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MR-HIFU  THERMAL THERAPY IN ONCOLOGY 

In oncology, the standard treatment options are surgery, radiation therapy 

and chemotherapy. These are often combined to deliver optimal care for 

patients with cancer. In such combined treatment protocols, radiation 

therapy and systemic chemotherapy are usually applied as a (neo)adjuvant to 

surgical removal of the tumor mass (1). Thermal therapy has been proposed 

as an adjunctive therapy to various cancer treatments such as radiation 

therapy and systemic chemotherapy (2,3). With mild hyperthermia 

treatments, tissues are heated to temperatures between 40C to 45C for 

time periods up to an hour, inducing physiological effects without 

instantaneous damage to the tissue (4,5). One of the physiological effects is 

the improvement of tumor oxygenation, which has been reported to increase 

the effectiveness of radiotherapy (6,7). Other physiological effects are 

changes in blood flow and vascular permeability, which could enhance local 

drug delivery of chemotherapeutic agents (8,9). For these purposes, it would 

be preferable to induce mild hyperthermia locally at the tumor. Thermal 

ablation, a local high-temperature thermal therapy, has been proposed as an 

alternative to traditional surgery (10). By heating the targeted tissue until a 

lethal thermal dose has been reached, coagulative necrosis can be induced 

(11,12). Different types of energy sources may be used for local thermal 

therapies, including laser (13), radiofrequency ablation (14) and high intensity 

focused ultrasound (HIFU) (15). 

 

MAGNETIC RESONANCE-GUIDED H IGH INTENSITY FOCUSED ULTRASOUND 

(MR-HIFU) 

HIFU provides the opportunity to achieve non-invasive local heating. 

Ultrasound waves, generated by a piezoelectric transducer, are focused into 

a small volume called the focus, as illustrated in Figure 1a. By focusing the 

ultrasound waves, acoustic energy of high intensity can be locally deposited 

at the focus. Depending on the energy absorption, this will lead to thermal 

effects and non-thermal effects (16). Thermal effects can be distinguished in 

the direct heating process and the indirect physiological effects, such as 

coagulation, changes in perfusion and vessel shut-down (17,18). 
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Figure 1. Overview of an MR-HIFU system: a) Illustration of focused ultrasound waves, 

propagating through the body into a focus; b) HIFU transducer embedded in an MR 

tabletop. c) Clinical MR-HIFU system integrated into an MR scanner (Image Courtesy: 

Philips Healthcare, Vantaa, Finland). 
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HIFU treatments can be guided using magnetic resonance imaging (MRI), 

which allows high resolution imaging with excellent soft tissue contrast (19) 

and temperature imaging (20). In clinical magnetic resonance-guided HIFU 

(MR-HIFU) systems, the HIFU transducer is embedded in a tank filled with 

water or oil and integrated into an MR tabletop (Figure 1b) (21). By using the 

MR-HIFU system (Figure 1c), MRI can be used for treatment planning, real-

time monitoring of the heating process and evaluation the treatment effects 

(22-24). 

 

MR  THERMOMETRY  

Tissue temperature changes are a direct measure of the heating process. 

There are several MR parameters that are temperature dependent, such as 

the resonance frequency, proton density, the longitudinal relaxation time 

(T1) and the transverse relaxation time (T2). A lot of work has been done 

develop MR methods which allow temperature mapping via these 

parameters, using MR sequences that were specially developed for this 

purpose (25-31). 

 

The most commonly used method in clinic is the proton resonance 

frequency shift (PRFS) MR thermometry (MRT) (23). The method is based on 

the temperature dependent magnetic resonance frequency of hydrogen 

nuclei in water molecules. This is owing to the temperature dependence of 

the electron screening constant of hydrogen nuclei in water (32,33). The 

motion of water molecules increases with increasing temperature. 

Consequently, hydrogen bonds between hydrogen and oxygen are distorted 

and stretched, resulting in increased electron screening.  Because of this, the 

resonance frequency of the hydrogen nuclei becomes lower (Figure 2) (34). 

 

Measuring these resonance frequency changes in the frequency domain 

would seem the most obvious choice. However, the required spectroscopic 

MR sequences are typically slow and therefore not suitable for real-time 

monitoring (20). Instead, with PRFS MRT, the resonance frequency changes 

are measured from the phase changes of the complex MR signal at a certain 

echo time. Gradient-echo MR scans are used to dynamically acquire phase 
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maps. From the changes in phase, measured by subtracting subsequent 

phase map, relative temperature changes can be calculated (25,26). Because 

PRFS MRT is subtraction-based, the method is susceptible to non-

temperature related changes in the phase, for instance those caused by 

motion. Absolute temperatures are calculated by adding the baseline 

temperature to the relative temperature changes measured with PRFS MRT. 

Since the exact temperature distribution at the imaging slice can usually not 

be determined, the patient’s core temperature measured before the 

treatment procedure is generally used as the baseline temperature (35). 

 

 

  

Figure 2. Illustration of the increased screening effect of hydrogen nuclei in water, as a 

result of temperature increase. 
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MR  METHODS FOR MR-HIFU  THERMAL THERAPIES  

With thermally ablation treatments using MR-HIFU, generally the aim is to 

reach temperatures above 60C for a few seconds (36). This combination of 

time and temperature will result in a lethal thermal dose leading to cell 

death, as was described by Sapareto and Dewey (11). Up to now, MR-HIFU 

has been approved for routine clinical uses for thermal ablation of uterine 

fibroids (37) and painful bone metastases (38). Thermal ablation of tumors in 

breast (39), liver (40), pancreas (41), prostate (42) and brain (43) is among the 

emerging oncological applications of MR-HIFU. For these applications, it is 

important to ensure that the whole target volume, covering the tumor and 

margins, receive a lethal thermal dose. Accurate temperature measurements 

are therefore required to further develop the MR-HIFU technology towards 

oncological applications of thermal ablation. 

 

For the application of MR-HIFU induced mild hyperthermia (40C to 45C), 

real-time feedback control systems can be used (5,44,45). The measured MR 

temperatures are used as an input to control the applied ultrasound power. 

To achieve controlled mild hyperthermia in such a way that the temperature 

stays within a window of 40C to 45C, it is necessary to have accurate 

temperature measurements. As mentioned earlier, the indirect thermal 

effects of mild hyperthermia on the physiology were reported to enhance 

the therapeutic effect of chemotherapy and radiation therapy (6-9). In 

addition, mild hyperthermia can be used to achieve localized drug delivery in 

tumors using thermosensitive drug carriers. Pre-clinical MR-HIFU mild 

hyperthermia studies have been performed using low temperature-sensitive 

liposomes, which release the encapsulated chemotherapeutic drug upon 

being heated to mild hyperthermic temperatures (46,47). MRI can be used, 

as an alternative to histology, to determine the resulting damage (24). Tools 

to visualize the thermal effects on the physiology would be valuable, as they 

may provide insight in the expected treatment outcome. 

 

While the current MR methodologies provide opportunities in monitoring 

and evaluation of MR-HIFU thermal therapies, further development is 

necessary to bring the technology closer to oncological applications in clinic.  
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THESIS OUTLINE 

In this thesis, the focus is on MRI methods for the evaluation of MR-HIFU 

induced thermal effects. These thermal effects can be distinguished in two 

types: direct heating and the indirect physiological effects. The research was 

performed within the context of the HIFU-CHEM project carried out by a 

public-private consortium funded by the Dutch Center for Translational 

Molecular Medicine (CTMM). The purpose of the HIFU-CHEM project was to 

develop and test an MR-HIFU technology platform specifically for local drug 

delivery using thermosensitive liposomes. The primary clinical objective was 

to treat painful bone metastases. 

 

PRFS MRT is the most commonly used method in the clinic to monitor MR-

HIFU treatments, because of its high temporal resolution. The accuracy and 

precision of the temperatures measured may vary as they depend on several 

factors. In the clinic, the interest in the performance of PRFS MRT increased 

with the application of MR-HIFU as a palliative treatment of painful bone 

metastases. Clinical palliative MR-HIFU treatments of patients with painful 

bone metastases were performed in our hospital, as part of the clinical 

workpackage in the HIFU-CHEM project (48). In CHAPTER 2 , we have 

evaluated the clinical performance of PRFS MRT used for monitoring MR-

HIFU ablation procedures of these palliative treatments. This was done by 

retrospective analysis of the MRT data. 

 

An emerging application of MR-HIFU is the treatment of tumors in 

abdominal organs. Since the liver, kidney and pancreas are well-perfused, 

relatively high acoustic power levels are needed (40,49-52). With mild 

hyperthermia, the required powers are lower, since lower temperatures are 

aimed for. However, the aimed temperatures should be achieved for longer 

periods of time. So even though lower powers are needed than for thermal 

ablation, consecutive exposures are required to keep the temperature within 

the aimed temperature window. In addition, consecutive sonications are also 

needed to cover the target volume. The combination of the high power 

levels and consecutive sonications may induce undesired cumulative thermal 

build-up in tissues outside the targeted region. This is especially true for the 
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tissue traversed by the HIFU beam on its way to the focus, the so-called 

near-field region of the HIFU beam. When targeting lesions in abdominal 

organs through an acoustic window in the ventral abdominal wall, the tissues 

potentially at risk in the near-field are the skin, subcutaneous fat layer and 

adjacent muscle layer. The presence of both fat and aqueous muscle tissue 

opens up the possibility to use the fat signal as a reference to the water 

signal; the resonance frequency of water is temperature dependent, but that 

of fat is not. By using fat as a reference, temperature measurements can be 

corrected for magnetic field drift (25) and absolute temperatures may be 

calculated (28,29). One way of using fat as a reference is by using the multi-

gradient echo (MGE) MRT (29) method. Temperatures can be calculated from 

the difference frequency between water and fat by using a calibration value 

of the chemical shift difference between water and fat at a known 

temperature. When the two components contribute to the MR signal, by 

means of the partial volume effect, the modulus of the time-signal will 

oscillate with the frequency difference. With the MGE MRT method, 

temperatures are calculated from the frequency difference extracted from 

the time-signal sampled at multiple echo times, acquired with a gradient-

echo sequence. In CHAPTER 3 , we investigated the use of the MGE MRT 

method to monitor the temperature in the near-field area, using both 

absolute and relative temperature measurements. 

 

For the calculation of absolute temperatures using MGE MRT, a calibration 

value is needed of the chemical shift difference between water and fat at a 

known temperature. However, this calibration value is dependent on the 

nuclear magnetic field of the two compartments. Due to the susceptibility 

difference between water and fat, the nuclear magnetic field may vary. Hence 

the used calibration value may not be correct everywhere, potentially 

inducing systematic errors in the absolute MGE MRT temperatures. CHAPTER 

4 is on a study in which the influence of the magnetic susceptibility 

difference between water and fat was investigated on the MGE MRT method. 

Spatial variations in magnetic susceptibility generate magnetic field 

inhomogeneities. Consequently, the sub-voxel magnetic resonance 

frequency distribution and the time-domain signal of the voxel are affected. 

The behavior of the time-domain signal of water in of sub-voxel magnetically 
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inhomogeneous systems has been described theoretically in the literature, 

showing different behavior on short and long time scales. We investigated 

the water and fat signal behavior in such systems with numerical simulations 

and explored the implications of the findings for absolute MGE MRT. 

 

While the methods above all refer to the thermally ablative MR-HIFU 

applications, MR-HIFU can also be used to induce mild hyperthermia. The 

mechanisms of physiological changes upon mild hyperthermia are complex, 

making it difficult to predict tumor responses. MRI allows non-invasive 

mapping of parameters related to the physiology. Dynamic contrast 

enhanced (DCE)-MRI is a widely used method to make map parameters 

related to the permeability (𝐾𝑡𝑟𝑎𝑛𝑠, 𝑘𝑒𝑝) and the blood volume fraction (𝑣𝑝). 

With intravoxel incoherent motion (IVIM)-MRI, maps of the perfusion-related 

parameters 𝑓𝑝 and 𝐷𝑝 can be retrieved from diffusion-weighted MR data, 

where 𝑓𝑝 is related to the blood volume fraction and 𝐷𝑝 is the pseudo-

diffusion. These parameters may provide insight in the effects of 

hyperthermia on the physiology. The advantage of IVIM-MRI is that no 

contrast agents are involved. In CHAPTER 5 , we investigated the potential of 

DCE-MRI and IVIM-MRI to detect changes induced by hyperthermia using 

the MR-HIFU system. 
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INTRODUCTION 

Magnetic resonance-guided high-intensity focused ultrasound (MR-HIFU) is 

a modality for non-invasive thermal therapy. Focused ultrasound is used to 

locally heat the tissue, while the treatment can be monitored real-time using 

MR thermometry (MRT). MR-HIFU has been used for tumor ablation in the 

bone (53-56), liver (50,51,54,55,57-63), pancreas (51,55,64), kidney (61,65) 

and breast (54,63,66-69). Other clinical treatments that have been performed 

with MR-HIFU are the ablation of uterine fibroids (63,70-73) and of bone 

metastases for the purpose of pain palliation (63,74-78). In this study, we 

focused on the palliative treatment of bone metastases with MR-HIFU. The 

pain mechanism is thought to be closely related to the periosteal innervation 

(75,76), and therefore the aim is local periosteal denervation by heating the 

cortical bone. As cortical bone has a high acoustic absorption, the 

temperature in the bone will elevate more than that in the surrounding 

muscle tissue during exposure to HIFU (79). Another advantage of treating 

painful bone metastases with MR-HIFU is the time to response of typically a 

few days (75,76,78), compared to weeks when using external beam 

radiotherapy, the current standard of practice (80,81). Additionally, in 

contrast to external beam radiotherapy, MR-HIFU is not associated with 

radiation toxicity. 

Unfortunately, the presence of the pain may complicate the treatment 

procedure. For example, the patient may not be able to lie still for a 

prolonged period of time or treatment-induced involuntary motion may 

occur if the treatment is not performed under general anesthesia. Patient 

motion may hamper the MR images that are used for treatment monitoring. 

Also, the image quality may be variable between specific cases for two 

reasons. First, bone metastases can occur at various locations. Second, there 

are three types of bone metastases: osteolytic, osteoblastic, and mixed. 

Osteolytic lesions are characterized by resorption of cortical bone, whereas 

osteoblastic lesions are characterized by formation of cortical bone. Mixed 

lesions exhibit both resorption and formation of cortical bone. Cortical bone 

has low water content (82) and a short T2 (83) and will thus give very low MR 

signal. Therefore, the image quality may possibly be different between lesion 

types. 
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The most commonly used method for temperature mapping in MR-HIFU, 

used for treatment monitoring, is based on the temperature-dependent 

proton resonance frequency shift (PRFS) (25,26). Due to the lack of MR 

signal, PRFS-based MRT is unable to detect temperature changes in cortical 

bone. The bone marrow does give MR signal but has a high fat content. 

Since PRFS-based MRT only works in aqueous tissue, little to no temperature 

information can be retrieved from the bone marrow. The treatment 

monitoring during MR-HIFU of bone metastases is limited to the 

surrounding aqueous tissue. With PRFS-based MRT, temperature changes 

are calculated from phase differences obtained by phase image subtractions 

of gradient-echo scans (25). The method is therefore sensitive to non-

temperature related spatiotemporal phase variations and subtraction errors, 

which will result in errors in the temperature images. 

In this study, we evaluated the clinical performance of PRFS-based MRT used 

for monitoring of MR-HIFU ablation procedures of bone metastases that 

have been performed in our hospital. For this purpose, we assessed the 

general image quality by measuring the signal-to-noise ratio (SNR) and 

apparent temperature variations. Furthermore, potential artifacts in the 

temperature images were scored for their occurrence and hampering of 

treatment monitoring. 

 

METHODS 

ETHICS STATEMENT 

Approval from the Institutional Review Board of the University Medical 

Center Utrecht (Utrecht, The Netherlands) was obtained for this study. All 

participants were counseled on the nature of the procedure, and all provided 

written informed consent for the treatment and use of their (anonymized) 

data. 

 

PATIENT CHARACTERISTICS 

Eleven patients, referred to our hospital for clinical palliative treatment of 

metastatic bone pain after exhaustion of the standard of care, were treated 

with a clinical MR-HIFU platform (Sonalleve, Philips Healthcare, Helsinki, 

Finland), integrated into a clinical 1.5-T MRI scanner (Achieva, Philips, Best, 
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The Netherlands). Two patients were retreated, resulting in 13 therapeutic 

sessions in total. Table 1 shows the patient characteristics. The treated 

lesions were located in the upper body (n = 4), the pelvis (n = 7), and in a 

lower extremity (n = 2). There were seven osteolytic lesions, five mixed 

lesions, and one osteoblastic lesion. Three types of intravenous procedural 

sedation and analgesia (PSA) were used: four patients received a 

combination of fentanyl (50–100 μg) and midazolam (2–5 mg) and will be 

referred to as PSA type A, four patients received propofol (induction 0.5–1 

mg/kg, maintenance 5 mg/kg/h) combined with opioid analgesic at the 

discretion of the PSA specialist and will be referred to as PSA type B, and five 

patients received propofol (induction 0.5–1 mg/kg, maintenance 5 mg/kg/h) 

and esketamine as analgesic at the discretion of the PSA specialist and will 

be referred to as PSA type C. One patient treated in a lower extremity was 

retreated after 2 weeks at a different location and had metal internal fixation 

material in the target region. One patient treated in the pelvis was retreated 

after 4.5 months at the same location. A more detailed description of the 

treatments has been published elsewhere (48). 

