-HIFU treatment of bone related indications. 

 

2.3.1. Bone metastases 

Bone is a common site for metastases of primary solid tumours (e.g. breast or prostate cancer). 

Bone metastases can occur in any bone structure in the body, the most typical locations are 

the axial skeleton, ribs and pelvis.55  

Breast and prostate cancer are the types of cancer with the highest overall incidence rate. 

Roughly one in eight women (lifetime risk 12.8%) develops breast cancer and one in nine men 

(lifetime risk 11.6%) develops prostate cancer.56 Here, the prevalence of bone metastases is 

4% in patients with breast cancer and 6% in patients with prostate cancer.57 Also other types 

of cancer, such as lung cancer, thyroid carcinoma or renal cell carcinoma, metastasize into 

bone.58 As a result, it is a condition which affects many patients and therefore needs 

continuous research. 

Bone metastases clinically present with pain, hypercalcemia and a higher risk of fracture which 

can also lead to spinal instability.59 Bone metastases severely reduce quality of life in end stage 

cancer diseases60,61 and current treatment aims only for palliative pain relief and prevention of 

further spread. Pain arises as a consequence of inflammation due to the damaged bone and 

also compression of surrounding nerves.62 Typical treatment consists of local radiation, 

bisphosphonates, denosumab, analgesia and surgical stabilisation if necessary.63,64  

Despite those numerous approaches to treat bone metastases, there are still patients who 

suffer from pain even if current treatment options are optimized.65,66 As an example, not all 

patients respond sufficiently to radiation therapy, some patients even do not report any pain 

relief at all.67,68 The effect of radiation therapy is also not immediate, it can take up to weeks to 
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reach the full effect of the therapy. Furthermore, even after an initially successful radiation 

treatment, the pain can recur.65,69  

Due to these challenges in pain therapy, a lot of research is being conducted in this field and 

one alternative treatment is MR-HIFU.70  

The focused ultrasound beam ablates the highly innervated periosteum and therefore 

interrupts pain signalling.71 In addition, the tumour shrinks after the treatment.71,72 MR-HIFU 

treatment has been shown to be effective, meaning an overall response to pain palliation in 

79% of patients with 50.5% of the responders presenting a complete response (pain score 0 

after treatment) in a systematic review.73,74 A big advantage compared to radiation treatment 

is the repeatability of MR-HIFU treatment, since it is free of ionizing radiation. Furthermore, 

pain relief sets in within the first days after MR-HIFU treatment compared to weeks after 

radiation treatment.73,75-78  

Currently, MR-HIFU is not used as a first line treatment but only as a salvage treatment in case 

of non-responders or recurrence after radiation. Clinical trials specifically comparing MR-HIFU 

to radiation therapy are already ongoing to investigate if it should be considered a first line 

treatment.70  

 

2.3.2. Facet joint pain 

Lower back pain is an extremely common and growing health problem affecting almost a third, 

(31,0%)79 of the global population. It is a leading cause for disability at ages up to 45 years, 

thus leading to immense social and also economic pressure.80 Lower back pain can originate 

from various causes: Amongst them, facet joint osteoarthritis is considered to cause 15-45% 

of the cases.81,82
 

Current German guidelines suggest a conservative treatment consisting of non-steroidal anti-

inflammatory drugs (NSAIDs), muscle relaxant agents, infiltration with a local anaesthetic in 

combination (optional) with cortisone, ergotherapy, physiotherapy and manual therapy.83  

If conservative treatment and injections show insufficient results, ablation of the medial branch 

nerve by radiofrequency, cryoablation or MR-HIFU serves as an alternative.83-85  

Patients should be carefully selected for this treatment, since back pain can root from several 

different causes. Depending on the origin, not every back pain patient responds to ablation 

methods.86  

The ablation techniques have in common that the signal transmission of pain is interrupted by 

heating and therefore destroying the medial branch nerve. In comparison to the conservative 

treatment approach, ablation is more sustainable regarding pain control and functional 

improvement.87  

The advantage of MR-HIFU as a treatment tool is the radiation-free and non-invasive 

approach, which reduces the risk of infection and bleeding rate to an absolute minimum.88 
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Furthermore, guidance via MRI offers a high quality image of the surrounding tissue and 

potential organs at risk combined with a real-time feedback of temperature rise, which is unique 

among the currently existing guidance methods.85  

Prior research in terms of preclinical swine experiments88,89, single case reports with patients 

90,91 and a pilot study with 18 patients92 showed the safety, feasibility and efficacy of MR-HIFU.  

 

2.3.3. Osteoid osteomas 

Osteoid osteoma is a benign but painful skeletal tumour that affects mostly young patients up 

to the age of 30. It is the third most common benign bone tumour.93 Typical lesion sites are the 

long bones, especially diaphysis of femur and tibia, but also the spine and any other places in 

the skeleton.  

Symptoms present with nocturnal pain which responds well to NSAIDs. In case of spine 

infiltration painful scoliosis can occur.93 Definite treatment usually consists of surgical 

extraction or, nowadays more common, percutaneous CT-guided radiofrequency ablation 

(RFA).94 MR-HIFU is a very interesting treatment alternative in this case, because it is 

completely free of ionizing radiation, which is an important benefit for younger patients. 

Furthermore, it does not require the use of needle-like RFA probes.  

While focused ultrasound for bone metastases and facet joints mainly aims on pain reduction 

by impairing the highly innervated periosteum, the goal of focused ultrasound in this application 

is the destruction of the bone tumour itself. This seemed unfeasible at first sight, because 

cortical bone absorbs and reflects most of the acoustic energy. However, osteoid osteomas 

are smaller and usually do not reach as deep into the bone as for example bone metastases. 