 

MRI SEQUENCES 

The built-in radio frequency (RF) receiver coil inside the HIFU window was 

used together with a HIFU pelvis RF receiver coil positioned on top of the 

patient. Patients were positioned with the target lesion above the transducer 

window in the MR-HIFU tabletop. The first two treatments were performed 

on an earlier version of the clinical MR-HIFU system (Sonalleve, Release 2), 

where the HIFU window coil consisted of one element and the HIFU pelvis 

coil of two elements. The remaining treatments were performed on the most 

recent version of the clinical MR-HIFU system (Sonalleve, Release 3), where 

the HIFU window coil had three elements and the HIFU pelvis coil had two. In 

the treatment of the metastasis in the shoulder, the patient did not fit into 

the bore with the pelvis receiver coil positioned on top due to the patient 

positioning and the built-in body coil of the MR scanner was used instead 

(Table 1). 
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Table 1. Description of the patient group 

Treatment 

number. 

Sex Age Location Lesion type Receiver coil(s) Number of 

datasets
g
 

 1
a,d

 M 58 Femur Osteolytic HIFU 3-elem 13 

 2
a,d

 M 58 Femur Osteolytic HIFU 3-elem 7 

3
a
 F 55 Sacrum Osteolytic HIFU 5-elem 7 

4
a
 F 56 Pubic bone Mixed HIFU 5-elem 11 

5
b
 M 60 Pubic bone Osteolytic HIFU 5-elem 16 

 6
b,e

 F 64 Sacrum Mixed HIFU 5-elem 13 

7
b
 F 53 Shoulder Osteoblastic MR Body coil 31 

8
c
 M 86 Rib Mixed HIFU 5-elem 20 

   9
b,e,f

 F 64 Sacrum Mixed HIFU 5-elem 23 

 10
c,f

 M 55 Pubic bone Osteolytic HIFU 5-elem 27 
11

c
 M 71 Pubic bone Osteolytic HIFU 5-elem 23 

12
c
 M 65 Rib Mixed HIFU 5-elem 15 

13
c
 M 64 Rib Osteolytic HIFU 5-elem 18 

Total      224 

a
 Performed under PSA type A (fentanyl and midazolam). 

b
 Performed under PSA type B (propofol and opioid analgesic). 

c
 Performed under PSA type C (propofol and esketamine). 

d
 Same patient, retreated after 2 weeks, metal internal fixation material in target region. 

e
 Same patient, retreated after 4.5 months. 

f
 Higher resolution MRT scans used. 

g
 For each sonication, one dataset was acquired, containing a dynamic series of multi-slice 

magnitude images, phase images, and calculated temperature maps. 

 

 

Multi-planar reconstructed 3D T1-weighted spoiled gradient-echo scans 

were used for HIFU treatment planning with the following scan parameters: 

echo time = 4.6 ms, repetition time = 20 ms, flip angle = 30°, number of 

signal averages (NSA) = 2, number of slices = 100, field of view = 240 × 303 

mm
2
, acquisition matrix = 184 × 201, acquired voxel size = 1.3 × 1.5 × 2.6 

mm
3
. For HIFU treatment monitoring, a dynamic multi-slice, 2D spoiled 

gradient-echo echo-planar imaging (EPI) PRFS-based MRT sequence was 

used with water-selective binomial RF excitation pulses (1-2-1) with the 

following scan parameters: echo time = 19 ms, repetition time = 36 ms, flip 
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angle = 20°, NSA = 2, EPI factor = 11, number of slices = 4, field of view = 

400 × 310 mm
2
, acquisition matrix = 160 × 121, acquired voxel size = 2.5 × 

2.6 × 7 mm
3
, and dynamic scan duration = 3.7 s. During two treatments, 

higher resolution PRFS-based MRT scans were used with the same scan 

parameters, except for NSA = 1, field of view = 400 × 307 mm
2
, acquisition 

matrix = 224 × 165, voxel size = 1.8 × 1.9 × 6.3 mm
3
, and dynamic scan 

duration = 2.7 s. The positions of three imaging slices (coronal, sagittal, 

transverse) were fixed, with the centers of the imaging slices positioned at 

the center of the HIFU focus location, as shown in Figure 1. A fourth imaging 

slice (coronal) was positioned in a muscular area closest to the transducer, 

also known as the near-field area of the HIFU beam (Figure 1). Two dynamics 

of the dynamic MRT scan were acquired before sonication, and images were 

acquired continuously up to 2 min of the total acquisition time. 

 

HIFU TREATMENT 

The MR-HIFU treatments were performed by volumetric sonications, where 

ellipsoidal volumes were treated by electronic steering of the HIFU focus in 

concentric circular trajectories of increasing diameter (84). Treatment 

planning was done using the T1-weighted 3D scan. PRFS-based MRT images 

were used for temperature monitoring during the HIFU treatment. For each 

HIFU sonication, one dataset was obtained using an MRT pulse sequence, 

containing dynamic series of multi-slice magnitude images, phase images, 

and calculated temperature images. The temperatures were calculated by 

adding the patients’ baseline body temperature (auricularly measured) 

measured before treatment to the temperature differences derived from the 

phase images of the dynamic MRT data. No field drift correction was 

performed for the MRT data, since little drift was expected during the 

acquisitions (duration up to 2 min). Each HIFU treatment was preceded by 

one or more test sonications at low power (median 30 W, range 20–50 W) 

and with short duration (median 16 s, range 16–20s). Therapeutic HIFU 

sonications were performed with variable power (median 95 W, range 10–

160 W), variable duration (median 16 s, range 0.2–36 s), and variable cross-

sectional diameter of the treatment volume (median 4 mm, range 2–12 mm) 

(84). The acoustic power levels of the HIFU sonications were determined by 

the treating physician and could be selected up to the maximum power level 
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Figure 1. Slice positioning of the MRT scans. An example of an MR-HIFU setup for a 

treatment in the pelvis is shown in (a). An example of the MRT scan slice positioning is 

shown in (b), on a T1-weighted planning scan of an osteolytic lesion in the pubic bone 

(treatment 10). Three slices (light-red) were fixed with the centers to the location of the 

HIFU focus; one slice could be freely placed by the user and was placed in the near-field 

area of the HIFU beams (green, dashed). 
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allowed by the system, which ranged from 190 W for the smallest treatment 

volume to 80 W for the largest treatment volume. Data of both the test 

sonications and the therapeutic sonications were included. The total number 

of sonications within one treatment session ranged from 7 to 31, with a 

median of 16 (Table 1). A total number of 224 MRT datasets of 11 patients 

were used for the analysis, which included the datasets related to the test 

sonications. 

 

DATA ANALYSIS: GENERAL IMAGE QUALITY 

The general image quality was assessed by measuring the signal-to-noise 

ratio in the magnitude images acquired with the PRFS sequence and the 

apparent temperature variation in the calculated temperature images. 

An important indicator for general image quality is the SNR of the 

magnitude images of the datasets. To avoid the influence of tissue structure 

in SNR measurements, we measured the SNR in single voxels over time. For 

each dataset, two voxels were selected for each imaging slice: one in the 

target lesion region and one in a muscle region near the lesion region. The 

voxels were selected in the temperature image, away from the heated area 

and away from any obvious local artifacts. When muscle contraction and/or 

body movement was observed visually in the magnitude image, the whole 

dataset was excluded from the analysis. When the lesion region and/or the 

muscle region were not visible in an imaging slice, the slice was excluded 

from the analysis. The temporal mean and temporal standard deviation of 

the magnitude signal intensities in the selected voxels over all dynamics were 

determined. Subsequently, the SNR of each voxel was calculated by dividing 

the mean by the standard deviation. Per dataset, the SNR values of the 

voxels in the target lesion were averaged and the SNR values of the voxels in 

the surrounding muscle were averaged. Finally, the average SNR over all 

datasets in the target lesion and surrounding muscle was calculated per 

treatment. 

As another measure of the general image quality, we measured the 

apparent temperature variation that was not influenced by heating or 

obvious artifacts. For each dataset, one voxel was selected for each slice in 

the temperature image in a muscle region, away from the heated area and 

away from any obvious local MRT artifact. The datasets that were excluded 
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from the SNR analysis because muscle contraction and/or body movement 

were observed visually were also excluded from this analysis. When the 

muscle region was not visible in an imaging slice, the slice was excluded from 

the analysis. The apparent temperature variation was defined as the temporal 

standard deviation of the measured temperatures with PRFS-based MRT in 

the selected voxel over all dynamics. Per dataset, the apparent temperature 

variation values of the voxels were averaged. Finally, the average apparent 

temperature variation was calculated per treatment. 

Qualitative comparisons were done between different lesion types 

(osteolytic, mixed, and osteoblastic) and locations (upper body, pelvis, and 

lower extremity). To make the comparisons as fair as possible, datasets were 

excluded of the treatments where metal fixation material was present and 

higher resolution scans were used. 

 

DATA ANALYSIS: ARTIFACTS 

As PRFS-based temperature images are reconstructed from subtracted phase 

images (25), non-temperature related phase changes will result in errors in 

the temperature images. From here on, these errors will be referred to as 

MRT artifacts. The dynamic multi-slice temperature images were scored by 

one observer (ML) for the occurrence of MRT artifacts and hampering of the 

treatment monitoring by MRT artifacts caused by the following sources: 

time-varying field inhomogeneities, arterial ghosting, and patient motion. 

Field inhomogeneities are caused by the susceptibility distribution. Static 

field inhomogeneities will not lead to errors in temperature images, as they 

are canceled out by the subtraction of subsequent phase images. However, 

temporal changes of the susceptibility distribution will cause time-varying 

field inhomogeneities, leading to local non-temperature-related phase 

changes and resulting in MRT artifacts. Changing volumes of air is one of the 

most prominent sources of this type of artifact, as the susceptibility of air (χ 

= 0.36 ppm) differs considerably from that of human tissues (χ = −11.0 to 

−7.0 ppm) (85). As the air volume in the lungs varies over the respiratory 

cycle, respiration can cause periodical phase variations in regions near the 

lungs (85). Two categories of time-varying field inhomogeneity artifacts were 

distinguished: respiratory and non-respiratory. The respiratory MRT artifacts 

were classified as periodical temperature variations in the whole temperature 
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map; the non-respiratory MRT artifacts as local highly variable temperatures 

near interfaces (e.g., bowel, rectum) and can be verified by looking at the 

phase images. 

Arterial ghosting is caused by pulsatile blood flow, which leads to 

reconstruction of the MR signal of the blood at a different position than 

where it originated from (86). In the phase image, this ghosting will appear 

as vessel-shaped areas with variable phase values, displacing over the image 

in the phase-encoding direction. The resulting MRT artifacts were classified 

as vessel-shaped objects with variable observed temperatures, displacing 

over the image in the phase-encoding direction. 

Patient motion will lead to misregistration between subtracted phase 

images. Artifacts due to patient motion were scored as either due to muscle 

contraction or due to gross body movement. When both muscle contraction 

and gross body movement were observed, the artifact was scored as being 

caused by gross body movement. Classification was done by the observation 

of muscle contraction and gross body movement in the magnitude image; 

the resulting MRT artifacts were large observed temperature changes at the 

location and time of the motion. With gross body movement the MRT 

artifact typically affected the whole temperature image. With muscle 

contraction, the MRT artifact occurred typically locally at the location of the 

muscle. However, due to the displacement of the tissue, non-respiratory 

time-varying field inhomogeneity artifacts may increase in size and severity. 

As the occurrence of patient motion may depend on different factors, 

distinction was made between lesion type, location, and PSA type. 

An MRT artifact was scored as “occurred” when it was observed in at least 

one of the temperature imaging slices. The dataset was also scored as 

“hampered” if the visualization of the heat built-up due to the HIFU 

treatment and the following cooldown was distorted due to the MRT artifact. 

This could be observed as either temperature errors in and around the focus 

or the inability to detect (expected) HIFU heating: both may hamper the 

treatment monitoring. How often a type of MRT artifact occurred and/or 

hampered the treatment monitoring was determined per treatment and 

expressed as a percentage of the number of MRT datasets of the treatment, 

which will be referred to as the “occurrence rate” and the “hampering rate” 

from here on. Also, the total occurrence and total hampering of each artifact 
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were determined and expressed as a percentage of all 224 MRT datasets, 

which will be referred to as the “total occurrence rate” and “total hampering 

rate”. 

 

RESULTS 

GENERAL IMAGE QUALITY 

Figure 2a shows the average SNR per treatment, distinction was made 

between the lesion types. The average SNR in the lesions ranged from 2.3 to 

30 and in surrounding muscles from 8.7 to 39. Figure 2b shows the average 

SNR per lesion type and Figure 2c the average per location, where 

treatments 1, 2, 9, and 10 were excluded because of either the presence of a 

metal internal fixation material or the use of higher resolution scans. In the 

comparison between lesion types (Figure 2b), the highest average SNR was 

found in and around osteolytic lesions (lesions: 21 ± 8, surrounding muscles: 

27 ± 6, n = 4). The average SNR in mixed lesions was 11 ± 8 and 15 ± 5 in 

surrounding muscles (n = 4); the average SNR in osteoblastic lesions was 5 

and 18 in surrounding muscles (n = 1). In the comparison between locations 

(Figure 2c), the average SNR was higher in the pelvis (lesions: 19 ± 8, 

surrounding muscles: 24 ± 9, n = 5), as compared to the upper body (lesions: 

9 ± 7, surrounding muscles: 16 ± 5, n = 4). Because of the exclusion of the 

treatments with metal fixation material present, there were no datasets left in 

the lower extremity region. 

 

Figure 3a shows the average apparent temperature variation per treatment, 

distinction was made between the locations. The apparent temperature 

variation ranged from 0.5°C to 3°C. Treatments 4 and 9 are the only two with 

a variation larger than 2°C and were both mixed lesions in the pelvis. Similar 

to the SNR analysis, treatments 1, 2, 9, and 10 were excluded in the 

comparisons between lesion types and locations. In the comparison between 

lesion types (Figure 3b), the apparent temperature variation in the datasets 

of the osteolytic lesion (1.2 ± 0.5°C, n = 4) was found to be lower than in the 

datasets of the mixed (1.8°C ± 0.8°C, n = 4) and osteoblastic lesions (1.7°C, n 

= 1).  
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Figure 2 The SNR measured in the magnitude images. The average SNR is shown per 

treatment (a), per lesion type (b), and per location (c). The rows with numbers below the 

graph in (a) show from top to bottom: treatment numbers, average SNR values in the 

target lesion, and average SNR values in the surrounding muscle. Treatment numbers 1, 2, 

9, and 10 were excluded in (b) and (c). The error bars in (b) and (c) represent the standard 

deviations. 
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Figure 3 The apparent temperature variation measured in the temperature images. The 

average temperature variation is shown per treatment (a), per lesion type (b), and per 

location (c). The rows with numbers below the graph in (a) show the treatment numbers 

(top) and average apparent temperature variation values (bottom). Treatment numbers 1, 

2, 9, and 10 were excluded in (b) and (c). The error bars in (b) and (c) represent the 

standard deviations. 
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In the comparison between locations (Figure 3c), the apparent temperature 

variation was found to be higher in the upper body (1.7°C ± 0.2°C, n = 4) 

compared to the pelvis (1.4°C ± 0.9°C, n = 5). Because of the exclusion of the 

treatments with metal fixation material present, there were no datasets left in 

the lower extremity region. 
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ARTIFACTS 

Typical examples of the MRT artifacts that were scored are shown in Figure 4, 

together with the corresponding magnitude images for the visualization of 

the anatomy: Figure 4a shows a respiratory time-varying field inhomogeneity 

MRT artifact; Figure 4b shows a non-respiratory time-varying field 

inhomogeneity MRT artifact, of which the origin of the artifact could be 

verified in the phase image; Figure 4c shows a typical arterial ghosting MRT 

artifact; Figure 4d shows patient motion MRT artifacts due to muscle 

contraction; and Figure 4e shows patient motion MRT artifacts due to gross 

body movement. 

 

 

Figure 4 (on the left page). Typical examples of MRT artifacts. The arrows point out MRT 

artifacts in magnitude (M) images, temperature (T) images, and phase (P) images. The red 

dashed triangles indicate the expected HIFU cone. (a) A respiratory time-varying field 

inhomogeneity MRT artifact (treatment 5, sagittal slice, supine position, osteolytic lesion in 

the pubic bone). The artifact causes periodical “blinking” of the temperature map. The 

arrow points out an additional non-respiratory time-varying field inhomogeneity MRT 

artifact. (b) A non-respiratory time-varying field inhomogeneity MRT artifact (treatment 9, 

sagittal slice, supine position, mixed lesion in the sacrum). The artifact is caused by an air 

cavity, which can also be seen in the magnitude image. The local changes in the phase 

image around the location of the air cavity verify that the air cavity is the source. (c) An 

arterial ghosting MRT artifact (treatment 5, sagittal slice, supine position, osteolytic lesion 

in the pubic bone) caused by the femoral artery, which can also be seen in the magnitude 

image. (d) Muscle contraction MRT artifacts (treatment 5, transverse slice, prone position, 

mixed lesion in the pubic bone). The artifacts occur not only at the location of the 

contracting muscles (two arrows at the most right) but also around the rectum. The three 

arrowheads point out additional arterial ghosting MRT artifacts. (e) A gross body 

movement MRT artifact (treatment 6, transverse slice, supine position, mixed lesion in the 

sacrum, affects the whole temperature image drastically. In the dashed ellipses in (c) and 

(d), heating due to the HIFU treatment can be observed. The image shown in (b) was 

acquired before HIFU sonication started; thus, no HIFU heating was expected to be 

observed. In (a) and (e), the visualization of potential HIFU heating was hampered due to 

the presence of the artifact. 
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Figure 5 shows the total occurrence of and hampering of the treatment 

monitoring by MRT artifacts in percentage of all datasets of all treatments, 

per source. It can be seen that when artifacts occurred due to respiratory 

time-varying field inhomogeneities or patient motion, the artifacts hampered 

the visualization of the heat built-up in most cases. MRT artifacts due to non-

respiratory time-varying field inhomogeneities and arterial ghosting were 

observed in almost all datasets, but only few have hampered the treatment 

monitoring. 

 

 

 

Figure 5. Total occurrence rates and total hampering rates of MRT artifacts. The 

occurrence rates and hampering rates are shown per source, in % of all MRT datasets. 

 

The occurrence rates and hampering rates of the MRT artifacts per treatment 

are shown in Table 2 as percentage of the total number of datasets. The total 

occurrence rate of respiratory time-varying field inhomogeneity MRT artifact 

was 85%, and the total hampering rate was 81%. This artifact did not occur in 

the two treatments in the lower extremity, while in 8 treatments, the 

occurrence rate was 100%. The total occurrence rate of non-respiratory time-

varying field inhomogeneity MRT artifact was 94%, and the total hampering 

rate was 23%. This artifact did not occur at all in one treatment but occurred 

97% in one treatment and 100% in the remaining treatments. The total 
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Table 2. Occurrence rates and hampering rates of the MRT artifacts in % of the total 

number of datasets per treatment 

Treatment 

number 

Location Lesion type Time-varying field 

inhomogeneities 
Arterial 

ghosting 
Patient motion 

   

Respiratory Non-

Respiratory  

Muscle 

contraction 
Body 

movement 

 1
a,d

 Femur Osteolytic 0 0 0 0 100 0 15 0 0 0 

 2
a,d

 Femur Osteolytic 0 0 100 0 100 0 14 0 0 0 

3
a
 Sacrum Osteolytic 100 100 100 0 0 0 43 29 0 0 

4
a
 Pubic 

bone 

Mixed 82 64 100 82 100 82 91 73 0 0 

5
b
 Pubic 

bone 

Osteolytic 69 38 100 0 100 0 6.3 6.3 13 13 

 6
b,e

 Sacrum Mixed 100 100 100 0 100 0 38 31 54 54 

7
b
 Shoulder Osteoblastic 100 100 97 9.7 100 3.2 39 35 35 35 

8
c
 Rib Mixed 100 100 100 0 100 20 10 10 0 0 

  9
b,e,f

 Sacrum Mixed 100 100 100 0 83 0 17 17 39 39 

10
c,f

 Pubic 

bone 

Osteolytic 100 100 100 33 100 0 3.7 3.7 3.7 3.7 

11
c
 Pubic 

bone 

Osteolytic 70 65 100 22 96 35 22 17 13 13 

12
c
 Rib Mixed 100 100 100 100 100 67 53 47 33 33 

13
c
 Rib Osteolytic 100 100 100 56 100 0 11 11 0 0 

Total   85 81 94 23 95 14 25 21 17 17 

Note: The occurrence rates are shown in normal font, the hampering rates in italic font. 
a
 Performed under PSA type A (fentanyl and midazolam). 

b
 Performed under PSA type B (propofol and opioid analgesic). 

c
 Performed under PSA type C (propofol and esketamine). 

d
 Same patient, retreated after 2 weeks, metal internal fixation material in target region. 

e
 Same patient, retreated after 4.5 months. 

f
 Higher resolution MRT scans used. 
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occurrence rate of arterial ghosting MRT artifacts was 95%, and the total 

hampering rate was 14%. This artifact did not occur in one treatment but 

occurred more than 80% in the remaining treatments, of which in 10 

treatments the occurrence rate was 100%. The total occurrence rate of 

muscle contraction MRT artifact was 25%, and the total hampering rate was 

21%. This artifact occurred in all treatments but less than 20% in 7 

treatments. The total occurrence rate of gross body movement MRT artifact 

was 17%, and the total hampering occurrence rate was 17%. 

The variation of patient motion occurrence rate between treatments is 

visualized in Figure 6a, where distinction was made between PSA types. In 

some treatments, almost no patient motion occurred, while in some 

treatments, patient motion was dominantly present. Figure 6b shows the 

comparison between lesion types, and the lowest rates were found in 

osteolytic lesion types. The total patient motion occurrence rate was 20% 

(16% muscle contraction, 4% gross body movement, n = 7) in the osteolytic 

lesion datasets as compared to the 67% (42% muscle contraction, 25% gross 

body movement, n = 5) in the mixed lesion datasets and 74% (39% muscle 

contraction, 35% gross body movement, n = 1) in the osteoblastic lesions 

datasets. Figure 6c shows the comparison between locations: the total 

patient motion occurrence rate was similar for the upper body (45% in total: 

28% muscle contraction, 17% gross body movement, n = 4) and the pelvis 

(49% in total: 32% muscle contraction, 17% gross body movement, n = 7) 

and lowest in the lower extremity (15% in total: 15% muscle contraction, 0% 

gross body movement, n = 2). The total patient motion occurrence rates are 

compared between PSA types in Figure 6d. For PSA type A, the total patient 

motion occurrence rate was 41% (41% muscle contraction, 0% gross body 

movement, n = 4); please note that this group includes the two lower 

extremity treatments. The total patient motion occurrence rate was higher 

for PSA type B (60% in total: 25% muscle contraction, 35% gross body 

movement, n = 4) as compared to PSA type C (30% in total: 20% muscle 

contraction, 10% gross body movement, n = 5). 
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Figure 6. Overview of the patient motion MRT artifacts occurrence rates. The patient 

motion occurrence rates are shown in % of all MRT datasets. (a) The patient motion 

occurrence rates per treatment. The average occurrence rates are shown per lesion type 

(b), per location (c), and per PSA type (d). PSA type A: fentanyl and midazolam, PSA type 

B: propofol and opioid analgesic, PSA type C: propofol and esketamine. The rows with 

numbers below the graph in (a) show from top to bottom: treatment numbers, patient 

motion occurrence rates in % due to muscle contraction, and patient motion occurrence 

rates in % due to gross body movement. Please note that the lower extremity treatments 

were only performed using sedation A (indicated with the pink ). 
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DISCUSSION 

The quality of the MR thermometry used for the monitoring of 13 palliative 

treatment patients with painful bone metastases with MR-HIFU was assessed 

in terms of general image quality and artifacts. 

 

GENERAL IMAGE QUALITY 

The comparison between lesion types shows descending average SNR in the 

target lesion with increasing amount of cortical bone (osteolytic: 21, mixed: 

11, osteoblastic: 5). The average SNR in the surrounding muscle was highest 

around osteolytic lesions (27) and was similar for the mixed and osteoblastic 

type (15 compared to 18). The apparent temperature variation was high in 

the mixed lesions (1.8°C) and osteoblastic lesions (1.7°C) and low in the 

osteolytic lesions (1.2°C). The descending SNR in the lesions could be 

explained by the difference in the amount of cortical bone present. Cortical 

bone has a very short T2* (83) and will thus give very little signal in PRFS-

based MRT sequences, which need a relatively long echo time. It was 

therefore expected that osteoblastic lesions will have a lower SNR compared 

to osteolytic lesions. However, no differences in SNR in the surrounding 

muscle would be expected between lesion types. There are several possible 

explanations for the observed differences in SNR in the surrounding muscle. 

First, in two treatments of mixed lesions, the apparent temperature variations 

were larger than 2°C, implying a relatively large influence of respiration 

effects in the measured SNR values. Second, only one osteoblastic lesion was 

treated in this study. For this treatment, the MR body coil was used for the 

image acquisition, while the dedicated HIFU coil combination was used in all 

other treatments. 

The comparison between locations showed lower SNR in the upper body 

(9 in lesion, 16 in surrounding muscle) than in the pelvis (19 in lesion, 24 in 

surrounding muscle). The smallest apparent temperature variation was found 

in the lower extremity (0.6°C), where no respiratory time-varying field 

inhomogeneity artifacts were observed. The apparent temperature variation 

was higher in the upper body (1.7°C) as compared to in the pelvis (1.4°C). 

The standard deviation of the apparent temperature variation in the pelvis 

was relatively large (0.9°C), which can be explained by the fact that this 
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group contained the two outliers with an apparent temperature variation 

larger than 2°C (treatment numbers 4 and 9). Please note that these outliers 

were both mixed lesion in the pelvis. Both the SNR and apparent 

temperature variation measurements indicate an increasing image quality 

with increasing distance to the upper body. This has also been observed 

previously by Peters, et al. (87), in their measurements of respiratory field 

changes in the breast of volunteers using a dedicated scan sequence to 

investigate the effects of respiration. They reported maximum field 

fluctuations values over time during regular respiration of 0.13 ppm, 

corresponding to 13°C, which is much larger than the observed temperature 

variations in this study. The discrepancy can be explained by two differences 

between the study by Peters et al. and our study. First, we measured 

respiration-induced fluctuations over time, while Peters et al. measured 

fluctuation values that were spatially averaged over a region of interest 

covering both breasts; average fluctuations over time were not reported. 

Second, the dynamic scan duration in the study of Peters et al. was 0.64 s, 

while it was 3.7 s in our study. Also, the MRT sequence in our study was a 

segmented EPI, with 11 segments per k-space. In the presence of respiration 

of which the period is in the same order as the dynamic scan duration, the 

different k-space segments may have been affected differently by the field 

offsets induced by the respiration. Therefore, respiration-induced 

fluctuations may appear differently than in a non-segmented EPI scan, such 

as spoiled gradient-echo scan (87). 

Voxels were selected carefully for the assessment of the general image 

quality, such that influences of HIFU heating, patient motion, and obvious 

local artifacts in the MR images were avoided. No corrections were made for 

the respiration. Since variations due to respiration were observed in the 

majority of the datasets (85%), exclusion of affected datasets would result in 

too few datasets for analysis. Frequency analysis could be an alternative way 

to filter out respiration effects. However, the datasets contained few samples 

(16 time points on average) and had a low sampling frequency (once per 3.7 

s, corresponding to about 0.3 Hz). The respiration rate was not measured 

during the treatment. The range of respiration rates in adults is 12 to 18 per 

minute (88), corresponding to 0.2-0.3 Hz, which cannot be resolved with the 

current sampling. Also, we observed that the breathing pattern was typically 
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irregular in both amplitude and frequency during the treatment, making 

accurate frequency analyses even more difficult. For these reasons, filtering 

of the respiration effects by frequency analysis was deemed not feasible in 

this study. Therefore, the SNR and apparent temperature variation 

measurements in this study represent the image quality (degradation) due to 

noise and variations induced by the respiration. Although the respiration 

effects could not be filtered or corrected, these measurements can still be 

used as a rough estimate of the image quality for the purpose of treatment 

monitoring. Because the SNR was measured in the magnitude images, it 

predominantly represents the image quality in terms of noise. Similarly, 

because the apparent temperature variations were measured in the PRFS-

based temperature images, they predominantly represent the image 

degradation due to respiration. 

Recently, Deckers, et al. (89) reported the effects of sedation on the 

respiration and the thermometry quality in four patients for MR-HIFU 

ablation of breast cancer. They observed that the use of propofol and 

esketamine (PSA type C in this study) resulted in more shallow and regular 

breathing patterns of the patients during treatment as compared to the use 

of propofol and opioid analgesic (PSA type B in this study). In this study, no 

reduction of the apparent temperature variation was measured with the use 

of propofol and esketamine (Figure 7). As the apparent temperature variation 

predominantly represented the image degradation due to respiration, this 

implies no regularization of the breathing pattern with the use of propofol 

and esketamine. The study reported by Deckers, et al. (89) was performed on 

patients with breast cancer; the patients of this study were patients with 

bone metastases in an advanced stage of their disease. The purpose of the 

MR-HIFU treatment of these patients was to palliate the pain that could not 

be reduced sufficiently by the standard of care, often including opioid 

analgesics. As a consequence of their history of opioid usage, the patients 

included in our study may have reacted differently to the same type of PSA 

than patients with breast cancer who were typically opioid-naive. 

The observations made in this study suggest that in MR-HIFU treatments 

of patients with bone metastases, the general MRT image quality is related 

to the lesion type and location. However, no statistical analyses were 

performed due to the small sample size and heterogeneous patient 
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population, which limit the validity of the outcome. To establish and further 

quantify this association, a larger dataset is needed. 

 

 

Figure 7. Apparent temperature variation, averaged per PSA type. PSA type A: fentanyl 

and midazolam, PSA type B: propofol and opioid analgesic, PSA type C: propofol and 

esketamine. Treatment numbers 1 and 2 were excluded due to the presence of metal 

internal fixation material, and treatment numbers 9 and 10 were excluded due to the use 

of higher resolution scans. 

 

ARTIFACTS 

The most dominant MRT artifact was the respiratory time-varying field 

inhomogeneity MRT artifact (85% occurrence rate, 81% hampering rate). 

Although the non-respiratory time-varying field inhomogeneity artifacts and 

arterial ghosting occurred more often (94% and 95%), these artifacts 

hampered the treatment monitoring only in a small number of cases (23% 

and 14%). This difference can be explained by the fact that non-respiratory 

time-varying field inhomogeneities and arterial ghosting induce local MRT 

artifacts, whereas respiratory time-varying field inhomogeneities induce large 

spatial field gradients, and thereby, temperature offsets potentially in the 

whole field of view. The total occurrence of and hampering of the treatment 

monitoring by patient motion MRT artifacts, both muscle contraction and 

gross body movement, was low compared to the other artifacts. 

The patient motion occurrence rates of the individual treatments show 

that there is a large variation between treatments. Interestingly, patient 
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motion occurred less in the datasets of the osteolytic lesions (14%) as 

compared to the mixed (61%) and osteoblastic lesions (70%). This 

observation suggests a relation between the presence of cortical bone in the 

lesion and patient motion. If the presence of bone implies the presence of 

periosteal nerves, this relation could possibly be explained by (involuntary) 

motion induced by periosteal nerve stimulation. In the comparison between 

locations, the average occurrence rate was lowest in the lower extremity, 

which is likely easier to control in terms of motion as compared to the pelvis 

and the upper body. In the comparison between PSA types, type A contained 

the two treatments in the lower extremity and may therefore be biased. The 

average occurrence rate was lower for PSA type C (30%) as compared to PSA 

type B (60%). This observation is in the same line as the observed 

regularization of the breathing pattern by Deckers, et al. (89), with the use of 

propofol and esketamine (PSA type C) as compared to propofol and opioid 

analgesic (PSA type B). However, as the sample size is small and the patient 

population is heterogeneous, more data is required to further investigate the 

potential relations found in this study. 

 

FUTURE PROSPECTS 

Although the analyzed data was of a small patient group, a large number of 

datasets was analyzed and we have made observations possibly allowing 

improvements for future MR-HIFU treatments of bone metastases. 

Measurement of the SNR and the apparent temperature variation could 

serve as a rough estimator of the general image quality. Higher SNR was 

observed in osteolytic lesions, and the apparent temperature variations were 

observed to decrease as the distance to the lungs increased. The 

observations made in this study should be kept in mind, as they could 

indicate a potential dependency of the expected image quality on the lesion 

types and/or location. 

The MRT artifact analysis revealed the highest occurrence rate for non-

respiratory time-varying field inhomogeneity artifacts and arterial ghosting. 

Although the direct hampering of the heat built-up visualization was 

minimal, the presence of the artifacts may cause problems when the 

temperature maps are automatically post-processed before they are shown 

to the clinician. For example, a post-processing algorithm could be used to 
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classify observed temperature changes as apparent or true temperature 

changes and mask out apparent temperature changes. However, if the 

classification is based on observed temperature changes in a region where 

local MRT artifacts occur, these local MRT artifacts will indirectly hamper the 

treatment monitoring. Placement of a saturation slab can be considered to 

remove local artifacts. In case arterial ghosts do hamper the visualization of 

the heat built-up, changing the phase encoding direction could be 

considered so that the ghosting direction will be changed as well. In all 

cases, the adjustments should be made case-specific and care should be 

taken when interpreting the MR temperature images. Recently, an advanced 

spatiotemporal filtering post-processing method was proposed to remove 

MRT artifacts due to air bubbles in the rectum and was tested retrospectively 

(90). This technique has potential to improve the MRT quality in real time for 

treatment monitoring but requires further investigation before it can be 

applied in clinical practice. 

The occurrence rate of patient motion was variable, and two important 

observations were made: the occurrence rate was lower in the treatments of 

osteolytic lesions and the occurrence rate was lower with the use of PSA type 

C (propofol and esketamine). Although the number of treatments included in 

this study was small, these observations should be kept in mind for future 

MR-HIFU treatments of bone metastases. 

Respiratory time-varying field inhomogeneity artifacts were found to 

occur and hamper the treatment monitoring in the majority of the cases. This 

“blinking artifact” makes it challenging to determine the actual temperature 

increase due to HIFU heating. Nevertheless, the MRT used in this study 

allows localization of the heat built-up, which is the most important aspect of 

the treatment monitoring of the pain palliative treatment of bone 

metastases. However, for the other (potential) MR-HIFU applications in bone 

(metastases), i.e., tumor control by ablation (53-56) and local drug delivery 

(91,92), accurate temperature measurements are necessary. For total tumor 

ablation, a lethal thermal dose should be reached in the whole tumor 

without damaging the surrounding healthy tissue and thus reliable 

temperature measurements are required. In the pre-clinical local drug 

delivery study by Staruch, et al. (91) it was shown that doxorubicin 

encapsulated in temperature-sensitive liposomes could be released in vivo in 
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femurs of rabbits by MR-HIFU-induced mild hyperthermia. The release 

temperature window is typically between 41°C and 43°C and this mild 

hyperthermia was achieved and controlled by means of a feedback 

algorithm, using the real-time MR temperature information (5). However, 

temperature errors due to the presence of MRT artifacts may affect the 

feedback algorithm and impede the temperature control. If tumor ablation 

and local drug delivery are to be applied in the patient population reported 

in this study, advanced methods to compensate for the respiration (93,94) 

and more sophisticated MR thermometry methods will be necessary, as 

these applications require more than solely localization of the heat 

deposition (95-97). 

 

CONCLUSION 

The image quality of PRFS-based temperature images used for monitoring 

MR-HIFU palliative treatments of bone metastases was assessed. The general 

image quality was variable and was observed to be better in osteolytic 

lesions as compared to other lesion types and worse in the upper body as 

compared to the pelvis, in terms of SNR and apparent temperature variation. 