Studies showed that because of the particular lesion size and composition of osteoid 

osteomas, treatment with focused ultrasound ablates also the bone itself and not only the 

surrounding tissue.95,96 At the same time, the presence of thick cortical bone over the nidus of 

the osteoid osteoma can reduce the effectiveness of a MR-HIFU treatment as penetration of 

HIFU into the bone is limited.97 

According to the outcome of clinical feasibility and safety studies, MR-HIFU treatment is 

feasible, safe, and effective: Treatment success was comparable to radiofrequency ablation 

with a reported success rate of 83-100%. The treatment with MR-HIFU is also considered a 

very safe treatment option, since the rate of adverse events was shown to be extremely low.98-

102  

The minimization of adverse events and the completely non-invasive approach may result in 

lower overall costs, but neither specific cost analyses nor randomized trials have been 

described in the literature yet.102  
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2.4 Current challenges in MR-HIFU treatment of bone diseases 

2.4.1. Technical challenges  

Treatment with MR-HIFU has its limitations: For example, not every patient is suitable for a 

treatment. If the desired treatment region is too deep inside the body, especially relevant in 

obese patients, it cannot be reached by a standard transducer with a focal length of 14 cm in 

a Sonalleve® System.103 Also, one must consider the possible ultrasound-tissue interaction in 

the beam path: Some tissues like bone or intestine filled with gas reflect ultrasound waves and 

interfere with the focusing.104,105 

Thermometry in tissues with a certain chemical composition can be challenging. Adipose 

tissue like breast tissue or also bone marrow is not sensitive due to the low water content and 

the absence of hydrogen bonds.106 Therefore, treatments in regions with a high proportion of 

fat tissue are only possible to a limited extent.36 Cortical bone has an even lower water content 

and a shorter T2 relaxation time, which makes it basically impossible to receive temperature 

information by the PRFS method in bone.107,108 In clinical practice, the temperature information 

of the adjacent soft tissue is used to obtain a temperature feedback and determine if the 

sonication was successful.  

 

2.4.2. Calibration of the transducer 

The idea of rapidly heating and therefore destroying tissues has enabled a whole new branch 

of cancer treatment. But this powerful method needs to be controlled to ensure that the tissue 

is heated in exactly the right place. To ensure the patient’s security and consistent treatment 

outcomes, reliable measurement and characterization tools are needed. 

To date, there is no universally accepted method to calibrate focused ultrasound transducers. 

According to a survey of Shaw et al. in 2016, the most common calibration method is the use 

of hydrophones, followed by measurement of the acoustic output or input power and also the 

use of phantoms.109 Interestingly, a small fraction of MR-HIFU users did not use any routine 

calibration method at all and less than 50% stated that they could characterize their HIFU-

equipment satisfactorily. Medical ultrasound in general is usually characterized by 

hydrophones.110 But the characterization of the acoustic field of a HIFU-transducer by 

hydrophones remains challenging: A standard hydrophone simply breaks when exposed to 

focused ultrasound treatment intensities.111 A way to avoid this is the extrapolation of 

measurements made at lower intensities.112 However, this method of calibration is too time-

consuming for daily practise.  

For routine quality assurance e.g. before a treatment, the use of a phantom is 

recommended.113 Over the past years, several unique models of phantoms have been 

proposed: Most of them are based on acrylamide114 and mimic the acoustic properties of tissue 
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by addition of bovine serum albumin.115 Some phantoms also change their colour when they 

are prepared with a thermochromic ink.116,117 But so far, no phantom with the intention to mimic 

bone has been extensively described and published.  

 

2.4.3. Reporting and comparison of treatments 

The outcome of a MR-HIFU therapy depends not only on the experience of the performing 

clinician,118 but also on the MR-HIFU system in use and the integrated treatment protocol. Over 

the past decades, MR-HIFU grew into a research area of great interest. Numerous new 

applications, technical improvements and clinical trials were published. However, there was 

limited attention to setting standards for the exact description of the treatments and 

standardisation. Therefore, comparison of MR-HIFU treatments between different clinical sites 

is currently challenging.  

But not only do the MR-systems vary, the treatment protocols can also differ. Bone metastases 

can be treated in a direct volumetric heating approach, where the focal point is located directly 

on the bone surface and moves in concentric circles in order to ablate a bigger surface area.103 

Electronic beam steering allows to for sonication cell sizes from 4 mm to 16 mm. Alternatively, 

the indirect approach can be used in which the focal spot is placed at a certain distance behind 

the bone surface where the intersection of equivalent diameter between surface and 

ultrasound cone is heated (Figure 1).119  

 

 

 

Figure 1: Two different MR-HIFU treatment protocols with A: direct approach using beam steering and B: indirect 
approach with the focal spot behind the surface. 

 

Finally, due to the differences which parameters of the treatment are adjustable depending on 

the manufacturers, there is yet no standard on how to describe the treatment sessions in a 

complete and unambiguous way in publications. Treatment protocols employed on different 

devices therefore cannot be properly compared.120  
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2.5 Aim of this thesis  

Since there is more than just one MR-HIFU device on the market, the question arises if the 

different devices and available treatment protocols can be compared. Especially in multicentre 

trials it is important to establish treatment protocols which are standardized.  

 

The first objective of this thesis is to develop a bone phantom, which allows to characterize 

different MR-HIFU devices and bone treatment schemes in a systematic and reproducible 

manner. Important aspects that need to be addressed are:  

• Reliability and reproducibility:  

The phantom should lead to a reproducible temperature increase for the same 

sonication.  

• Reusability and shelf life:  

The phantom should not degrade over time to allow testing and quality control of 

(different) MR-HIFU systems at any desired time point. 

• Handling and Workflow:  

The end-users of MR-HIFU systems (physicians), who are not necessarily experts in 

ultrasound measurements, should be able to perform the calibration easily and within 

the current workflow. 

 

As a next step, this phantom can be used to compare different sonication settings and 

treatment protocols. 

 

The second objective of this thesis is the production and testing of a more realistic bone 

phantom with a shape reproducing the original bone (femur, spine etc.). This phantom can be 

used in treatment simulations to investigate safety and feasibility issues or as a training 

phantom for physicians.  
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3. Materials and methods 

3.1 Manufacturing 

The bone phantom consists of two parts: An object representing the bone, a polyurethane 

absorber to prevent reflections at the back of the phantom and a polyacrylamide gel 

representing the soft tissue.  

The object representing the bone was embedded in polyacrylamide which was poured in a 

cylindrical plastic container (Figure 2). The polyacrylamide was created using a composition 

resembling the formulation by Negussie et al. (Table 1).117 All used chemicals were purchased 

from Sigma Aldrich (Sigma-Aldrich Corporation, St. Louis, Missouri, USA). 

 

Figure 2: Polyurethane disk in a plastic container embedded in polyacrylamide. 

 

Table 1: Components of the polyacrylamide gel; (v/v): Volume fraction, (w/v): Weight fraction. 

Component Quantity 

Degassed water 82.24% (v/v) 

Bis-acrylamide 27.55% (v/v) 

N,N,N’,N’-Tetramethyl ethylenediamine 

(TEMED) 

0.21% (v/v) 

Ammonium persulfate (APS) 0.21% (w/v) 

 

First, the acrylamide and TEMED were mixed with degassed water under magnetic stirring for 

approx. 20 s. To initiate polymerization APS was added under continued stirring for 10 s. 

Immediately after those 10 s the still liquid gel was poured into the plastic container up to the 

desired height of the polyurethane disk. After letting the polyacrylamide gel harden for 10 min, 

the polyurethane disk was placed on top of the gel layer in the middle of the aperture of the 

plastic container. In the meantime, another gel was prepared using the same method as 

described above and poured onto the existing gel with the polyurethane disk to fill the container 

up to the top. After another 10 min of hardening, the container was sealed with the 

corresponding cover and a layer of plastic wrap in between to avoid shrinking of the gel. The 

plastic wrap was removed immediately before sonication.   
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3.2 Bone phantom materials 

Various materials (polyurethane, Verowhite® (a synthetic resin), polycarbonate (PC) and 

polymethyl methacrylate (PMMA)) were embedded in a polyacrylamide gel and treated with 

power ranges from 10-80 W or 120- 190 W for 16 s. After that, the polyacrylamide gel was 

removed and the used materials checked for visible damage. 

Acoustic parameters of the polyurethane disk and polyacrylamide gel were measured using 

the finite-amplitude insertion-substitution method (FAIS) and can be found in the appendix. 

The measurements were performed by the Therapy Ultrasound team of the Joint Department 

of Physics/Division of Radiotherapy and Imaging at the Institute of Cancer Research, London, 

UK. 
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3.3 Bone phantom shape: Porcine spine and femur model 

3.3.1. Standard way of manufacturing 

For the segmentation a pre-existing dataset of high-resolution CT scans of the abdomen of a 

landrace pig was used. The segmentation was performed with the software 3D-Slicer.121 To 

differentiate between bone and tissue an automatic threshold approach (Otsu) was used, 

followed by an island command to isolate the connected bone structure and remove the tissue 

from the segmentation. Median smoothing was added with a kernel size of 2 mm.  

  

Figure 3: Segmentation of porcine femur (A) and spine (B).  

 
The resulting 3D model (Figure 3) was exported in a STL (standard tessellating language) file 

and imported in the MeshMixer software (Autodesk; San Rafael, California, version 3.5.474) 

which was used for creating a mould (Figure 4). An extrusion of 3 mm was applied and the 

original model was subtracted from the result. A plane cut was made at the height of the 

processus spinosus in the spine model. A sagittal cut was made through the femur. This 

resulted in two half-forms of spine and femur. Finally, the resulting meshes were exported as 

STL files.  

  

Figure 4: Moulds of porcine femur (A) and spine (B) ready for printing. 

 

The moulds were printed on a 3D printer (Ultimaker 3 Extended; Ultimaker, Geldermalsen, The 

Netherlands) with blue polylactide (PLA) filament and polyvinyl alcohol (PVA) filament as 
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supporting material (both Ultimaker, Geldermalsen, The Netherlands). Surface irregularities of 

the printed mould were smoothed using sandpaper.  

Before casting, a separating agent was applied on the moulds inner surface. Next, castable 

polyurethane (Aptflex F36, Precision Acoustics Ltd, Dorchester, United Kingdom) was 

prepared and poured into the mould. The material was cured for 6 hours at 70 °C. 

The mould was afterwards removed from the hardened polyurethane. To this end, the mould 

was heated with a heat gun until the PLA turned soft and could be removed with tweezers in 

small steps. 

The final model was encased into polyacrylamide (Figure 5) which was prepared as described 

above. Tissue mimicking attenuation was induced by adding 2% (w/v) silica particles (Sigma-

Aldrich Corporation, St. Louis, Missouri, USA) before polymerization. The distance to the 

surface of the gel was equal to the beforehand on the CT scan measured distance from the 

skin to the treated area (facet joint, lateral part of corpus femoris). 

 

Figure 5: 3D models of porcine spine and femur in tissue mimicking gel. 

An overview over the whole manufacturing process can be found in Figure 6. 

 

Figure 6: Workflow of the manufacturing process. 
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3.3.2. Alternative way of manufacturing 

The method of producing a 3D phantom described above is feasible but takes a long time and 

especially the removal of the PLA is not convenient if one wants to produce a larger number 

of phantoms. For that reason, an alternative, more practical way of producing a phantom was 

developed (Figure 7).  

Segmentation of the CT-scans of pigs was done as described in the first manufacturing 

method. The resulting 3D model was then exported as an STL file and printed on a Ultimaker 

3 with PLA and polyvinyl alcohol PVA as supporting material. Based on the printed model a 

two-part silicone mould was created. Complex models like a facet joint were prepared by filling 

all holes like e.g., the spinal canal with candlewax. Otherwise, the model would not be 

removable from the silicone anymore. 

The silicone mixture was prepared by mixing 500 ml HS620 silicone, 4% catalyst and 0.4% 

bubble free solution (Versandhandel Blioch, Ahrensburg, Germany).  

The liquid silicone was poured in two steps: The first part of the silicone mould filled the spine 

model up to the processus spinosus, the second part covered the rest of the model up to the 

processus transversus. In the femur model, the first portion of silicone filled the model up to 

half of the height of the femur. The division into two pouring steps served as a breaking point 

for an easier removal of the printed model.  

After the silicone mould was dried (2-3 hours at room temperature), the printed spine model 

was removed by separating the silicone at the border of the two pouring steps. The silicone 

mould reassembled and secured tightly with elastic bands. A mixture of liquid polyurethane 

(Aptflex F36) was prepared and poured into the mould. Curing took 24 hours at 40 °C in a 

vacuum drying oven. Due to the flexible nature of the silicone, removal of the final phantom 

was done by simply pulling.  