However, more treatment data is required to verify these potential relations. 

The MRT images were scored for the occurrence of MRT artifacts and 

hampering of treatment monitoring by MRT artifacts. Respiratory time-

varying field inhomogeneity MRT artifacts were the most dominant and were 

also observed in the pelvic area, which is rather distal from the upper body. 

The MRT artifacts with the highest occurrence rate were those induced by 

non-respiratory time-varying field inhomogeneities and arterial ghosting. But 

because these were local artifacts, the hampering rate was low. The 

occurrence rate of patient motion was variable between treatments and 

seemed to be related to the presence of cortical bone in the lesion. Lower 

occurrence rates were observed with the use of propofol and esketamine as 

compared to the other PSA types. Clinicians should be aware of these 

artifacts and interpret the MRT images carefully when used for monitoring 

MR-HIFU treatments in bone. 
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INTRODUCTION 

Magnetic resonance-guided high intensity focused ultrasound (MR-HIFU) is 

a non-invasive thermal therapy modality where MR thermometry (MRT) 

allows temperature monitoring in the targeted region during sonications 

(35).  An emerging application of MR-HIFU is tumor ablation in abdominal 

organs using extracorporeal transducers, where the non-invasive nature and 

the real-time image guidance provide the opportunity to preserve healthy 

tissue outside the target area. Clinical ultrasound-guided HIFU tumor 

ablation in abdominal organs was reported in liver (49,50,57-61), pancreas 

(51,55,64)  and kidney (61,65). On MR-guided HIFU, pre-clinical tumor 

ablation studies have been performed in kidney and liver (40,52,98,99) and 

two clinical case-studies were reported in primary tumors in liver and in 

pancreas (100,101). 

Abdominal organs are generally well-perfused, so thermal build-up is less 

effective than for example muscle tissue due to the heat-sink effect 

(102,103). Relatively high acoustic power levels (100W-450W) are needed to 

achieve the targeted temperatures (40,49-52). Also, while the HIFU focus 

volume is typically 7 to 17 mm
3
 (59,84), typical target volumes are in the 

order of a few to tens of cm
3
 (49,50,55,57-59,61,64,65) and consecutive 

sonications may be required to cover the target volume. Such consecutive 

sonications at high powers may induce undesired cumulative thermal build-

up in tissue traversed by the HIFU beam on its way to the focus, i.e. the 

region in the pre-focal beam path, the so-called near-field of the HIFU beam 

(104,105), and may result in undesired necrosis (51) and skin burns (51,55,58-

61). While the case-specific cooling rate is hard to predict, a compromise 

should be found between the prevention of overheating and the reduction 

of the treatment duration (104). It is therefore desirable to be able to 

monitor the temperature in the near-field, as well as to estimate adequate 

cooling times between sonications. 

In clinical MR-HIFU applications, subtraction-based proton resonance 

frequency shift (PRFS) is the most commonly used MR thermometry (MRT) 

method (15,23). Temperature changes are calculated from changes in the 

phase of the complex gradient echo MR signal (25). During clinical MR-HIFU 

treatments, dynamic series of gradient-echo scans are normally acquired for 
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each sonication and phase differences are calculated by subtraction of the 

first image of the dynamic series, which serves then as a reference image. 

Temperature maps are then calculated by adding the assumed baseline 

temperature of the reference image (normally 37°C in patients) to the 

derived temperature change maps. It is assumed that the tissue has cooled 

down to the baseline temperature before starting the next sonication and 

dynamic series of PRFS MRT scans. If the cooling time between sonications is 

too short, the actual temperature in previously heated areas will be 

underestimated. In theory, this could be circumvented by using the firstly 

acquired image in the treatment procedure as a reference, instead of the first 

image of the dynamic series. However, when scanning over prolonged 

periods of time using subtraction-based PRFS MRT, temperature errors may 

occur due to field drift (25). Monitoring of heating over prolonged periods of 

time and estimating cooling times with the subtraction-based PRFS MRT 

method is therefore limited by field drift. 

Multi-gradient echo (MGE) sequences allow the acquisition of 

spectroscopic data at high temporal and spatial resolution and efforts have 

been made to use this data for temperature imaging (28,34,106,107). 

Sprinkhuizen, et al. (29) proposed the MGE MRT method, which uses the 

MGE time-domain signal containing signal contributions of a component 

with a temperature dependent frequency and of a temperature independent 

component, such as water and fat. The method calculates temperatures from 

the resonance frequency difference between the components, which is 

extracted from the modulus of the MGE time-domain signal. The major 

difference with subtraction-based PRFS MRT is that each MGE MRT 

temperature map is individually reconstructed, without the need of a 

reference image. And as macroscopic magnetic field variations affect both 

resonance frequencies, field drift has minimal influence on MGE MRT (29). 

In the application of MR-HIFU in abdominal organs, the tissues potentially 

at risk in the near-field area are the subcutaneous fat layer and adjacent 

muscle layer in the abdominal wall. Interestingly, these layers may provide 

the opportunity to use MGE MRT by placing the imaging slice at the 

interface, so as to make use of the partial volume effect to mix the signals of 

water and fat. As the MGE MRT measures temperatures in the muscle layer, it 

could be an alternative method to the recently published T2-based MRT 
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method, which measures temperature changes in the fat layer for near-field 

monitoring (31). 

Here, we propose to use MGE MRT at the interface of the muscle and fat 

layers found in the abdominal wall, to monitor MR-HIFU induced heating. 

The performance of the method was assessed in an ex vivo water bath 

experiment, with probe measurements as the gold standard. An ex vivo HIFU 

experiment was performed to show both the ability to monitor heating of 

consecutive HIFU sonications in the presence of field drift and the ability to 

estimate cooling time constants. Also, the interleaved use of MGE MRT 

between scans of a clinical protocol was demonstrated in vivo in a patient 

during a clinical uterine fibroid MR-HIFU treatment. 

 

METHODS 

MULTI-GRADIENT ECHO MR THERMOMETRY (MGE MRT) 

Due to the temperature dependence of the electron screening constant of 

hydrogen nuclei in water, the resonance frequency of protons in aqueous 

tissue is temperature dependent (25,26,34). By using fat, for which this is not 

the case, as a reference, the frequency difference ∆𝑓𝑤𝑓 can be used to 

calculate the temperature 𝑇 via: 

 

𝑇 =  
1

𝛼
(∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) −

2𝜋∆𝑓𝑤𝑓

𝛾𝐵0
) + 𝑇𝑟𝑒𝑓  [1], 

 

where 𝛼 is the electron screening thermal coefficient and ∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) is the 

chemical shift difference between water and fat, measured at reference 

temperature 𝑇𝑟𝑒𝑓 . It is generally assumed that a calibrated value of 

∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) can be used for the temperature calculations. Several values for 

∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) have been reported in the literature (108-111). In our current 

study, the water and fat components originated from subcutaneous fat and 

adjacent muscle in the abdominal wall. The calibration measurement in 

gluteal subcutaneous fat and adjacent muscle (∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓 = 37℃) =

3.20 𝑝𝑝𝑚) by Schick, et al. (108) was therefore the most suitable for this 

study and was used together with the electron screening thermal coefficient 

𝛼 = 0.01 𝑝𝑝𝑚/℃ (33,34,112). 
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Recently, it was reported that the magnetic susceptibility distribution of 

aqueous and fatty tissue may introduce errors in temperature calculations 

based on water-fat frequency difference measurements (113). The magnetic 

susceptibility distribution induces local magnetic field variations that may be 

different for the water and fat components and thereby lead to variations in 

the observed ∆𝛿𝑤𝑓. Therefore, the calibrated value of ∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) that should 

be used in equation [1] may not be the same for each voxel and using one 

single calibration value would thus lead to erroneous temperature 

calculations. As the magnetic susceptibility distribution depends on the 

spatial distribution of water and fat, these errors are systematic. Therefore, 

we propose to reconstruct relative MGE MRT temperature maps by 

subtracting subsequent MGE MRT temperature maps, in which systematic 

errors are cancelled out. And as the absolute temperature maps are 

reconstructed individually from scans started at different time points, it 

allows the interleaved use of relative MGE MRT. Unlike subtraction-based 

PRFS MRT, with MGE MRT relative temperature maps can be reconstructed 

by subtraction of any previously acquired scan without being affected by 

field drift that may have occurred during the period of time in between the 

two scans. 

With the MGE MRT method, ∆𝑓𝑤𝑓 is extracted by voxel-wise fitting of the 

signal expression of a mixture of two resonance frequencies, each with their 

own transverse relaxation rate, to the MGE signal (29). In this case the sum 

signal can be written as: 

 

𝑆(𝑡, 𝑇) =

√𝐴𝑤
2𝑒−2𝑅2,𝑤

∗ 𝑡 + 𝐴𝑓
2𝑒−2𝑅2,𝑓

∗ 𝑡 + 2𝐴𝑤𝐴𝑓𝑒−(𝑅2,𝑤
∗ +𝑅2,𝑓

∗ )𝑡 ∙ cos (2𝜋∆𝑓𝑤𝑓(𝑇)𝑡 + ∆𝜑𝑤𝑓)

         [2], 

 

where 𝐴𝑤 is the water signal amplitude, 𝐴𝑓 is the fat signal amplitude, 𝑅2,𝑤
∗  

and 𝑅2,𝑓
∗  are the effective relaxation rates of water and fat and ∆𝜑𝑤𝑓  is the 

phase offset difference between water and fat directly after excitation. 

In the current study, the number of fitting parameters was reduced to 

make the fitting procedure more robust. First, we assumed no significant 

phase offset difference between water and fat directly after excitation: 
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∆𝜑𝑤𝑓 = 0. Second, as numerical simulations showed modest sensitivity of 

∆𝑓𝑤𝑓 to variations in the 𝑅2,𝑤
∗  and 𝑅2,𝑓

∗  values, we chose to exclude them from 

the fitting procedure by using measured values around body temperature. 

Last, numerical simulations also showed that the water-fat ratio influences 

the performance of the fit. Therefore, continuing on the assumption 

underlying the model described by Sprinkhuizen, et al. (29) that only two 

components are present, the signal amplitudes were rewritten as 𝐴𝑤 = 𝐴0 

and 𝐴𝑓 = 𝐴0(1 − 𝜆), where 𝜆 is a value between 0 and 1, representing the 

relative water signal amplitude in a voxel. By this redefinition, a water-fat 

ratio mask can be applied on the calculated temperature map based on the 

estimated 𝜆. All this leads to the adapted fit function: 

 

𝑆(𝑡, 𝑇) =

𝐴0
√𝜆2𝑒−2𝑅2,𝑤

∗ 𝑡 + (1 − 𝜆)2𝑒−2𝑅2,𝑓
∗ 𝑡 + 2𝜆(1 − 𝜆)𝑒−(𝑅2,𝑤

∗ +𝑅2,𝑓
∗ )𝑡 ∙ cos (2𝜋∆𝑓𝑤𝑓(𝑇)𝑡)

         [3], 

 

where 𝐴0, 𝜆 and ∆𝑓𝑤𝑓 are left as fitting parameters. 

Equation [3] was fitted to the data using an iterative nonlinear least-

squares method with the following starting value, lower and upper boundary 

settings: 𝐴0,𝑠𝑡𝑎𝑟𝑡 = 𝐴0,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛, 𝐴0,𝑙𝑜𝑤 = 0, 𝐴0,𝑢𝑝𝑝 = ∞, 𝜆𝑠𝑡𝑎𝑟𝑡 = 0.25, 𝜆𝑙𝑜𝑤 = 0, 

𝜆𝑢𝑝𝑝 = 1, ∆𝑓𝑤𝑓,𝑠𝑡𝑎𝑟𝑡 = ∆𝑓𝑤𝑓(40℃), ∆𝑓𝑤𝑓,𝑙𝑜𝑤 = ∆𝑓𝑤𝑓(0℃), ∆𝑓𝑤𝑓,𝑢𝑝𝑝 =

∆𝑓𝑤𝑓(100℃). Here, 𝐴0,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 was determined by extrapolating the signal 

value at the time point closest to the first water-and-fat in-phase time point 

to t=0 with a single exponential, with the mean of the measured 𝑅2,𝑤
∗  and 

𝑅2,𝑓
∗  as the effective relaxation rate. From the extracted  ∆𝑓𝑤𝑓 values, 

temperatures were calculated using equation [1]. To exclude potentially 

unreliable temperature values, voxels were masked out when the fitting 

procedure found 𝜆 < 0.2 or 𝜆 > 0.8 and when the coefficient of 

determination was 𝑅2 < 0.8. For all experiments, both absolute temperature 

maps and relative temperature maps were reconstructed, where the latter 

were reconstructed by subtraction of the firstly acquired temperature map. 

The current implementation, made for this proof-of-concept study, was 

written in MATLAB (2013b, Mathworks, Natick, MA) and has not been 

optimized for speed. With this implementation, the computation time for 
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one voxel was 0.04 second using one CPU (Intel Xeon, 3.60 GHz) on a 

Windows 64-bit operating system (32 GB RAM). 

 

EX VIVO WATER BATH EXPERIMENT 

To measure the 𝑅2,𝑤
∗  and 𝑅2,𝑓

∗  values around body temperature and to 

investigate the MGE MRT performance on a muscle-fat interface, a water 

bath experiment was performed with an ex vivo porcine abdominal wall 

tissue sample. A closed circuit pump was used that circulated water of an 

adjustable temperature through a heat exchanger. The sample was spanned 

and kept in place by two wooden skewers which were fixated to the water 

bath. A schematic overview of the set-up is shown in Figure 1a.  

 

 

 

Figure 1. A schematic overview of the experimental setup of the ex vivo water bath 

experiment is shown in (a). In (b), a coronal T1-weighted image is shown, with blue arrows 

indicating the fibre lengths inside the sample. The probe locations are defined as distances 

from the edges of the MGE MRT image (red lines) of which the slice placement is depicted 

in orange. The pink square indicates the ROI used for the quantitative analysis, placed at 

the centre-of-mass of the three probe tips. 

 

PERFORMANCE ASSESSMENT OF MGE MRT AT MUSCLE-FAT INTERFACE 

MR images were acquired using an RF receiver coil consisting of two circular 

elements, with each an inner radius of 17 cm and an outer radius of 20 cm 

(Flex-L, Philips, Best, The Netherlands) on a clinical 1.5T MR scanner (Achieva, 

Philips Healthcare, Best, The Netherlands). Coronal MGE MRT imaging slices 

were positioned at the muscle-fat interface using T1-weighted anatomical 
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images. For these MGE MRT scans, the following parameter settings were 

used: number of echoes = 32, first echo (TE0) = 1.4 ms, echo spacing (ΔTE) = 

1.3 ms, flip angle (FA) = 20°, repetition time (TR) = 52.5 ms, slice thickness = 

8mm, acquired in-plane pixel size = 2.82.8 mm
2
, field of view (FOV) = 

280280 mm
2
, reconstruction matrix = 112112, resulting in a scan duration 

of 5.6s. 

Three calibrated fluoroptic temperature probes (Luxtron, Santa Clara, CA) 

were inserted in the sample along the muscle-fat interface, using two 

guiding catheters of 45-mm length and one catheter of 25-mm length. First 

the catheters were fully inserted into the sample, the fibres were then 

inserted through the catheters and the catheters were retracted slightly while 

keeping the probes in position. This way, the probe tips were directly 

surrounded by tissue and the fibre lengths inside the sample equalled the 

catheter lengths. The probe tips were localized in the T1-weighted scan by 

the direction of the catheters, which produced voids, and the known length 

of the fibre (Figure 1b, blue arrows). Accordingly, the probe tip locations 

were defined in the MGE MRT scan as distances to the edges of the imaging 

slice (Fig.1b, orange square). A region of interest (ROI) of 55 voxels was 

defined at the centre-of-mass of the three probe tip locations for 

quantitative analysis (Fig.1b, pink square). The mean and standard deviation 

(SD) of the calculated temperatures within the ROI were calculated for each 

temperature point. Also, as a measure for the accuracy of the (relative) 

temperature measurements, the mean absolute error with respect to the 

mean (changes) of the three probe readings was calculated. 

The sample was first heated and thermally stabilized, that is, a 

homogeneous temperature distribution in the sample. It was assumed that a 

stable situation was reached when the differences between the three 

temperature probe readings were less than 0.5°C and the readings were 

constant for at least 2 minutes. The sample was then measured during 

controlled cool down at four temperatures in the range of 37°C and 43°C, 

typically expected in the near-field (104). The controlled cooling was done by 

setting the heater of the closed circuit water pump stepwise to a lower 

temperature relatively close to the previous temperature, preventing large 

temperature gradients in the sample. An MGE MRT scan (5.6s duration) was 
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acquired once the temperature in the sample, measured by the probes, had 

been stable for at least two minutes. 

 

𝑅2
∗ MEASUREMENTS IN WATER AND FAT 

During the initial heating, 𝑅2
∗ values of water and fat (𝑅2,𝑤

∗  and 𝑅2,𝑓
∗ ) were 

measured around body temperature, when the probe readings were stable 

for at least 2 minutes. The MGE MRT sequence described above was used, 

with additional binomial RF excitation pulses to achieve selective excitation 

of either water or fat. 𝑅2
∗ maps were created using the software of the MR 

console (Achieva, Philips Healthcare, Best, The Netherlands), which fits a 

single exponential with a maximum likelihood estimation algorithm. Mean 

𝑅2,𝑤
∗  and 𝑅2,𝑓

∗  values were retrieved from an ROI of 300 voxels, placed in the 

middle of the sample, and were used in the data processing. 