This phantom could be used in the same way as the phantom created by the original approach. 
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Figure 7: Workflow of the alternative way of manufacturing. 
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3.4 Experimental setup 

All sonications were performed on a commercially available Sonalleve® V2 MR-HIFU system 

(Profound Medical Corp, Mississauga, Canada) with a 3.0 T MR scanner (Achieva®, Philips 

Healthcare, Best, The Netherlands). Before positioning the phantom on the HIFU table, a thin 

layer of degassed water was applied to the table’s acoustic window. The phantom was placed 

with the open side of the plastic container downwards in the middle of the HIFU window. To 

ensure reproducible positioning of the phantom, a customized positioning plate was used to 

hold the phantom in the middle of the window (Figure 8).  

 

Figure 8: Schematic model of the experimental setup, A: Front view of the whole setup with HIFU tabletop, 

phantom and MR scanner, B: Close up of the HIFU transducer.   

 
The sonications were planned using 3D T1 weighted turbo field echo scan (Figure 9). A 

balanced fast gradient echo sequence was acquired right after the planning scan to detect 

bubbles present at interfaces (termed “Bubble scan”). Thermometry was performed using the 

proton resonance frequency shift (PRFS) method.45 The employed MRI sequence was an RF-

spoiled gradient echo sequence with 4 slices in total: 2 slices parallel to the beam (sagittal and 

coronal plane) and 2 coronal slices perpendicular to the beam (TR = 25.17 ms, TE = 16 ms, 

voxel volume = 2.083 × 2.083 × 7.0 mm3, flip angle FA = 18°,  dynamic scan time = 3.25 s). 

 

 

Figure 9: A: Frontal and B: transversal slice of the T1 planning scans.  

 B
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3.5 Analysis of experiments 

3.5.1. Temperature measurement in reproducibility and power dependence 

investigations 

As part of the thesis, a software tool was programmed in python (version 2.7.15)122 for analysis 

of the temperature maps that were acquired with PRFS thermometry during sonication. As 

MR-based thermometry is impossible inside the phantom material due to too short T2 and lack 

of water protons, temperature changes were accessed in the adjacent polyacrylamide gel. The 

region of interest (ROI) was placed automatically in a distance of 4 mm to the phantom surface 

to avoid any partial volume effects (Figure 10). The size of the ROI for temperature readout 

was chosen such that the entire heated region including voxels heated by diffusion was 

captured. The ROI’s diameter was 6 mm in 2 mm sonication volumes, 12 mm in 8 mm 

sonication volumes, 16 mm in 12 mm sonication volumes and 20 mm in 16 mm sonication 

volumes. Exact placement of the ROI was ensured by determining the middle of the focal spot 

using a gauss function fit (lmfit package, version 0.9.13123) of the temperature distribution in a 

ROI parallel to the surface of the absorber. The centre of the gauss function was used as a 

reference for the middle of the ROI. 

 

 

Figure 10: A Temperature profile perpendicular to the absorber: B: placement of the ROI in python program. 

 

3.5.2.  Thermal dose calculation in the comparison of indirect/ direct approach 

and equal energy comparison 

The thermal dose was calculated according to the following equation 20,124 

𝐶𝐸𝑀43 =  ∑ 𝑅(43−𝑇𝑘) ∗  ∆𝑡

𝑘𝑁

𝑘=0

𝑅 = {
0.233, 𝑇𝑘 < 43 °C
0.428, 𝑇𝑘 ≥ 43 °C

(6) 

with the temperature 𝑇𝑘 at the timestep 𝑘, the timestep size 𝛥𝑡, and the dose rate constant 𝑅.  
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Due to the limited resolution of the MR thermometry images, the volume 𝑉, which accumulated 

for a CEM43 value of more than 240 min, was approximated as half of a spheroid (Figure 11):  

𝑉 =
4

6
∗  𝜋 ∗ 𝑟2 ∗ ℎ (7) 

with the radius 𝑟 and the height ℎ. The radius and height were determined by the average 

distance over a CEM43 value of 240 min from sagittal and transverse temperature monitoring 

slices. Measurements were performed with the software ImageJ.125 

 

Figure 11: Native CEM43 maps (white) of the sagittal slice after a sonication. A: Radius r and height h are 
measured; B: Approximation of the half spheroid. 

 

3.5.3. Statistical analysis 

All statistical tests were performed using custom scripts written in Python 2.7.122 Further 

information on statistical tests and used packages can be found in the appendix.   

 B

h

r
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4. Results 

4.1 Identification of bone phantom material  

Several materials such as PMMA, PC, Verowhite and polyurethane were embedded in 

polyacrylamide and tested for their properties to serve as a bone phantom material. After 

sonication, the material was examined for damage. While PMMA, PC and Verowhite showed 

clear damage after sonication (Figure 12), polyurethane showed no visible damage (Figure 

13) and qualified for the next step of manufacturing. In all further experiments, polyurethane is 

used as bone phantom material, and any reference to “phantom” implies the usage of 

polyurethane embedded into a polyacrylamide gel. 

 

 

Figure 12: Various materials after MR-HIFU sonications with a power of 10, 40 and 80 W or 80, 120 and 190 W. 
Sonication time was 16 s. A: Polymethylmethacrylate (PMMA), B: Polycarbonate (PC) and C: Verowhite.  

 

 

Figure 13: Polyurethane inside the polyacrylamide gel after a sonication session without any visible signs of heat 
damage. 
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4.2 Reproducibility 

For testing the reproducibility of heating, 20 sonications (40 W, 20 s, Figure 14) using an 8 mm 

cell were repeated on different days over a period of 11 weeks. At each session, three 

sonications were performed at different locations of the phantom. The polyacrylamide gel was 

changed once and recreated after the exact same recipe. The temperature evolution during 

each sonication was tracked using MR-thermometry, analysed as described (materials and 

methods, appendix) and compared. Figure 15 shows the maximum (Tmax) and average 

temperature (Tmean) in the ROI placed in the polyacrylamide gel adjacent to the bone phantom 

as a function of sonication time. For used sonication parameters, Tmax in the predefined ROI 

increases with 0.58 ± 0.02 °C/s, while the Tmean increases with 0.23 ± 0.01 °C/s (Table 2), 

which leads to a temperature difference of 12.08 °C and 4.79 °C at the end of the sonication 

(after 19.4 s). 

 

Figure 14: Representative temperature map of a sonication used for the reproducibility test. Temperature data 
was acquired after 20 seconds of sonication with 40 W in an 8 mm sonication volume. The dashed white line 
indicates the position of the absorber. 