 

EX VIVO HIFU EXPERIMENT 

MONITORING OF HIFU HEATING 

To show the ability of the method to monitor HIFU heating, a porcine 

abdominal wall tissue sample was exposed to multiple consecutive 

sonications using a clinical MR-HIFU system (Sonalleve, Philips Healthcare, 

Vantaa, Finland) integrated into a clinical 1.5T MR scanner (Achieva, Philips 

Healthcare, Best, The Netherlands). The sample was placed on the HIFU 

window of the MR-HIFU table, with a gel pad in between. To mimic the near-

field situation in the sample, the HIFU focus was placed in the agar gel 

placed on top of the sample (Figure 2a). An ultrasound gel-water emulsion 

was used to couple the gels with the sample. 

Images were acquired using the built-in four-channel RF receiver coil 

inside the HIFU window together with the sixteen-channel top half of a 

cardiac RF receiver coil. Coronal MGE MRT imaging slices were positioned at 

the muscle-fat interface using T1-weighted anatomical images. The 

parameter settings for the MGE MRT scans were: number of echoes = 32, TE0 

= 1.4 ms, ΔTE = 1.3 ms, FA = 20°, TR = 52.5 ms, slice thickness = 8mm, 

acquired in-plane pixel size = 22 mm
2
, FOV = 250200 mm

2
, reconstruction 

matrix = 432432, resulting in a scan time of 5.2s. 

First one location was sonicated three times and then two other locations 

were sonicated once (80W, 4-mm volumetric cells (114)). For each sonication 
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30 MGE MRT scans were acquired dynamically and the dynamic series of 

subsequent sonications started directly after each other, so that the 

temperature was measured continuously throughout the experiment. The 

sonication started with the start of the fourth dynamic scan and ended after 

60 seconds. 

 

MAGNETIC FIELD DRIFT MEASUREMENT 

To have an indication of the magnetic field drift during this experiment, the 

non-temperature related temporal phase evolution was measured in MGE 

MRT scans acquired at echo time TE = 19.6 ms (15
th

 echo), similar to the 

echo times typically used in clinical PRFS MRT sequences (70,115). In an ROI 

of 55 voxels, selected away from the heated regions, the field drift was 

calculated from the temporal evolution of the mean phase value in the ROI. 

Accordingly, it was converted to the equivalent temperature change as 

calculated by the subtraction-based PRFS MRT method. 

2.3.3. Cooling constant mapping. To estimate cooling time constants (𝜏), the 

time-evolutions of the calculated temperatures during the cooling phases 

were modeled of each voxel using a mono-exponential model: 

 

𝑇(𝑡) = (𝑇0 − 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) 𝑒−
𝑡−𝑡0

𝜏 + 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  [4], 

 

where 𝑡0 is the known time at which the cooling started, 𝑇0 is the 

temperature at which the cooling started and 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  is the baseline to 

which the temperature equilibrates. An iterative nonlinear least-squares 

method was used with the following settings: 𝑇0,𝑠𝑡𝑎𝑟𝑡 = 37℃, 𝑇0,𝑙𝑜𝑤 = 0℃, 

𝑇0,𝑢𝑝𝑝 = 100℃, 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑠𝑡𝑎𝑟𝑡 = 37℃, 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑙𝑜𝑤 = 0℃, 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,𝑢𝑝𝑝 = 100℃, 

𝜏𝑠𝑡𝑎𝑟𝑡 = 250 𝑠, 𝜏𝑙𝑜𝑤 = 0 𝑠, 𝜏𝑢𝑝𝑝 = ∞ 𝑠. A 𝜏 map was reconstructed for voxels 

with the coefficient of determination 𝑅2 > 0.5 and 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 > 20℃. Voxels of 

interest (VOI) were selected in four different heating areas: 1
st
 sonication 

area, heated three times (VOI 1); 2
nd

 sonication area, heated once (VOI 2); 

overlapping area of 2
nd

 and 3
rd

 sonication, heated twice (VOI 3); and 3
rd

 

sonication area, heated once (VOI 4). ROIs of 1515 were drawn around 

these voxels and the mean 𝜏 values of the ROIs were calculated. 
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Figure 2. Schematic overviews of the HIFU setups of the ex vivo experiment (a) and of the 

in vivo demonstration (b) in patient during a clinical uterine fibroid MR-HIFU treatment, on 

a sagittal and transverse T1-weighted planning scan. In both the ex vivo and in vivo setup, 

the imaging slice was placed in the near-field of the HIFU focus, which is the area along 

the HIFU beam path outside the target area. In (c), a schematic overview is shown of the 

scan and sonication sequence during the in vivo demonstration. 
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IN VIVO DEMONSTRATION 

To demonstrate the use of the method in vivo, interleaved in a clinical 

routine, MGE MRT scans were acquired in a patient before and after 

sonications during a clinical uterine fibroid MR-HIFU treatment using a 

clinical MR-HIFU system (Sonalleve, Philips Healthcare, Vantaa, Finland) 

integrated into a clinical 1.5T MR scanner (Achieva, Philips Healthcare, Best, 

The Netherlands). The treatment was approved by the Institutional Review 

Board with a waiver of consent and written informed consent was obtained 

from the patient for using the acquired data for scientific purposes. The 

patient was positioned such that the uterus was directly above the HIFU 

window. A gel pad was placed between the patient’s skin and the HIFU 

window (Figure 2b) and degassed water was used to couple the gel pad to 

the skin. 

The built-in two-channel RF receiver coil inside the HIFU window was 

used together with a three-channel HIFU pelvis receiver coil positioned on 

the patient’s back. Coronal MGE MRT imaging slices were positioned at the 

muscle-fat interface using T1-weighted anatomical images. For these MGE 

MRT scans, the following parameter settings were used: number of echoes = 

32, TE0 = 1.4 ms, ΔTE = 1.3 ms, FA = 20°, TR = 52.5 ms, slice thickness = 8 

mm, acquired in-plane pixel size = 22 mm
2
, FOV = 350350 mm

2
, 

reconstruction matrix = 192192, resulting in a scan time of 9.5s. 

HIFU sonications were performed with 8-mm volumetric cells (114) and 

powers were chosen by the clinician. Figure 2c shows a chronological 

overview of the image acquisitions, HIFU sonications and cooling periods. 

The therapy was preceded by an MGE MRT scan and two test sonications 

(100W and 110W, both 16s), followed by 90s of cooling. Subsequently, MGE 

MRT scans were acquired before and after the first two therapeutic 

sonications of the therapy (200W 39s and 240W 30s) with 2min cooling in 

between. Finally, after 3min cooling, the last MGE MRT scan was acquired. 
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RESULTS 

EX VIVO WATER BATH EXPERIMENT 

𝑅2
∗ MEASUREMENTS IN WATER AND FAT 

The mean 𝑅2,𝑤
∗ * and 𝑅2,𝑓

∗  values over the ROI, measured close to body 

temperature at (35.60.2)°C, were: 𝑅2,𝑤
∗ = 29.1 𝑠−1 and 𝑅2,𝑓

∗ = 31.3 𝑠−1. These 

values were used in the data processing for all experiments. 

 

PERFORMANCE ASSESSMENT OF MGE MRT AT MUSCLE-FAT INTERFACE 

Multi-GE images were acquired during the water bath experiment at the 

following temperatures, as measured by the temperature probes 

(meanstandard deviation): (42.80.4)°C, (40.40.5)°C, (39.20.5)°C and 

(37.40.4)°C. The temperature changes measured by the probes were thus: (-

2.40.6)°C, (-3.60.6)°C and (-5.40.6)°C. The time between the MR 

acquisitions were 30 minutes, 15 minutes and 30 minutes. 

The reconstructed relative temperature maps show homogeneous 

temperature distributions and cool down (Fig.3a). In the corresponding 

reconstructed absolute temperature maps (Fig.3b) spatial heterogeneities 

can be observed which were cancelled out in the relative temperature maps, 

indicating that they were systematic errors. The voids outside the sample 

were induced by the catheters through which the probes were inserted. In 

Figure 3c, the mean and SD (error bars) of the calculated relative 

temperatures in the ROI (Figure 3a, pink square) are plotted against the 

mean probe temperature changes and show good correspondence. The 

mean calculated relative temperature in the ROI were (meanstandard 

deviation): (-2.50.9)°C, (-3.30.9)°C, and (-5.11.1)°C and the mean absolute 

error was 0.3°C. In Figure 3d, the mean and SD (error bars) of the calculated 

absolute temperatures in the ROI are plotted against the mean probe 

temperatures and shows that the temperatures were consistently 

overestimated. The mean calculated temperatures in the ROI were 

(meanstandard deviation): (45.41.3)°C, (42.91.8)°C, (42.01.7)°C and 

(40.31.4)°C and the mean absolute error was 2.7°C. 
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Figure 3. Results of the ex vivo water bath experiment (illustrated FOV = 200200 mm
2
): 

(a) reconstructed relative temperature maps; (b) reconstructed absolute temperature 

maps; (c) the mean calculated ROI relative temperatures plotted against the mean probe 

temperature changes; (d) the mean calculated ROI absolute temperatures plotted against 

the mean probe temperatures. The measured probe temperatures (or temperature 

changes) are shown in the bottom-left of each (relative) temperature map. The pink 

square in (a) indicates the ROI location and the voids outside the sample were induced by 

the catheters through which the probes were inserted. The error bars in the plots indicate 

the SD in the ROI. 

 

EX VIVO HIFU EXPERIMENT 

MONITORING OF HIFU HEATING 

Figure 4a shows the reconstructed relative temperature maps before, during 

and after HIFU; Figure 4b shows the corresponding reconstructed absolute 

temperature maps. Similar to the water bath experiment results, the spatial 

inhomogeneities observed in the absolute temperature maps were cancelled 

out in the relative temperature maps. The heat accumulation caused by the 
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consecutive sonications can be clearly seen, especially in the first three 

sonications at the same location. The heated area of the fifth sonication 

partially overlaps with the previously heated area and higher temperatures 

can be observed (fifth row, in the middle of the sample). Furthermore, 

cooling is visible in all post-HIFU (relative) temperature maps. 

 

MAGNETIC FIELD DRIFT MEASUREMENT 

The measured magnetic field drift during the ex vivo HIFU experiment is 

shown in Figure 5 in ppm and in equivalent temperature error, as calculated 

with subtraction-based PRFS MRT. The results showed that the field drift 

over the duration of the experiment (about 17 minutes) resulted in an 

equivalent temperature error of 64°C, with a rate of approximately 4°C per 

minute. Such errors were not observed in the (relative) temperature maps of 

this experiment (Figure 4), indicating that the MGE MRT temperature 

calculations were not affected by the field drift. 

 

COOLING CONSTANT MAPPING 

The reconstructed cooling time constant (𝜏) map is shown in Figure 6a. The 

locations of the four VOIs are indicated in the map and their temperature 

time-evolutions are plotted in Figure 6b, together with their fitted curves. 

The plots show that equation [4] could be fitted well to the cool down phase 

of the data and the different heating patterns can be seen: VOI 2 and VOI 4 

were sonicated once, VOI 3 twice and VOI 1 three times. Interestingly, the 

temperature-time curve of VOI 2 shows a slight increase before it was 

directly heated by sonication, indicating indirect heating via conduction. VOI 

2 was located nearby the area heated by the first three sonications and it can 

be observed in the relative temperature maps (Fig 6b) that the heating 

spreads to a larger area than was directly sonicated, including VOI 2. Also 

note that the temperature increase start and end time points of VOI 3 

correspond with those of VOI 2 and VOI 4. The mean 𝜏 value was largest in 

ROI 1 (256s), which was heated three times, followed by the mean 𝜏 value of 

ROI 3 (249s), which was heated twice. Of the ROIs that were heated once, 

ROI 2 was located close to a previously heated area and its mean 𝜏 value was 

larger (224s) than of ROI 4 (172s). 
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Figure 5. The field drift during the ex vivo HIFU experiment. The ROI used for the field drift 

measurements was selected away from the heated regions and is indicated with a pink 

square in the inset temperature map (after last sonication, post HIFU 90s). 

 

 

 

 

 

Figure 6. In (a), the reconstructed cooling constant () map is shown with the VOIs (circles) 

and corresponding ROIs (squares) for the calculation of the mean  values. The calculated 

temperature time-evolutions of the VOIs are plotted in (b) together with their fitted curves: 

the numbers (1-4) correspond to the VOI numbers, indicated in (a). 
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IN VIVO DEMONSTRATION 

Relative temperature maps calculated from in vivo data acquired in a patient 

during a clinical uterine fibroid treatment are shown in Figure 7a and the 

corresponding reconstructed absolute temperature maps in Figure 7b. The 

first absolute temperature map (Fig.7b), acquired before treatment, shows 

spatial heterogeneities unlikely representing actual temperature 

distributions. These heterogeneities were consistently present in the 

subsequent temperature maps and were cancelled out in the relative 

temperature maps (Fig.7a). Temperature increase after HIFU sonication 

(white arrows) and temperature decrease after cooling (black arrows) can be 

observed clearly in the relative maps, where the observer is not distracted by 

the spatial heterogeneities such as those seen in the absolute maps. 

Between MGE MRT scans 4 and 5 slight patient motion was observed. The 

artificial high temperature spot in the top-left of temperature maps 1 to 4 

was less pronounced in absolute temperature maps 5 and 6, resulting in 

erroneous relative temperatures (pink arrows). 

 

DISCUSSION 

The relative temperature maps of the ex vivo controlled water bath 

experiment were homogeneous and the relative temperature measurements 

in the ROI showed good correspondence with the mean probe temperature 

changes (mean absolute error 0.3°C, mean SD 1.0°C). Systematic errors 

occurred in the absolute temperature calculations and caused spatial 

heterogeneities in those maps, but did not occur in the relative temperature 

maps. This was also reflected in the observed offset in the temperature plot 

of the ROI (Figure 3a), which was absent in the relative temperature plot. 

The systematic errors in the absolute temperature measurements are 

most likely due to the magnetic susceptibility distribution of water and fat 

(28,113), which affects the local magnetic field. Baron, et al. (113) showed 

that the influence of the magnetic susceptibility on the chemical shift 

depends on the water-fat distribution in relation to the main magnetic field. 

The calibration of ∆𝛿𝑤𝑓(𝑇𝑟𝑒𝑓) in equation [1] may therefore not be correct 

everywhere, depending on the (local) water-fat distribution, and systematic 
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errors will occur in the absolute temperature measurements. These 

systematic errors are cancelled out in the relative temperature 

measurements, as these are reconstructed by subtracting individual absolute 

temperature maps. In addition, the proposed geometry in this study was 

based on the adjacent flat layers of muscle and fat in the abdominal wall and 

has the advantage of having a fixed orientation with respect to the main 

magnetic field. This is especially true for the MR-HIFU setup for the 

application on abdominal organs, where subjects are positioned with the 

near-field region (pre-focal beam path region) on a flat gel pad. We have 

shown ex vivo that using MGE MRT in this specific geometry, relative 

temperatures could be calculated with high accuracy (0.3°C). 

The results of the ex vivo HIFU experiment showed that MGE MRT 

enables capturing subsequent heating by consecutive sonications. Similar to 

the ex vivo water bath experiment, the spatial heterogeneities observed in 

the temperature maps due to susceptibility effects were cancelled out in the 

relative temperature maps. The thermal built-up could be seen clearly in the 

temperature maps and even clearer in the relative temperature maps. As the 

relative temperature maps are reconstructed using individual scans started at 

different time points, it allows the interleaved use of relative MGE MRT for 

excellent monitoring of heating. The experimental setup was chosen such 

that it resembles the in vivo near-field case, where the HIFU focus is 

positioned in deep tissue and the imaging slice is placed in the near-field 

area of the HIFU focus. 

The interleaved use of MGE MRT was demonstrated in vivo, where the 

scan was positioned in the near-field area of the HIFU focus and acquired 

between the scans of the clinical protocol. Heating in the near-field region 

upon HIFU sonication and subsequent cooling could be observed. Similar to 

the ex vivo experiments, the spatial heterogeneities observed in the 

temperature maps were cancelled out in the relative temperature maps. 

Slight patient motion occurred between MGE MRT scans 4 and 5. The region 

with artificially high temperatures in the temperature maps preceding the 

motion was less pronounced after motion. This resulted in errors in the 

relative temperature measurements and may be attributed to misregistration 

between subtracted temperature images. 
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The major advantage of MGE MRT over subtraction-based PRFS MRT is its 

insensitivity to field drift. The measured magnetic field drift over the ex vivo 

HIFU experiment showed a dramatic equivalent temperature error rate of 4°C 

per minute. The equivalent temperature error over the duration of the 

experiment of 64°C was similar to the 70°C reported by Sprinkhuizen, et al. 

(29) during their experiment at 3.0T. Since these errors were not observed in 

the reconstructed relative and absolute temperature maps, this demonstrates 

the usability of MGE MRT over prolonged periods of time without being 

affected by field drift. 

Fat-referenced subtraction-based PRFS MRT has been proposed for field 

drift correction, by making use of the negligible temperature dependency of 

the chemical shift of fat (94,116-119). In these techniques, fat is used to 

correct for non-temperature dependent changes in the phase of the complex 

MR signal. Although they may correct for field drift, these fat-referenced 

methods are still based on phase difference maps and subsequent phase 

maps are often subtracted to avoid phase wrapping (116). Alternatively, 

phase unwrapping algorithms could be considered (120-122). Contrastingly, 

phase wrapping is not an issue for MGE MRT as the frequency difference 

between water and fat is used for temperature calculations rather than the 

phase. Also, relative MGE MRT temperature maps are reconstructed by 

subtractions of individually reconstructed absolute temperature maps. It 

therefore allows subtractions of any arbitrary combination of absolute MGE 

MRT temperature maps. 