  

Figure 15:  A: Maximum and B: mean temperature evolution in a defined ROI in 4 mm distance to the absorber (8 
mm sonication volume, 40 W, 20 s sonication time, n= 20). 
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Table 2: Result of the linear regressions performed on the temperature measurement in an 8 mm sonication volume 

with a power of 40 W over 20 s. 

 Temperature 

slope [°C/s] 

SE [°C/s] Intercept 

[°C] 

p-value R2 

Tmean in ROI  0.23 0.006 0.19 <0.001 0.918 

Tmax in ROI  0.58 0.017 0.55 <0.001 0.907 

 

The residuals were calculated to quantify the scattering of the individual measurement points 

from the expected values. A linear regression over all measurement points served as a basis 

for the expected values. R2-values for the linear regression were 0.918 for Tmax and 0.907 for 

Tmean in the ROI. The values of the residuals range from -5.09 °C to 2.72 °C in the heating 

curve of Tmax and from -1.49 °C to 1.26 °C in the heating curve of Tmean (Figure 16).   

 

  

Figure 16: Residuals of the single temperature measurements calculated from the linear regression of all 
temperature measurements. A: residuals from maximum temperature evolution in the ROI, B: residuals from 
mean temperature evolution in the ROI. 

 

A linear regression of the temperature values over the time span in which the experiments 

were conducted showed a slope value of -0.023 °C/d for Tmax values and a slope value of -

0.008°C/d for Tmean values (Figure 17).  

The slope values of a linear fit of the temperature increase over time in the single sonications 

range from 0.36 °C/s to 0. 73 °C/s (Figure 18). The slope values of repeated sonications for 

Tmax and Tmean performed at a single day remain comparable over the entire period of the 

experiments and do not significantly changing with age of the phantom.  
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Figure 17: Repeated measurement of temperature (A: Tmax, B: Tmean in a defined ROI) at the end of the sonication 

(8 mm sonication volume, 40 W, 20 s sonication time) over a period of 66 days. 

 
 

 

Figure 18: Slope values of a linear regression of repeated sonications (8 mm sonication volume, 40 W, 20 s 
sonication time) over a period of 66 days. A represents Tmax, B Tmean values in a defined ROI. 
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4.3 Power dependence 

To investigate the effect of different power settings, two sets of sonications using a 2 mm cell 

(2 mm diameter, 7 mm length) with 20, 40, 60 and 80 W were performed for 16 s (Figure 19). 

Temperature evolution during each sonication was tracked using MR-thermometry as 

described above and compared.  

 

Figure 19: Representative temperature map of sonications in a 2 mm sonication volume with A: 20 W, B: 40 W, C: 
60 W and D: 80 W. Temperature data was acquired after a sonication duration of 16 s. The dashed white line 
indicates the position of the absorber. 

Increasing power led to Tmax slope values from an average 0.82 °C/s in sonications with 20 W, 

0.98 °C/s in sonications with 40 W, 1.13 °C/s in sonications with 60 W and 1.36 °C/s in 

sonications with 80 W. For Tmean, slope values ranged from 0.46 °C/s (20 W sonication power) 

to 0.92 °C/s (80 W sonication power) (Table 3, Figure 20). A fit of the Tmax slope values over 

power resulted in a slope value 8.8 · 10-3 °C/s/W (correlation coefficient R2 = 0.966, Figure 21). 

The same fit for Tmean slope values led to a slope value of 7.3 · 10-3 °C/s/w (correlation 

coefficient R2 = 0.979). 
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Figure 20: Temperature increase (A: Tmax, B Tmean in a defined ROI) over time for the four different power settings 
(n = 2 for each power setting). Blue = 80 W, orange = 60 W, green = 40 W and red = 20 W sonication power. All 
sonications were performed in a 2 mm sonication cell with a sonication duration of 16 s.  

 
Table 3: Average slope values of a linear fit of the maximum and mean temperature increase over the sonication 

time of 16 s for the four different power settings.  

Sonication power [W] 20  40 60 80 

Average slope value of Tmax in ROI [°C/s] 0.82 0.98 1.13 1.36 

Average slope value of Tmean in ROI [°C/s] 0.46 0.65 0.72 0.92 

 

 

Figure 21: Tmax (blue) and Tmean (orange) slope values of the linear temperature increase over time for the four 
power settings (20, 40, 60 and 80 W). The dashed line indicates a linear fit of the slope values over power. 

  

A B 
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4.4 Equal energy comparison 

Six sonications with the same energy (800 J) were performed in one session: three at a power 

of 40 W for 20 s, three at a power of 20 W for 40 s. A post sonication time of 5 minutes was 

monitored via thermometry to enable the calculation of the thermal dose after cooldown.  

The sonications with less power and longer time led to a mean volume heated over a CEM43 

value ≥ 240 min of 2.16± 0.25 ml. The sonications with higher power and shorter sonication 

time led to a mean volume heated over a CEM43 value ≥ 240 min of 2.44 ± 0.44 ml (Figure 

22). The difference between the mean volume of both sonication protocols was found to be 

0.28 ml. A two sided independent-samples t-test showed no significant difference between the 

two sonication approaches (p-value = 0.481). These sonications with the same total energy, 

but different power and time settings lead to comparable volumes having a CEM43 value ≥ 

240 min (Figure 24).  

The temperature slopes of the two sonication settings showed differences: In the sonications 

with more power and less time a steeper rise of the temperature was observed than in the 

sonications with less power and more time (Figure 23). 

 

 

Figure 22: Representative temperature map of a sonication with 20 W for 40 s, captured after 43 s and a 

sonication with 40 W for 20 s, captured after 21,5 s. The dashed white line indicates the absorber. 
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Figure 23: Heating curve over time for the two sonication protocols (blue: 20 W power, 40 s sonication time; 
orange: 40W power, 20 s sonication time). Temperature values represent the hottest voxel in the predefined ROI. 
A: showing the initial rise of temperature, B: showing broader timespan including cool-down.  

 

Figure 24: Volumes exceeding a thermal dose (CEM43) of 240 min (n=3 for each approach) after sonications with 
a sonication energy of 800 J, but different power and durations (20 W and 40 s vs 40 W and 20 s). Error bars 

indicate the standard deviation.  