Referenceless or self-referenced PRFS MRT (123,124) circumvents the 

need to correct field drift by estimating the baseline phase from each 

temperature map itself. The phase outside the expected heated region is 

used to estimate the background phase of the inner expected heated region, 

for example using polynomial approximations. However, this method is 

based on the assumption that only a small and well-localized region is 

affected by the thermal treatment, which does not apply for near-field 

heating as the intersection of the HIFU cone with the near-field region covers 

a large area (104,105). Additionally, the size of the heated area in the near-

field may increase even more when consecutive sonications at different 

locations are performed to cover the target volume, potentially limiting the 

robustness of the estimation of the baseline phase. 
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Cooling time constants 𝜏 were estimated from the MGE MRT temperature 

measurements in the ex vivo HIFU experiment using a mono-exponential fit, 

which fitted well to the data (Fig.6b). Interestingly, the differences in the 

mean 𝜏 values between the four ROIs could be well explained by the 

sonication pattern: the lowest value was found in the ROI that was sonicated 

once and was not close to a previously heated area; the highest value was 

found in the ROI that was sonicated three times. In this study, the cooling 

time constants were estimated from temporal densely sampled temperature 

points. In practice, temperature measurements could be done every few 

minutes instead, to estimate the cooling time constant or how much the 

region has cooled since any previous scan. Because (relative) temperature 

maps are field drift insensitive and reconstructed from individual scans, MGE 

MRT provides the opportunity to acquire knowledge about the cooling with 

interleaved scans. In the current clinical MR-HIFU workflow, long cooling 

time periods are taken between sonications. This is to make sure that all 

tissue has cooled down to the baseline temperature, because otherwise 

temperatures will be underestimated at previously heated regions with the 

clinically used subtraction-based PRFS MRT. This would potentially lead to 

undesired overheating. With knowledge of the cooling rate, better 

estimations can be made for the required waiting time between sonications. 

The treatment time efficiency could then be enhanced by making a 

compromise between the prevention of overheating and the reduction of the 

treatment duration. 

MGE MRT was shown to be a promising tool for monitoring heating in 

the near-field. This method has, however, some limitations. Most 

importantly, the difference in the magnetic volume susceptibility of water 

and fat causes systematic errors in the temperature measurements, because 

of the locally induced magnetic field variations. But by subtracting individual 

MGE MRT temperature maps, relative MGE MRT temperature maps can be 

reconstructed where these systematic errors are cancelled out. While relative 

MGE MRT measures temperature changes, like subtraction-based PRFS MRT, 

it still has the advantage of being field drift-corrected and the flexibility of 

using individually reconstructed temperature maps. All relative temperature 

maps in this study were reconstructed by the subtraction of the firstly 

acquired MGE MRT temperature map to show the capturing of the 
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cumulative heating. However, any arbitrary combination of MGE MRT 

temperature maps could be subtracted from each other to see the 

temperature changes between those time points. Another limitation is that, 

depending on the application, not all voxels in the field of view may satisfy 

the condition that both muscle and fat contribute to the MR signal. Also, the 

temperature dependence of the susceptibility of fat may induce minor 

additional errors (125). 

 

CONCLUSION 

We have shown MGE MRT can be used for monitoring the MR-HIFU heating 

in the near-field, by placing the imaging slice at the interface of the 

abdominal muscle and fat layers. While the derived absolute temperature 

maps were shown to be affected by susceptibility effects, the relative 

temperature maps provide excellent visualization of the heating without 

interference of field drift. Because the (relative) temperature maps are 

reconstructed from individually acquired scans, MGE MRT can be used 

interleaved. Cooling time constants could be estimated from the 

temperature measurements, which may be a useful tool for treatment 

monitoring. 
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INTRODUCTION 

The magnetic field experienced by local spins is influenced by static 

magnetic field inhomogeneities generated by spatial variations in magnetic 

susceptibility. In MR image acquisitions, sub-voxel susceptibility variations 

will induce spin dephasing and signal loss in an MR imaging voxel (126). Spin 

dephasing is induced by two basic phenomena: the dispersion of local 

nuclear frequencies and nuclear diffusion. When spin dephasing induced by 

local nuclear frequency differences occurs faster than spin dephasing due to 

diffusion, the system is in the so-called static dephasing regime. For this 

regime, Yablonskiy and Haacke (127) created a theoretical framework based 

on random distributions of perturbing spheres and cylinders in water. Their 

analytical derivation predicted that the resulting MR signal decay of water 

would first show quadratic exponential behavior, followed by shifted mono-

exponential behavior with an oscillating part. Their theory was validated with 

numerical simulations and experiments of various systems of perturbers 

embedded in water, notably tissue in the presence of a paramagnetic MR 

contrast medium (128), paramagnetic deoxyhemoglobin in the blood (129), 

trabecular bone and bone marrow (130) and super paramagnetic iron oxide 

labeled cells (131). In these systems, the perturbers were considered as point 

objects and any signal from the perturbers was ignored. 

Water-fat emulsions, such as mayonnaise, are macroscopically 

homogenous systems of water with microscopically randomly distributed 

spherical fat droplets and are often used as a water-fat phantom in MR 

experiments (107,132-134). In such water-fat emulsions, fat can be 

considered a collection of perturbing objects embedded in water. In this 

pertuber-medium system, the signal behavior of both water and fat are of 

importance and thus the signal of both the pertuber and the medium should 

be considered. In these systems, water and fat are exposed to the same static 

magnetic field and the field inhomogeneities are induced by the magnetic 

susceptibility differences between water and fat. It is likely that the 

susceptibility effects on the local nuclear frequencies are similar for water 

and fat. Since the water signal shows different exponential behavior in two 

regimes as a result of spatial variations in magnetic susceptibility, it is likely 

that this will also be the case for fat. 
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It has been proposed to use fat as a reference to water in MR 

thermometry (MRT), to calculate absolute temperatures from the measured 

frequency difference between water and fat. This can be done by either 

fitting two Lorentzian peaks in the frequency domain (28) or, equivalently, by 

fitting two mono-exponential functions with a frequency difference in the 

time-domain (29). Errors in the order of 10C were observed in tissues with a 

macroscopically inhomogeneous distribution of water and fat (28,135). 

Recently, the susceptibility difference between fat and water has been 

reported to influence fat-referenced MRT in heterogeneously distributed 

water and fat (113). Even in mayonnaise, a macroscopically homogeneous 

mixture of water and fat, temperature errors of 2C were reported (28). With 

numerical simulations of randomly distributed fat spheres embedded in 

water, Baron, et al. (113) demonstrated that the time-domain fitting errors 

increased with increasing sub-voxel fat fraction. This finding implies that the 

sub-voxel water-fat distribution influences the accuracy of the frequency 

difference measurements, extracted from the fitting of two mono-

exponentials to the time-signal. The water signal has different exponential 

behavior on the short- and long-time scales, and the same may hold for fat. 

If the signal sampling covers both regimes, the time-signal may not be 

simply described with mono-exponentials. Therefore, fitting two mono-

exponentials to such time-signal may thus induce errors. To investigate this 

further, it is necessary to first characterize the fat signal and define the time 

scales of the two regimes. 

In this study, we explored the signal behavior of macroscopically 

homogeneously distributed water and fat, where fat was considered a 

collection of perturbing objects in a water medium. We have not yet 

succeeded in finding an analytical description for the signal of the perturber 

in the static dephasing regime, similar to that of Yablonskiy and Haacke. 

Instead, we explored the signal behavior of water and fat arising from a 

three-dimensional random distribution of fat spheres in water using 

numerical simulations. The simulated complex water time-signals were 

compared with the theoretical MR signal description by Yablonskiy and 

Haacke (127). Subsequently, we investigated whether the simulated complex 

fat time-signal can be described similarly. To explore the implications on fat-

referenced MRT, the simulated signals were sampled in different time ranges. 
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The sampled signals were then fitted in the time-domain to find the 

susceptibility-induced error in the extracted frequency difference and in the 

corresponding temperature (29). 
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THEORY 

WATER SIGNAL IN THE PRESENCE OF RANDOMLY DISTRIBUTED SMALL PERTURBERS 

Yablonskiy and Haacke (127) described the theoretical MR signal behavior of 

magnetically inhomogeneous tissue for a two-component model, comprising 

randomly distributed spherical objects (perturbers) with a different magnetic 

susceptibility than water, embedded in a water medium. To characterize the 

field induced by a spherical perturber, Yablonskiy and Haacke (127) defined 

the characteristic frequency 𝛿𝜔 in [rad s
-1

]: 

 

 𝛿𝜔 =
1

3
 𝛾(χ − χ0)𝐵0    [1], 

 

where γ is the gyromagnetic ratio in [rad s
-1

 T
-1

], χ is the susceptibility of the 

perturbers, χ0 is the susceptibility of the medium and 𝐵0 = |𝐵0
⃗⃗⃗⃗  | is the field 

strength in [T] of the main magnetic field 𝐵0
⃗⃗⃗⃗   in which the system is located. 

At the j
th

 observation point, the external frequency 𝜔𝑖𝑗 induced by the ith 

spherical perturber with characteristic frequency 𝛿𝜔, radius 𝑎𝑖 , located at 𝑟𝑖𝑗⃗⃗  ⃗, 

has the form: 

 𝜔𝑖𝑗 = 𝛿𝜔 ∙ (
𝑎𝑖

𝑟𝑖𝑗
)
3

(3 cos2 𝜃𝑖𝑗 − 1)   [2], 

 

where distance 𝑟𝑖𝑗 = |𝑟𝑖𝑗⃗⃗  ⃗| and 𝜃𝑖𝑗 is the angle between 𝑟𝑖𝑗⃗⃗  ⃗ and 𝐵0
⃗⃗⃗⃗  . The induced 

dispersion in nuclear frequencies leads to MR signal decay in the time-

domain. Yablonskiy and Haacke (127) found that for spherical perturbers, the 

water signal behavior was separated in two time scales. In the short-time 

scale, the signal obeys a quadratic exponential decay; in the long-time scale, 

the signal decay may be characterized as shifted mono-exponential with an 

oscillating part (127): 

 

𝑓𝑜𝑟 𝑡 ≤ 𝜏:  𝑆̅(𝑡) = 𝜌 ∙ (1 − 𝜁) ∙ exp(−0.4 ∙ 𝜁 ∙ (𝛿𝜔 ∙ 𝑡)2)   [3a], 

𝑓𝑜𝑟 𝑡 ≥ 𝜏:  𝑆̅(𝑡) = 𝜌 ∙ (1 − 𝜁) ∙ exp(−𝑅2′ ∙ |𝑡 − 𝑡𝑠|) ∙ exp(−𝑖 ∙ ∆𝜔 ∙ 𝑡) [3b]. 

 

Here, ρ is a coefficient depending on parameters as spin density, flip angle, 

hardware sensitivity, etc. and  = v/V is the relative volume fraction occupied 
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by the pertubers, where v is the total volume occupied by the perturbers and V is 

the total volume of the system; that is the medium and the perturbers. In 

equation [3b], 𝑡𝑠 ≈ (𝐶 ∙ 𝛿𝜔)−1 is the time shift in [s], 𝑅2′ = 𝜁/𝑡𝑠 is the 

relaxation rate of the susceptibility-induced signal decay in [s
-1

] and 

∆𝜔 ≈ −𝐶′ ∙ 𝜁 ∙ 𝛿𝜔 is the frequency offset in [rad/s]. In their analytical 

derivation, Yablonskiy and Haacke (127) have approximated the real and 

imaginary parts of the integral over the observation points with their 

asymptotic forms. This resulted in the factor 0.4 in equation [3a] and in the 

constants 𝐶 = 2𝜋/(3√3) and 𝐶′ = 2/√3 ln ((√3 + 1)/(√3 − 1)). Finally, 

Yablonskiy and Haacke (127) found that the water signal was separated in 

the short and the long-time scale at 𝜏𝑤 = 1.5/𝛿𝜔. 

In their analytical derivation, Yablonskiy and Haacke made several 

assumptions. First, the standard statistical assumption was made that the 

number of perturbers in the volume of interest is >> 1. Second, the low 

perturber concentration limit,  << 1, should be satisfied. Third, the static 

dephasing regime is assumed, which is when spin dephasing resulting from 

local differences in nuclear frequencies occurs faster than spin dephasing 

due to diffusion. Last, the global magnetic field inside the medium was 

assumed to be homogeneous. 

 

WATER AND FAT SIGNAL FOR A RANDOM DISTRIBUTION OF FAT SPHERES IN WATER 

Water-fat systems can be considered a system of perturbing fat objects 

embedded in water. An important aspect of this specific system is that the 

signal of the perturber, fat, cannot be ignored. The origins of the signals of 

water and fat are complementary: fat signals arise from the perturbing 

objects and water signals arise from the whole system excluding the objects. 

Since water and fat have a different chemical shift and thus different 

resonance frequencies, the influence of susceptibility-induced field shifts on 

the two resonances can be considered separately. 

In a system of randomly distributed spherical fat objects embedded in 

water, e.g. water-fat emulsions, the behavior of the complex water time-

signal can be described analytically by equation [3] if the assumptions above 

apply. With a difference of 1.26 ppm in susceptibility between water and fat 

(85,136), the characteristic frequency 𝛿𝜔𝑤 of the water will be about 168.5 

rad/s at 1.5 T (Eq.[1]) and thus 𝜏𝑤 ≈ 8.9 ms and 𝑡𝑠,𝑤 ≈ 4.9 ms. The observed 
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fat signal originates from observation points located in fat spheres. The 

nearest observation points in fat of which the measured signal is affected by 

a perturbing fat sphere, are those located in the nearest fat sphere. Owing to 

this geometrical restriction, the effective field as experienced by fat will be 

different from that of water. The implications for the observed fat signal are 

investigated in this study using numerical simulations. 
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METHODS 

To investigate the resonance frequency distributions and the resulting time-

domain MR signals of water and fat in macroscopically homogenous sub-

voxel water-fat distributions, numerical simulations were performed in 

MATLAB (2013b, Mathworks, Natick, MA). 

 

NUMERICAL MODEL 

A three-dimensional numerical phantom was created of a water-fat 

distribution, placed in a static magnetic field 𝐵0. The medium was defined as 

a water sphere with radius R so that the magnetic field inside the medium 

was homogeneous. The perturbers were equally sized spherical fat objects 

with radius a. The relative fat volume fraction  was defined, from which the 

(rounded) number of fat objects M was calculated. All objects were assigned 

random locations and were entirely inside the water sphere, where no 

overlap exists between objects. A cubic volume of interest (VOI), 

representing an MR imaging voxel, was defined entirely inside the water 

sphere and positioned concentrically with the water sphere. In the VOI, N 

observation points were assigned to random positions, without overlap. 

Figure 1 shows a schematic representation of the numerical phantom. 

 

 

   

Figure 1. A schematic 

representation is shown of the 

numerical phantom used for the 

simulations: spherical fat objects 

(orange) at random positions in a 

spherical water medium (blue). 

Observation points (purple) were 

randomly distributed in a cubic 

volume of interest (VOI; purple 

dashed lines). 
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At the j
th

 observation point, the field shift δBz,ij induced by the i
th

 object 

was calculated as follows (137): 

 

𝑓𝑜𝑟 𝑟𝑖𝑗 < 𝑎:  𝛿𝐵𝑧,𝑖𝑗(𝑟𝑖𝑗 , 𝜃𝑖𝑗) =
1

3
χ0𝐵0     [4a], 

𝑓𝑜𝑟 𝑟𝑖𝑗 > 𝑎:  𝛿𝐵𝑧,𝑖𝑗(𝑟𝑖𝑗 , 𝜃𝑖𝑗) =
1

3
χ0𝐵0 +

1

3
(χ − χ0) 𝐵0

𝑎3

𝑟𝑖𝑗
3  (3 cos2 𝜃𝑖𝑗 − 1) [4b], 

where 𝑟𝑖𝑗 = |𝑟𝑖𝑗⃗⃗  ⃗| is the distance between the center of the i
th

 object and the j
th

 

observation point, 𝜃𝑖𝑗 is the angle between 𝑟𝑖𝑗⃗⃗  ⃗ and 𝐵0
⃗⃗⃗⃗  , 0 is the magnetic 

susceptibility of the medium, is the magnetic susceptibility of the objects 

and B0 is the main magnetic field strength. 

We define the set W, representing the set of water observation points, 

and the set F, representing the set of fat observation points. Observation 

points located inside a fat object belong to the set F; observation points 

located outside all fat objects belong to the set W. The total number of water 

observation points is defined as 𝑛𝑤, the total number of fat observation 

points is defined as 𝑛𝑓, hence 𝑛𝑤 + 𝑛𝑓 = 𝑁. The effective fat volume fraction 

in the VOI was then defined as 
𝑉𝑂𝐼

= 𝑛𝑓/𝑁 ; note that 
𝑉𝑂𝐼

≠ . The 

frequency ωj in the rotating frame, on-resonance with water at 𝛾𝐵0, at the j
th

 

observation point depends on the total field shift induced by all objects and 

was defined as follows: 

 

𝑓𝑜𝑟 𝑗 ∈ 𝑊: 𝜔𝑗 = 𝛾 ∑ 𝛿𝐵𝑧,𝑖𝑗
𝑀
𝑖=1   [5a], 

𝑓𝑜𝑟 𝑗 ∈ 𝐹: 𝜔𝑗 = 𝛾 ∑ 𝛿𝐵𝑧,𝑖𝑗
𝑀
𝑖=1 + 𝛾 ∆𝛿𝑤𝑓𝐵0 [5b], 

 

where ∆𝛿𝑤𝑓 is the chemical shift difference between water and fat. The 

distribution of observed frequencies 𝑓𝑗 = 𝜔𝑗/(2𝜋) in [Hz] was used for 

analysis. The normalized complex time-signal of water 𝑆𝑤(𝑡), of fat 𝑆𝑓(𝑡) and 

of water and fat 𝑆(𝑡) were calculated as follows: 

 

𝑆𝑤(𝑡) =
1

𝑁
∑  𝑒−𝑖 𝜔𝑗 𝑡𝑛𝑤

𝑗∈𝑊    [6a], 

𝑆𝑓(𝑡)  =
1

𝑁
∑  𝑒−𝑖 𝜔𝑗 𝑡

𝑛𝑓

𝑗∈𝐹
   [6b], 

𝑆(𝑡)   = 𝑆𝑤 + 𝑆𝑓    [6c]. 
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NUMERICAL SIMULATIONS 

To simulate the water and fat signals of a sub-voxel water-fat distribution, 

the numerical model was used with N = 10
6
 observation points at B0 = 1.5 T. 

For the magnetic susceptibility of the medium, 0 = 0 was used; for the 

magnetic susceptibility of the objects, the difference between water and fat 

was used:  = fat -water = 1.26 ppm (85,136). The commonly used chemical 

shift difference between water and fat of Δδwf = δf - δw = -3.4 ppm (108,109) 

at 37C was used, corresponding with a frequency difference of -217 Hz at 

1.5 T. 

The cubic observation VOI was defined to be smaller than the spherical 

medium: the lengths of the cube edges were equal to the radius of the water 

sphere R. The size of the objects was chosen such that the volume of one 

object is 0.01% of the VOI and simulations were performed for four fat 

volume fractions:  = 0.05, 0.10, 0.15 and 0.20. In their derivation, Yablonskiy 

and Haacke (127) assumed that the system was a homogeneous distribution. 

To investigate the influence of microscopic heterogeneities, the simulations 

were repeated ten times where the objects and observation points were 

reassigned random positions for each repetition. For signal characterization, 

the averaged signal of the repeated simulations was used. 

Each observed frequency distribution was sampled with 2048 equally 

spaced points and a spectral bandwidth of 1 kHz. To characterize the peak 

dispersion of both water and fat, the full width at half maximum (FWHM) of 

the observed peaks were calculated. The complex time-signal was sampled in 

the time range of 0 to 256 ms, using 256 time points with a sampling time of 

1 ms. The complex time-signals were used for comparison with the 

theoretical signal description (127). For the magnitude, the whole time range 

was considered for the analysis; for the phase, the time-evolution was 

considered for the analysis up to the time point at which the magnitude 

signal was less than 1% of the initial total signal of water and fat. 

 

CHARACTERIZATION OF THE COMPLEX TIME-SIGNAL OF FAT 

Similarly to water, the complex time-signal of fat was expected to show 

quadratic exponential behavior (Eq. [3a]) at the short-time scale, 0 ms to 𝜏𝑓, 
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and shifted mono-exponential behavior (Eq. [3b]) at the long-time scale, 𝜏𝑓 

to 256 ms. 

To find 𝜏𝑓, Eq.[3a] and Eq.[3b] were fitted to the magnitude of the fat 

signal in the corresponding time scales for a range of separation time points 

𝜏. For the fit of Eq.[3], 𝛿𝜔, 𝑡𝑠 and 𝑅2′ were used as fit parameters. For each 𝜏, 

the residual sum of squares (RSS) was determined for the fits in the two time 

scales and summed. The 𝜏 range used was 10 ms to 246 ms, so that at least 

10 data points were available per fit. The 𝜏 at which the summed RSS value 

was smallest was then defined as 𝜏𝑓. The values found for the fit parameters 

𝛿𝜔, 𝑡𝑠 and 𝑅2′ resulting from the fit procedure using 𝜏𝑓 where then defined 

as the effective characteristic frequency  𝛿𝜔𝑓 , the time shift 𝑡𝑠,𝑓 and is the 

relaxation rate of the susceptibility-induced fat signal decay 𝑅2𝑓
′ . 

The phase evolution of the fat signal was fitted with the following linear 

approximation: 

 

𝑓𝑜𝑟 𝑡 ≤ 𝜏𝑓:  𝜑(𝑡) = −(∆𝜔𝑓,𝑠ℎ𝑜𝑟𝑡 ∙ 𝑡)  [7a], 

𝑓𝑜𝑟 𝑡 ≥ 𝜏𝑓:  𝜑(𝑡) = −(∆𝜔𝑓,𝑙𝑜𝑛𝑔 ∙ (𝑡 − 𝑡𝑠,𝑓)) [7b], 

 

where ∆𝜔𝑓,𝑠ℎ𝑜𝑟𝑡 and ∆𝜔𝑓,𝑙𝑜𝑛𝑔 are the frequency offsets in the short and long-

time scale respectively. An iterative non-linear least-squares method was 

used for all fitting procedures, which were performed in Matlab (2013b, 

Mathworks, Natick, MA). 

 

IMPLICATIONS FOR FAT-REFERENCED MRT 

Using the average of the 𝜏𝑓 values found for all  used, 𝜏�̅�, three time ranges 

can be defined: short-short regime = [0, 𝜏𝑤] where both water and fat are in 

their short time scale; long-short regime = [𝜏𝑤 , 𝜏�̅�] where water is in its short 

time scale and fat in its long-time scale; long-long regime = [𝜏�̅� , ∞) where 

both water and fat are in their long-time scale. 

The implications of sampling in these time ranges were investigated for 

the fat-referenced multi-gradient echo-based (MGE) MRT method (29). With 

this method, temperatures in aqueous tissue can be calculated from the 

frequency difference between water and fat. The frequency difference can be 
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found by fitting two mono-exponentials with a frequency difference (29) to 

the magnitude time-signal acquired with an MGE MR sequence. To simulate 

such an acquisition, the magnitude of the simulated complex time-signal was 

sampled at 32 echo times with an echo spacing TE of 1 ms. For signal 

sampling without delay, TE0 = 1 ms was used and the corresponding last 

echo time TElast = 32 ms. For delayed sampling, TE0 = 5 to 60 ms with 

increments of 5 ms was used, with TElast ranging from 36 ms to 91 ms. The 

resulting simulated MGE signals were fitted, using an iterative non-linear 

least-squares method (Matlab 2013b, Mathworks, Natick, MA). This was done 

for all repeated simulations. The errors in the extracted frequency difference 

(∆𝑓) and the corresponding temperature were compared for the different 

sampling delays. 
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RESULTS 

Numerical simulations were performed for fat volume fractions  = 0.05, 

0.10, 0.15, and 0.20, which resulted in M = 2127, 4253, 6380, and 8507 fat 

objects. The average (standard deviation) fat volume fractions in the VOI 

were VOI = 0.054 (0.001), 0.107 (0.002), 0.160 (0.002), and 0.211 (0.002). 

 

OBSERVED FREQUENCY DISTRIBUTION 

 

 

Figure 2. Observed frequency distributions of water and fat for all  values used in the 

simulations (rows). The error bars indicate the standard deviation over the repeated 

simulations; the vertical lines indicate the frequencies of water and fat without field shift 

effects. 
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The observed frequency distributions of the simulations are shown in 

Figure 2. The dispersion of the observed frequencies increased with 

increasing volume fraction and was stronger for water. This can be seen 

more clearly from the full width at half maximum (FWHM) values of the 

observed frequency distributions, plotted in Figure 3. 

 

 

Figure 3. Full width at half maximum (FWHM) values of the observed frequency 

distributions of water and fat; the error bars indicate the standard deviation over the 

repeated simulations. 

COMPLEX TIME-SIGNAL 

The magnitude time-signals are plotted in Figure 4. The water magnitude 

signals correspond with the theoretical signal decay curves described by 

Yablonskiy and Haacke (127) and faster signal decay can be observed for 

larger . Similarly, a short- and a long-time scale regime were observed in 

the behavior of fat magnitude signals. The error bars show only little 

variation in the magnitude signal between the repeated simulations. In the 

phase signal, the variations between the repeated simulations increased with 

increasing time for both water and fat (Fig.5). The water phase evolutions 

started from the time shift 𝑡𝑠,𝑤 = 4.9 ms on for all  values. For  = 0.05 and  

= 0.10, the water phase evolutions showed good correspondence with the 

theoretical curve up to about 130 ms, after which non-linear behavior was 

observed. For  = 0.15 and  = 0.20, the phase evolutions showed non-linear 

behavior from the time shift 𝑡𝑠,𝑤 = 4.9 ms on. For fat, the phase evolutions 

started from t = 0 on for all  values. 
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Figure 4. Magnitude time-signals of water and fat, plotted for all  values used in the 

simulations (rows). The error bars indicate the standard deviation over the repeated 

simulations. For water, the corresponding theoretical curves as described by Yablonskiy 

and Haacke are also plotted (blue dashed line). 
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Figure 5. Phase-evolutions of the water and fat signals, plotted for all  values used in 

the simulations (rows). The error bars indicate the standard deviation over the repeated 

simulations. For water, the corresponding theoretical curves as described by Yablonskiy 

and Haacke are also plotted (blue dashed line). For  = 0.05, 0.10, 0.15, and 0.20, the 

argument time-evolutions are plotted up to 255, 210, 141, and 101 ms respectively for 

water and 202, 163, 144, and 133 ms respectively for fat. 
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CHARACTERIZATION OF THE COMPLEX TIME-SIGNAL OF FAT 

The RSS of the fits of Eq.[3a] and Eq.[3b] to the magnitude fat signals are 

plotted for the range of 𝜏 in Figure 6a; the summed RSS of both fits is also 

plotted. The 𝜏 values at which the summed RSS values were at their 

minimum are indicated by vertical dashed gray lines and were defined as 𝜏𝑓. 

The values found for 𝜏𝑓 decreased with increasing . The average 𝜏�̅� 

(standard deviation) was 54.8 () ms, a factor 6 larger than 𝜏𝑤 = 8.9 ms 

(Table 1). 

The results of the fit of Eq.[3a] to the simulated magnitude fat signals for 

𝑡 ≤ 𝜏𝑓 and of Eq.[3b] to the magnitude fat signals for 𝑡 ≥ 𝜏𝑓 are shown in 

Figure 6b. The plots show that the simulated magnitude fat signals follow a 

quadratic exponential function up to 𝜏𝑓, and from 𝜏𝑓 on a shifted mono-

exponential function. The results of the fit of Eq.[7a] to the phase evolutions 

for 𝑡 ≤ 𝜏𝑓  and of Eq.[7b] to the phase evolutions for 𝑡 ≥ 𝜏𝑓 are shown in 

Figure 6c. The plots show that the phase evolution in both the short- and 

long-time scales can be approximated, but not perfectly, by linear functions. 

All parameter values resulting from the fitting procedures are summarized in 

Table 1. With increasing , the effective characteristic frequency 𝛿𝜔𝑓 and the 

time shift 𝑡𝑠,𝑓 decreased, while the relaxation rate of the signal decay 𝑅2𝑓
′  and 

the frequency offsets ∆𝜔𝑓,𝑠ℎ𝑜𝑟𝑡 and ∆𝜔𝑓,𝑙𝑜𝑛𝑔 increased The average 𝛿𝜔𝑓 over 

all , 𝛿𝜔𝑓
̅̅ ̅̅ ̅ (standard deviation), was 60.6 (1.7) rad/s; a factor 3 smaller than 

𝛿𝜔𝑤 . The average 𝑡𝑠,𝑓 over all , 𝑡𝑠,𝑓̅̅ ̅̅  (standard deviation), was 30.4 (3.9) ms; 

a factor 6 larger than 𝑡𝑠,𝑤 . 

 

IMPLICATIONS FOR FAT-REFERENCED MRT 

By taking 𝜏�̅� as the estimated separation time point between the two regimes 

for fat, the estimated time ranges for the combined water and fat signals 

were: short-short regime = [0,8.9] ms, long-short regime = [8.9,55] ms and 

long-long regime = [55,256] ms. 
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Figure 7 shows the errors in the ∆𝑓 extracted using the MGE MRT method 

and the corresponding temperature errors. The plots all show the same 

behavior: the error first decreased to a local minimum, then increased 

slightly, followed by a decrease. The variations between the repeated 

simulations were larger for larger  and increased with increasing TE0. For TE0 

= 1 ms, without delayed sampling, the average ( standard deviation) 

temperature errors found for  = 0.05, 0.10, 0.15, and 0.20 were 1.8 (.1)C, 

2.3 (.1)C, 2.7 (.2)C, and 3.3 (.1)C. The smallest average ( standard 

deviation) temperature errors found in the local minima were -0.01 (.15)C, 

0.18 (.14)C, 0.23 (.21)C, and 0.29 (.25)C for  = 0.05, 0.10, 0.15, and 

0.20, respectively. These minimum errors were found for TE0 values of 15 ms, 

20 ms, 25 ms, and 25 ms; the corresponding TElast were 47 ms, 52 ms, 57 ms, 

and 57 ms. These sampling time ranges were almost completely within the 

long-short regime. 

 

 

Figure 7. The errors in the frequency difference (∆𝑓) extracted using the MGE MRT 

method are plotted for a range of echo times (TE0). The additional y-axis on the right-side 

of the plot indicates the corresponding temperature errors. The vertical lines indicate 𝜏𝑤 

and 𝜏�̅� , the error bars indicate the standard deviation over the repeated simulations. 
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DISCUSSION 

The MR signal behavior of both water and fat was investigated for a sub-

voxel, macroscopically homogeneous system of perturbing fat spheres 

embedded in water. Yablonskiy and Haacke (127) have analytically described 

the signal behavior of such systems of randomly distributed perturbers in a 

medium. Different from those systems, in the water-fat system studied in this 

work both the medium and the perturbers gave MR signal. And since water 

and fat have different resonance frequencies, the susceptibility-induced field 

shift effects could be considered separately for each resonance. 

From the numerical simulations, we found dispersed water and peaks in 

the observed frequency distribution. For the range of fat volume fractions  

used in this study, larger  induced more inhomogeneities in the magnetic 

field and thus the nuclear frequencies were more dispersed. From the FWHM 

measurements, it could be seen that the fat peak was less dispersed than the 

water peak. This suggests that fat was less affected by the local 

susceptibility-induced field shifts. This is due to the geometrical restrictions 

of the fat observation points, which are all located inside the spherical fat 

objects in the water sphere. 

The simulated water magnitude signal showed good correspondence 

with the theoretical curve, describing different behavior in the short-time 

scale and long-time scale. The average fat magnitude signal showed 

quadratic exponential behavior in the short-time scale and shifted mono-

exponential behavior in the long-time scale. The time point separating the 

two regimes of the fat signal behavior, 𝜏𝑓, was determined by minimizing the 

summed RSS of the short- and long-time scale fits. We found that 𝜏𝑓 was not 

fixed but decreased with increasing  and that 𝜏�̅� was a factor 6 larger than 

𝜏𝑤 . The short- and long-time scales for fat were defined accordingly and the 

magnitude signal could be well-fitted with Eq.[3a] for the short- and Eq.[3b] 

for the long-time scale. The parameter 𝛿𝜔𝑓 could be interpreted as the 

characteristic frequency of the induced magnetic field by a fat sphere at a 

certain distance. The empirical values found by fitting include the effects of 

the underlying geometric restriction; observation points in other fat spheres 

are less likely to be as close to the field-inducing fat sphere as observation 

points in water. The average over all  used in this study,  𝛿𝜔𝑓
̅̅ ̅̅ ̅, was a factor 3 
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smaller than 𝛿𝜔𝑤 . This implies that the fat signal experiences weaker field 

shift effects than the water signal. The susceptibility-induced relaxation rate 

of the fat signal decay 𝑅2𝑓
′  increased with  and was lower than that of water, 

which also implies weaker field shift effects for fat. The time shift 𝑡𝑠,𝑓 for fat 

decreased with increasing  and 𝑡𝑠,𝑓̅̅ ̅̅  was a factor 6 larger than the time shift 

𝑡𝑠,𝑤 for water; the same factor as for the separation values 𝜏�̅� and 𝜏𝑤 . 

While only little variation in the magnitude signal was observed between 

the repeated simulations, large variations were observed in the phase 

evolution. This indicates that the microscopic heterogeneity, that is, the 

geometrical arrangement of the fat spheres in water, influences the phase of 

both the water and the fat signals. The linear approximation of the phase 

evolution described by Yablonskiy and Haacke (127) was based on the 

assumption of a small perturber concentration limit,  << 1. The fractions  = 

0.15 and 0.20 do not satisfy this limit and may therefore not be described by 

the linear approximation. The fat phase evolution in both the short- and 

long-time scales could be approximated but not perfectly described by the 

linear functions described in Eq.[7]. This suggests that, different from water, 

the complex fat time-signal had an oscillating part for both regimes. 

We estimated the time ranges in which both the water and the fat signal 

were in either the short-time or the long-time scale. We showed that 

sampling the signal in both time scales influences the performance of the 

fat-referenced MGE-based MRT method (29). The largest errors were found 

for signals sampled with no or little delay, where the sampling time range 

covers both the short-short regime and the long-short regime. For TE0 ≥ 𝜏�̅� , 

the signals would be completely sampled in the long-long regime. In this 

regime, both the water signal and the fat signal show mono-exponential 

behavior, which implies that theoretically the error should decrease. 

However, the later echoes will be sampled at even longer echo times and 

very little signal will be left, which impedes the extraction of reliable 

frequency differences. Unexpectedly, a local minimum in the errors was 

observed around TE0 = 20 ms, where the signal was almost completely 

sampled in long-short regime. Even though the fat signal is in the short-time 

scale, following a quadratic exponential, the errors were minimal (1.5 HZ; 

0.2C). The errors increase for smaller TE0 within the long-short regime, which 

can be explained by the fact that a quadratic exponential deviates the most 
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from a mono-exponential in the early time points (Fig.6b). For TE0 > 20 ms, 

the fat signal will be partly in the short-time scale and partly in the long-time 

scale, which explains the increasing error with TE0. These observations show 

that the two regime signal behavior of water and fat influences the accuracy 

of fat-referenced MGE MRT. Sampling the signal such that both water and 

fat are either in the short or in the long regime could reduce the errors. 

These errors are induced by spatial variations in magnetic susceptibility, 

caused by the spatial water-fat distribution, and are therefore systematic. 