  

A B 
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4.5 Indirect/ direct approach comparison 

For the direct approach, target volumes of 8-, 12-, and 16- mm in diameter were defined directly 

on the absorber’s surface. For the indirect approach, target volumes of 2 mm in diameter were 

defined in a distance to the surface of the absorber calculated by the intercept theorem (Figure 

25). In theory, this leads to the same heated area as in the direct approach. All sonications 

were performed with a power of 40 W and repeated 3 times in the same MR-HIFU session 

(Table 4). Post sonication temperature measurements were performed for 5 minutes to enable 

the calculation of the final thermal dose after cooldown. 

 

 

Figure 25: Calculation of the heated area at the surface of the phantom with the indirect sonication approach. 

 

Table 4: Sonication parameters of the direct/ indirect approach. 

Diameter (mm) of 

planned ablated area on 

the surface of the 

phantom 

Approach Distance of the 

focal spot to 

absorber surface 

(mm) 

Cell size in 

MR-HIFU 

console (mm) 

Sonication 

duration (s) 

8 Direct 0 8 20 

Indirect 6 2 20 

12 Direct 0 12 36 

Indirect 9 2 36 

16 Direct 0 16 56 

Indirect 12 2 56 

 

The indirect and direct sonication approach led to a comparable volume heated over a CEM43 

value ≥ 240 min (Figure 26 and 29, Table 5) for all of the tested target volumes.  

The temperature rise during the sonication was slightly steeper for the indirect approach in the 

8- and 12 mm treatment volume, however this finding was not consistent for the 16 mm 

treatment volume where the direct approach showed a steeper rise (Figure 27 and 28).  
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Figure 26: Temperature maps comparing the direct approach vs. the indirect approach in different treatment 
volumes from 8 to 16 mm diameter. Temperature maps were acquired after 22 s (8 mm sonication volume), 37 s 
(12 mm sonication volume) and 58 s (16 mm sonication volume) sonication time. The dashed white line indicates 
the position of the absorber. 
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Figure 27: Maximum temperature difference from baseline over time in the specific sonication volumes (A: 8 mm, 
B: 12 mm, C: 16 mm) comparing the indirect (orange) and direct (blue) approach. The graph shows the temperature 
rise during the sonication and shortly after the end of sonication. 

 

Figure 28: Maximum temperature difference from baseline over time in the specific sonication volumes (A: 8 mm, 
B: 12 mm, C: 16 mm) comparing the indirect (orange) and direct (blue) approach. The graph shows the 
temperature rise during the sonication and the full post sonication time. 
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Figure 29: Comparable ablated volume (CEM43 value ≥ 240 min) in direct and indirect approach. Target volumes 
from 8 to 16 mm diameter were used (n=3 for each cell size and approach). Error bars indicate the standard 
deviation.  

 

Table 5: Mean volumes and difference between the mean volumes of 8-, 12- and 16-mm target volumes in direct 
and indirect approach (n=3 for each cell size and approach). P-value is calculated from the paired-samples t-test 

comparing indirect and direct approach. *No standard deviation, since all values were exactly the same 

 8mm- 

direct 

8mm- 

indirect 

12mm- 

direct 

12mm- 

indirect 

16mm- 

direct 

16mm- 

indirect 

Mean volume [ml] 1.28±0 1.43± 

0.110 

3.081± 

1.835 

4.157± 

0.264 

10.513± 

0.654 

9.1± 

0.410 

Difference 

between mean 

volumes [ml] 

0.148 1.08 1.43 

  



42 
 

4.6 Sonications performed with a Spine Phantom 

4 mm sonication volumes were placed directly on the facet joint of the spine phantom according 

to a previously performed in-vivo swine experiment. Sonication powers of 100 and 120 W were 

used for 16 s. The experiments were analysed in terms of the maximum temperature difference 

from the baseline room temperature reached during the sonication. The temperature was 

measured in the gel surrounding the facet joint. 

In the sonication with 100 W for 16 s (1600 J) the maximum temperature difference was 39.5 

°C and 42.8 °C in the sonication with 120 W for 16 s (1920 J) (Figure 30 and 31). 

The in-vivo swine experiment showed a peak temperature difference from body temperature 

(37°C) of 24.9 °C in the treatment with 100 W for 16 s (1600 J) and a peak temperature 

difference of 26.4 °C in the treatment with 120W for 16 s (1920 J). 

 

 

Figure 30: Temperature map of the pig facet joint treatment and of the spine model treatment. Each treatment was 

accomplished with 4 mm sonication volumes, 100 W power and 16 s sonication duration. 
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Figure 31: Temperature map of the pig facet joint treatment and of the spine model treatment. Each treatment was 
accomplished with 4 mm sonication volumes, 120 W power and 16 s sonication duration. 
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5. Discussion 

The study demonstrates that the developed bone phantom consisting of a flat disk of 

polyurethane embedded in a polyacrylamide gel is a reliable tool to test different MR-HIFU 

systems as well as sonication protocols. In contrast to other tested materials such as PMMA, 

Polycarbonate and Verowhite, only polyurethane did not degrade after repeated exposure to 

HIFU. The polyurethane phantom could be used over a considerable amount of time and 

showed a reproducible temperature rise for repeated sonications with the same settings. Our 

bone phantom could therefore be used for quality assurance and testing of MR-HIFU 

sonication protocols in the context of bone applications. To our knowledge, such a phantom 

has not yet been described in literature. Furthermore, we characterized the quality assurance 

phantom regarding exposure to different power levels and different sonication approaches for 

bone treatment. In addition to the quality assurance phantom, a realistic bone model of the 

facet joint was developed.  

Out of all the materials we tested as a candidate for the bone phantom, polyurethane was the 

best choice regarding durability and resistance to heat. Other materials we tested like 

verowhite as the standard 3D-printing material or cheaper plastic options such as 

polycarbonate or PMMA turned out to be instable and showed signs of degradation under MR-

HIFU exposure. 

Besides durability, one important feature of the bone phantom is that it leads to a reproducible 

temperature rise. We investigated this quality by measuring the temperature rise during a 

specific sonication in a defined ROI. This sonication was repeated during multiple experiments 

over the timespan of eleven weeks. The maximum (Tmax) and mean temperature (Tmean) in the 

defined ROI were determined. 

The value of Tmean averaged over the entire volume is always lower than Tmax close to the 

position of the focal spot at the surface which acts as the heat source. The adjacent gel is 

subsequently heated by heat diffusion into the gel leading to a lower Tmean. It should be taken 

into account, that perfusion may impact the value of Tmean more than Tmax when sonications 

are performed in a patient setting. 

To quantify the reproducibility of the bone phantom a linear regression of the temperature 

measurement over the sonication time was performed. R2 values of 0.918 and 0.907 show a 

high correlation to the linear regression, which confirms our choice for this modelling approach. 

The resulting standard error of the estimated slope of  dTmean/dt = ± 0.006 °C/s (mean 

temperature analysis) and  dTmax/dt = ± 0.017 °C/s (maximum temperature analysis) indicates 

an accurate prediction of the linear regression values and therefore a low variability of the 

measurements.  

The variance of the measurement points was further characterized by calculating the residuals. 

We observed low residual values which means the repeated measurements were uniform. The 
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highest value for the residuals (ranging from -5.094 °C to 2.72 °C) were measured at the end 

of the sonication. The increasing difference from the residuals versus the fitted data points 

indicates heteroskedasticity. This phenomenon can be explained under the consideration that 

the difference of the slope values of the single sonications lead to a multiplying deviation with 

increasing time. The slope values of the single sonications ranged from 0.355 °C/s to 0. 733 

°C/s. The difference in the slope values and residuals can be explained by a natural variation 

in heating, phantom positioning and also temperature readout (measurement error), since it is 

not possible to repeat an experiment in the exact same way.  

The analysis of the influence of different power levels suggests a linear relation between 

applied power and temperature rise. As in the reproducibility experiments, the slope value of 

Tmean is always lower than Tmax. With increasing power, the slope values of the temperature 

values (Tmax as well as Tmean) over time showed a positive linear correlation with high correlation 

coefficients (0.966 and 0.979).  

The results demonstrate that the increase of acoustic energy, i.e. increasing applied power 

while keeping sonication times constant has a linear impact on the maximum temperature 

reached in the focal spot. Changes in power settings therefore have an impact on the ablated 

volume and treatment duration. This underlines the demand for a standard on how to describe 

treatment settings in publications.  

Sonications performed with an equal sonication energy (800 J), but different power and 

sonication times yield similar volumes with a CEM43 value >240 min. The heating rate and 

therefore the temperature at the bone phantom surface is proportional to the time-averaged 

acoustic intensity ITA, and the sonication time t, which as a consequence leads to the same 

temperature rise when the acoustic energy Eacoustic = po
2 · t is constant. In the experiments, 

the temperature change of the bone phantom is not measured directly but in the adjacent gel. 

Heat dissipation from the focal area (intersect of beam and bone phantom surface) is governed 

by diffusion into the bone phantom itself and into the gel where the heated area acts as a heat 

source after sonication is already stopped equilibrating over time. As the calculation of the 

CEM43 value >240 min integrates the entire temperatures over time, similar CEM43 values 

>240 min values are expected for the same applied acoustic energies. The experiments with 

a longer sonication time and less power showed a higher temperature peak and therefore 

presumably a slightly higher absolute CEM43 value, however the ablated volume remains 

similar for both sonication protocols. Note, that above may not hold in vivo, where perfusion of 

the tissue adjacent to the bone surface adds to heat dissipation. 

At the end of the five minutes post-sonication temperature measurement temperature values 

still had not reached their baseline. This does not mean that the phantom is still warm, more 

likely the temperature measurement was impacted by the drift phenomena (there was no drift 

correction measurement in use).  
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We showed that the indirect treatment approach is comparable to the direct treatment 

approach when tested in-vitro on a phantom for small ablation volumes up to 16 mm. Similar 

to the explanation of the findings in the equal energy experiment, this can be explained by the 

fact that the acoustic energy applied in the experiments was the same. However, these findings 

might not be transferable to higher ablation volumes, when the focal spot in the indirect 

approach is placed further away from the surface of the phantom which could probably lead to 

irregularities in the heating pattern. Future experiments could focus on this topic. 

 

Our research study has the following limitations: The bone phantom is in many ways 

intentionally kept simple unlike the natural conditions. For example, the surface of the 

polyurethane is simply flat where the bone of for example a vertebral body can form complex 

structures. Furthermore, the acoustic and thermal properties of polyurethane and especially 

the gel differ from bone and tissue. But for testing different transducers and treatment 

protocols, we searched for a most reliable and reproducible phantom being aware of deviating 

from real nature.  

Another limitation of this study is the method of temperature readout: The temperature 

measurement method implemented in this study is based on the PRFS method and 

measurements are taken not directly on the surface of the phantom, but 4 mm parallel to the 

surface. This placement was chosen to ensure the best possible readout, since measurements 

directly on the surface are not feasible. The chemical composition of polyurethane does not 

allow temperature measurements in this material, which leads to incorrect measurements in 

all voxels which contain a relevant part of polyurethane (known as partial volume effect). This 

background explains the sometimes surprisingly low temperature elevation values, they would 

increase if measured directly at the surface. Measurements directly at the surface of the 

absorber are feasible with a thermocouple, but this method conflicts with the demand that the 

phantom should be easy to handle. Besides, our interest was to monitor reliability and therefore 

a consistency in temperature readout, which is covered by our chosen temperature 

measurement method.  

The test of reproducibility was investigated in with a sonication duration of 20 s, which is the 

default sonication time on our MR-HIFU system. Conclusions for longer sonication times 

cannot be drawn from our study, since the linear model is does not cover an eventually 

occurring saturation and therefore asymptotic behaviour of temperature rise. But our model is 

applicable to the clinically important treatment duration, since for ablation treatments, which 

are currently the standard method of thermal therapy concerning bone related conditions, only 

short sonication durations are applied.  

One limitation of the statistical methods is that the equal energy comparison and the treatment 

approach comparison were conducted with only a small number of repetitions (n=3) and 
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analysed with a descriptive statistic instead of an analytical one. Another limitation is that the 

equal energy comparison was only investigated for one energy value (Eacoustic = 800 J) and 

might not be transferable to all energy settings. Nevertheless, these findings serve as a rough 

guideline and can be a base for future investigations.   

We used a linear regression to characterize the heating curve in the reproducibility check in 

this thesis. A more accurate, but also more complex approach to model the temperature rise 

is the Pennes’ bioheat equation.126,127 But for the purpose of this thesis the linear regression 

turned out to be an adequate model for the investigated time- and temperature span.  

Another apparent limitation, but also inspiration for future research is that the tests of the equal 

energy comparison and the treatment approach comparison were performed on a phantom. In 

vivo several other factors could influence the outcome of the experiment, e.g., as mentioned 

above the cooling effect of blood vessels.  

The tests described in this thesis had only been conducted on a Sonalleve® system. Future 

studies could explore other system like Exablate® (Insightec Corp., Haifa, Israel) since the 

transducers differ in technical aspects. The comparison between indirect and direct approach 

has also been performed only on a Sonalleve® system, although the indirect approach is more 

used in Exablate® systems. Future experiments should focus on a comparison between 

different treatment sites, MR-HIFU systems and a more detailed investigation of the treatment 

approaches.  

 

For training interventional radiologists for HIFU interventions or simulation of experimental 

treatments, we developed a phantom incorporating models of bone structures. Since the 

material polyurethane we used for the bone phantom is not 3D-printable, we investiagted other 

creative manufacturing schemes. One manufacturing scheme consists of segmentation, 3D 

printing of a mould and casting of liquid polyurethane. This manufacturing scheme is feasible 

and accurate but might seem effortful since the mould has to be destroyed in order to take the 

casted phantom out of the mould. This can be a problem especially for phantoms which one 

wants to produce in larger numbers. We met this argument by coming up with an alternative, 

more sustainable way of manufacturing based on silicone. A silicone mould was made as a 

negative from a 3D printed bone structure. The silicone form does not break when the casted 

phantom is removed and can thus be reused.  

We performed a proof-of-concept study with two sonications on the swine facet joint phantom. 

The power levels were chosen according to successful swine facet joint ablations91. We found 

a higher peak temperature in the phantom experiments in comparison to the in vivo facet joint 

ablations, which can be explained by the lower absorption coefficient of the gel compared to 

muscle or fat tissue. The absorption coefficient of the polyurethane disk is also higher than the 

one of bone. Furthermore, the phantom does not have the cooling effect of blood perfusion. 
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The heating pattern along the surface of the facet joint model was comparable to a real swine 

treatment. Despite the deviations from in-vivo treatments, the facet joint model could serve as 

a model for planning complex treatments, in some cases as a substitution for animals in 

research or as a training model for interventional radiologists.  

The developed phantom was designed for bone structures, but the process of segmentation is 

not limited to bone structures. The basic workflow of creating a phantom which consists of 

segmentation – printing a mould – casting of a specific material is theoretically extendable with 

several organ structures such as kidneys pancreas, brain structures etc.128-130 

 

In conclusion, the developed bone phantom meets all our predefined criteria for a phantom: It 

is reusable, produces reliable measurements and is simple to handle. Thus, it can be used on 

the same MR-HIFU system before bone treatments to perform a quality assurance test. As a 

step further, it could be implemented to test different MR-HIFU systems on various treatment 

sites to ensure a similar heating pattern or to discover relevant differences between the 

systems. In this way, our bone phantom addresses the existing gap in quality assurance of 

MR-HIFU systems for bone applications.  

The used material, polyurethane, is versatile and can be created in a more realistic way by a 

unique manufacturing method described in this study. The tests conducted for the facet joint 

phantom in this thesis were only a proof of concept, but it serves as a starting point for the 

development of an inexpensive and reusable tool for both training and research.   
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Table 6: Thermal and acoustic parameters for polyurethane, gel, cortical bone and tissues like muscle or fat. Data 
for bone and tissue were derived from Hasgall et al. and Shankar et al.132,133 The minimum and maximum 
value found in literature/ the experiments 

 Polyurethane 

Disk 

Cortical bone Polyacryl- 

amide gel  

Muscle/ fat 

Thermal 

conductivity 

[W/mK] 

0.30-0.31 0.3-0.36 0.60-0.64 0.42-0.56/ 

0.18-0.24 

Speed of 

sound [m/s] 

1356-1557 2660-4200 1516-1567 

 

1545-1631/ 

1412-1490 

Attenuation 

coefficient 

[dB/cm/MHz] 

34.9-115.0 4.74 0.019-0.044 0.38 

7.4 Statistical analysis 

7.4.1. Reproducibility 

The temperature evolution in the reproducibility experiments was investigated by performing a 

linear regression of the mean and maximum temperature values in the ROI over the sonication 

time (stats.linregress module, scipy python package version 1.1.0).131  

The quality of the regression over all measurement points was described by the standard error 

(SE) of the estimated slope and the correlation coefficient R2. While R2 represents the 

proportion of the variance which can be explained by the linear model, the standard error is a 

measure of the variance of the slope.   

To describe the variance of the individual measurement points, the residuals were graphically 

displayed. Residuals (R) were calculated by the following equation132:  

𝑅 = 𝑦 − ŷ 

With y as the individual measurement point and ŷ as the respective point at the linear 

regression curve over all measurement points.  

The reliability over time was investigated by performing a linear regression (package see 

above) over the temperature measurements at the end of each sonication (19.4 s). The slope 

and the correlation coefficient were taken as an indicator for reproducibility of the experiments. 

 

7.4.2. Power dependence 

A linear regression was performed using the stats.linregress module of the scipy python 

package version 1.1.0.131 The correlation between applied power and temperature difference 

at the end of the sonication was quantified by a linear fit of the slope values of a linear fit of the 

heating curve in each power setting. 
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7.4.3. Equal energy comparison 

Comparison between equal energy doses but different time/ power settings (treatment with 

40W power and 20s treatment time opposed to 20W power and 40s treatment time) was done 

by first calculating the mean value and the standard deviation of the volume of a CEM43 value 

≥ 240 min of the approximated spheroid. The difference of the mean values of the two 

approaches was then calculated. A two-sided independent-samples t-test (stats.ttest_indl 

module, scipy python package version 1.1.0)131 was done in order to investigate if there is a 

significant difference between the two different power and sonication time settings. 

 

7.4.4. Indirect/ direct approach comparison 

Comparison between indirect and direct approach was done similar to the equal energy 

comparison: First, the mean value and the standard deviation of the volume of a CEM43 value 

≥ 240 min of the approximated spheroid was calculated. After that, the difference of the mean 

values of the two approaches was calculated. A two-sided independent-samples t-test 

(stats.ttest_rel module, scipy python package version 1.1.0)131 was done in order to investigate 

if there is a significant difference between the different treatment approaches. 
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