These errors can be cancelled out when calculating relative temperature 

changes from the absolute temperatures measured with MGE MRT (135), 

making the relative MGE MRT insensitive to these susceptibility effects. 

The numerical simulations performed in this study were based on 

randomly distributed fat spheres in a water medium; a theoretical 

approximation of water-fat emulsions, such as mayonnaise. The typical size 

of fat droplets in mayonnaise ranges from 1-100 m (138), which is much 

larger than the diffusion boundary radius of 10 nm (128). Therefore, the 

system may be expected to be in the static dephasing regime. Although fat 

droplets in water-fat emulsions have variable sizes, the numerical simulations 

in this study were performed for a fixed object size. Yablonskiy and Haacke 

(127) showed that their theoretical approximation of the water signal 

behavior applies for variable object radii and we expect the same for the fat 

signal behavior. 

By performing numerical simulations, the effects on the signal behavior 

purely by susceptibility-induced field shifts could be investigated. The fat 

signal could be well characterized using the theoretical description of 

Yablonskiy and Haacke (127), showing short- and long-time scale behavior. 

In practice, this susceptibility-induced short- and long-time scale signal 

decay will occur in addition to the signal decay induced by the intrinsic 

relaxation rate. This may even further complicate fat-referenced MRT 

methods that assume mono-exponentials or its equivalent, Lorentzian peaks, 

in the frequency domain (28,29). Our findings encourage further research on 

the susceptibility-induced effects on water and fat signals, in macroscopically 

homogeneous and heterogeneous water-fat distributions.  
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CONCLUSION 

We have shown with numerical simulations of randomly distributed fat 

spheres embedded in water, that both the water signal and the fat signal of 

such a macroscopically homogeneous water-fat system show combined 

quadratic exponential and shifted mono-exponential behaviors. Because of 

geometrical restrictions, the fat signal is less affected by the susceptibility-

induced field shifts, whence the estimated separation time point of the two 

regimes is much later than for water (𝜏�̅� = 55 ms versus 𝜏𝑤 = 8.9 ms). We 

have demonstrated that the systematic errors in the MGE MRT method due 

to the field effects can be reduced from 2C to 0.2C, by delaying the signal 

sampling so that both the water signal and the fat signal are either in the 

short or in the long regime. 
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INTRODUCTION 

Information about tumor physiology is valuable since it is an important 

determinant of treatment outcomes (139,140). Physiological responses of 

tumors to hyperthermia have been extensively investigated in rodent models 

using invasive measurement methods (17,18,141-145). Tumors are more 

sensitive to heating and stasis of the blood flow occurs at lower 

hyperthermic temperatures as compared with normal tissue (17,18). Changes 

in regional blood flow and permeability after hyperthermia were reported to 

show both inter- and intra-tumoral variations (18,145). The underlying 

mechanisms are complex and depend on several factors, e.g. the chemical 

microenvironment and tumor architecture (18), which makes it difficult to 

predict tumor responses to hyperthermia. Noninvasive methods to map 

physiological changes would therefore be useful for investigating tumor 

responses to hyperthermia (146,147). 

Dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) is a 

method widely used to map perfusion and permeability parameters 

(148,149). Dynamic T1-weighted scans are acquired before, during and after 

the injection of a paramagnetic contrast agent bolus. Concentration-time 

curves are derived from the dynamic T1 maps and perfusion parameters can 

be extracted by fitting a physiological model, such as the Tofts model 

(150,151). Many studies have reported on the potential of DCE-MRI as a 

prediction tool for treatment response of tumors to radiotherapy (152,153), 

neo-adjuvant chemotherapy (154-156) and neo-adjuvant chemoradiation 

(157-159). 

Intra-voxel incoherent motion (IVIM) MRI is a method that allows 

measurements of perfusion-related parameters from diffusion-weighted MR 

data. The non-Brownian motion of blood flowing through pseudo randomly 

organized capillary networks is considered as incoherent motion. This 

generates a “pseudo diffusion” effect and contributes to the diffusion-

weighted MR signal. By using a bi-exponential description of the MR signal, 

parameters related to the vascularity can be extracted (160). Although these 

parameters should be interpreted carefully (161,162), the vascular 

contribution to measured IVIM parameters has recently been verified in 

healthy volunteers (163). Recent studies showed promising results using IVIM 
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for the characterization of various diseases of different organs, for example 

cirrhotic liver (164), pancreatic carcinoma (165), locally advanced breast 

cancer (166), salivary gland tumors (167), brain pathologies (168) and renal 

tumors (169). 

In this study we investigated the potential of DCE- and IVIM-MRI to 

detect changes induced by hyperthermia in rabbits with Vx2 tumors, using 

the Extended Tofts DCE-MRI model and a Bayesian approach for IVIM 

analysis. To this end, a clinical MR-guided high intensity focused ultrasound 

(MR-HIFU) system was used, which allows of noninvasive local hyperthermia 

in small animals (47,91,170-172). 

 

MATERIALS AND METHODS 

ANIMAL HANDLING AND VX2 TUMORS  

All experiments were approved by the University Animal Experiments 

Committee and were performed in agreement with The Netherlands 

Experiments on Animals Act (1977) and the European Convention guidelines 

(86/609/EC). Five female New Zealand White rabbits (2.5–3.5 kg, Charles 

River, France) were housed in pairs and were provided with food and ad 

libitum water. Vx2 tumor pieces were retrieved from donor rabbits and 

implanted intramuscularly in the left hind limb. The tumors grew to a volume 

of 10 cm
3
 in about 3 weeks, after which the imaging experiment was 

performed. 

The rabbits were initially anaesthetized with a subcutaneous injection of 

dexmedetomidine (0.125 mg/kg, Dexdomitor, Jansen Pharmaceutica N.V., 

Beerse, The Netherlands) and ketamine (15 mg/kg, Narketan 10, Vétoquinol 

S.A., Lure Cedex, France). The tumor-bearing hind limb was shaved, depilated 

and covered with ultrasound gel for acoustic coupling. To prevent undesired 

leg movement during HIFU exposure, a sciatic nerve block was performed 

(bupivacaine 2 mg/kg). Then, a fluoroptic temperature probe (Luxtron, Santa 

Clara, CA) was placed in the muscle tissue adjacent to the tumor to allow 

measurements of the baseline temperature as is used for the relative MR 

thermometry. 

A catheter (Abbocath
®

-T I.V. Catheter 22 g  1.25’’, Hospira Inc., Lake 

Forest, IL) was placed in the marginal ear vein and was connected to a Luer-
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lock 3-way valve, providing two inputs. One input was used for the 

intravenous maintenance anesthesia (one third of the initial dose per hour), 

which was provided using a pressure pump system up to 5 hours after 

initiation of anesthesia. The other input was available for intravenous 

injection of the MR contrast agent gadobutrol (GadoVist, 0.1 mmol/kg, 

Gadovist, Bayer Pharma). After the experiment, the rabbits were terminated 

with an overdose of sodium pentobarbital injected intravenously. 

 

EXPERIMENTAL SET-UP 

A clinical MR-HIFU therapy system was used (Sonalleve V2, Philips 

Healthcare, Vantaa, Finland) integrated into a clinical 1.5T MRI scanner 

(Achieva, Philips Healthcare, Best, The Netherlands). An in-house developed 

animal holder as previously described by Wijlemans, et al. (173) was used, 

which consisted of an open polymethylmethacrylate tank with an acoustic 

window in the bottom. A schematic overview of the setup is shown in Figure 

1a. The tank was filled with heated water up to the tumor-bearing leg, to 

enable acoustic coupling and to achieve a baseline temperature similar to 

human body temperature (37°C). A heating blanket was placed on top of the 

rabbit keep the baseline temperature stable. 

 

MR-HIFU INDUCED MILD HYPERTHERMIA 

Mild hyperthermia (40°C to 42°C) was induced locally in all five rabbits using 

the clinical MR-HIFU therapy system described earlier. Sonications were 

performed with 60W acoustic power at an operating frequency of 1.2 MHz 

and the acoustical energy was delivered along concentric circular sub-

trajectories of 4-mm and 8-mm diameter by electronically steering the focus, 

the so-called HIFU cell (84). Mild hyperthermia was achieved by the binary 

feedback-loop described by Partanen, et al. (5), which uses the temperature 

measurements provided by the MR thermometry. After initial heating to mild 

hyperthermic temperatures, hyperthermia was maintained by re-sonicating 

the sub-trajectories using a binary feedback-loop. In this study, the binary 

feedback-loop was slightly adapted: re-sonication was done with 80% of the 

initial acoustical power instead of 50%. 
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Figure 1. A schematic overview of the experimental setup is shown in (a). The animal 

holder was placed with its acoustic window above the HIFU window; degassed water was 

used for acoustic coupling. The shaved tumor bearing leg was positioned above the 

acoustic window and a fluoroptic temperature probe was inserted in the tumor bearing 

leg, in the far-field of the HIFU beam. The tank was filled with warm water (~37°C) up to 

the tumor bearing leg and an absorber was placed between the legs. On top of the rabbit, 

a heating blanket and the top half of a cardiac RF receiver coil was placed. In (b) and (c), 

examples of the treatment planning are shown on reconstructed sagittal and coronal 

images of the T2-weighted 3D turbo spin-echo acquisition. 
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The hyperthermia protocol consisted of three hyperthermia blocks of 10 

minutes, separated by periods of cooling. Each subsequent hyperthermia 

sonication started when the temperature, measured by the fluoroptic 

temperature probe, had decreased to the baseline temperature measured 

prior to heating. A hyperthermia block was considered unsuccessful and 

redone after cool down when the duration of the hyperthermia block was 

less than half of the intended duration, for example due to automatic 

abortion by the system upon detection of large motion. 

The measured hyperthermic temperatures by MR thermometry were 

expressed by the measures 𝑇10, 𝑇50, 𝑇90, which indicate the temperatures 

exceeded by 10%, 50% and 90% of the target region, respectively. These 

values were calculated over manually selected circular regions of interest 

(ROI) with a diameter of 10 mm at the heated area in each slice, slightly 

larger than the HIFU cell size. Temporal mean values were calculated for the 

entire hyperthermia duration, i.e. the time period between the start and end 

of the hyperthermia maintenance phase of the feedback algorithm of each 

block, for the sagittal slice and the central coronal slice. 

 

MR IMAGING 

A four-channel RF receiver coil integrated into the MR-HIFU tabletop was 

used, together with a flat sixteen-channel array coil, which was placed on top 

of the heating blanket (Figure 1a). 

To plan the position of the HIFU focus, an anatomical T2-weighted 3D 

turbo spin-echo sequence was used with the following scan parameter 

settings: echo time (TE) = 254 ms, repetition time (TR) = 1000 ms, flip angle 

(FA) = 90°, voxel size = 222 mm
3
, field of view (FOV) = 250250126 mm

3
, 

number of signal averages (NSA) = 2. Figure 1b and 1c show examples of 

treatment planning on reconstructed sagittal and coronal images. 

The MR thermometry scan used a multi-slice gradient-echo planar 

imaging (EPI) pulse sequence with binomial water-selective RF excitation. 

One stack of 3 coronal slices and 1 sagittal slice were acquired, and a 

saturation slab was used to suppress signal from the water tank. The scan 

parameter settings were: TE = 20 ms, TR = 44 ms, FA = 20°, pixel size = 

2.52.5 mm
2
, slice thickness = 7 mm, FOV = 250250 mm

2
, NSA = 2, EPI 

factor = 11, dynamic scan duration = 3.9 s. Temperatures changes were 
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calculated on the fly using the proton resonance frequency shift method 

(25,26) and added to the baseline temperature measured with the fluoroptic 

probe in order to reconstruct temperature images. 

The baseline T1 map, required for DCE-MRI analyses, was obtained from 

variable flip angle (VFA) images acquired prior to contrast agent injection. 

The DCE-MR images and VFA images were acquired before and after 

hyperthermia. The DCE-MR images were acquired with a 3D spoiled 

gradient-echo dynamic key-hole sequence, using the last scan for the high 

spatial frequency data: TE = 1.4 ms, TR = 5 ms, FA = 15°, voxel size = 

1.21.52 mm
3
, FOV = 30015040 mm

2
, NSA = 2, keyhole percentage = 

25%, keyhole measurements = 2, dynamic reference scan duration = 13.1 s, 

dynamic keyhole scan duration = 3.3 s, total scan duration = 5 min, 47 s. For 

the VFA images, the DCE-MRI scan sequence was used without the dynamic 

settings and FA = 5°, 10° and 15°. MR contrast agent was injected between 

15 s and 20 s after starting the dynamic DCE scan. The DCE-MRI scan was 

acquired on average 10 minutes (range: 6.5 to 17.5 minutes) after the end of 

hyperthermia. 

For IVIM-MRI, multi-slice diffusion-weighted single-shot spin-echo EPI 

images were acquired with 10 b-values, before and after hyperthermia. The 

scan parameter settings were: TE = 67 ms, TR = 2500 ms, FA = 90°, pixel size 

= 22 mm
2
, slice thickness = 3 mm, FOV = 140 x 179 mm

2
, number of slices 

= 12, NSA = 6, b = 800, 600, 400, 200, 150, 100, 75, 50, 25, 0 s/mm
2
. A 

frequency selective adiabatic inversion pulse was used for fat suppression, 

with a delay time of 90 ms. The IVIM-MRI scan was acquired on average 35 

minutes (range: 26 to 43 minutes) after the end of hyperthermia. 

 

TUMOR VOIS 

For all datasets a 3D tumor volume of interest (VOI) was selected by manual 

delineation of the tumor region in each slice. The tumor VOIs were used to 

make overlay masks of the parameter maps over the magnitude images and 

for the comparison of the parameters before and after hyperthermia. In the 

DCE datasets, the delineation was performed after the bolus passage at the 

20
th

 dynamic; in the IVIM datasets, the delineation was performed at b = 0 

s/mm
2
. 

 



CHAPTER 5 

100 
 

DCE DATA ANALYSIS 

The DCE-MRI analysis was performed in Matlab (2013b, Mathworks, Natick, 

MA). First dynamic 3D concentration maps were reconstructed from the DCE 

data, using the T1 baseline maps obtained from the VFA data (174). Second, 

arterial input functions (AIFs) were measured in the feeding artery of rabbit 5 

in both the pre- and post-hyperthermia data. These representative 

concentration-time curves were parametrized using a gamma variate 

function (175). The blood plasma volume fraction 𝑣𝑝 has been reported to be 

a crucial parameter for the assessment of tumor physiological response to 

hyperthermia and thus should be included in the analysis (146,147). 

Therefore, the Extended Tofts DCE model (150,176) was used: 

 

𝐶(𝑡) = 𝐾𝑡𝑟𝑎𝑛𝑠 ∫ 𝐶𝑝(𝜏) 𝑒𝑘𝑒𝑝(𝑡−𝜏)𝑑𝜏
𝑡

0
+ 𝑣𝑝𝐶𝑝(𝑡) [1], 

 

where 𝐾𝑡𝑟𝑎𝑛𝑠 is the volume transfer constant between blood plasma and the 

extracellular extravascular space (EES), 𝑘𝑒𝑝 is the rate constant between EES 

and the blood plasma and 𝐶𝑝(𝜏) is the concentration-time curve in the 

arterial blood plasma, or the AIF. Eq.[1] was fitted voxel-wise to the dynamic 

concentration maps using an iterative nonlinear least-squares fit procedure, 

where the parametrized pre- and post-hyperthermia AIFs were used for the 

analysis of the pre- and post-hyperthermia data respectively. Maps were 

reconstructed of 𝐾𝑡𝑟𝑎𝑛𝑠, 𝑘𝑒𝑝 and 𝑣𝑝. 

 

IVIM DATA ANALYSIS 

The IVIM-MRI analysis was performed using the data driven Bayesian 

modeling method described by Orton, et al. (177), which has no user-defined 

parameters and is therefore robust and reproducible (177). The method was 

implemented in Mathematica (7.0, Wolfram Research Inc., Champaign, IL) 

and the following bi-exponential model was used: 

 

𝑆(𝑏) = 𝑆0(𝑓𝑝 𝑒−𝑏∙𝐷𝑝 + (1 − 𝑓𝑝) 𝑒−𝑏∙𝐷𝑡)  [2], 

 

where 𝐷𝑡 is the true diffusion, 𝑓𝑝 is the perfusion fraction and 𝐷𝑝 is the 

pseudo diffusion, induced by the vascular components. The Bayesian 

modeling method makes Gaussian approximations of the IVIM parameter 
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histograms, resulting from least-squares fitting of Eq.[2]. These 

approximations are used as prior distributions to push outlier estimates with 

high uncertainty towards the center of the histogram (177). To fill the prior 

distribution appropriately, the muscle surrounding the tumor was included 

and any water from the tank was excluded. Maps were reconstructed of 𝐷𝑡 , 

𝑓𝑝 and 𝐷𝑝 . 

 

DETECTION OF CHANGES AFTER HYPERTHERMIA 

While the mean of a VOI is an often used metric for the comparison of 

parameter values, histograms are less arbitrary and capture heterogeneity 

(140,146,169,178). Histograms were made for each DCE and IVIM parameter, 

with ranges of 0 to 5 for 𝐾𝑡𝑟𝑎𝑛𝑠 [min−1] and 𝑘𝑒𝑝 [min−1], 0 to 1 for 

𝑣𝑝 [fraction] and 𝑓𝑝 [fraction], 0 to 3 for 𝐷𝑡  [10−3mm2/s],  and 0 to 30 for 

𝐷𝑝[10−3mm2/s]. All data were distributed in 100 bins and the bin heights 

were expressed in percentage of the tumor VOI volume. 

For quantitative comparison, we determined the median values of all 

values inside the mentioned ranges (excluding the outliers). The parameter 

distributions were expected to be non-normal owing to tumor 

heterogeneity, and the pre- and post-hyperthermia data were unpaired since 

the tumor VOIs were delineated individually. Therefore, to test if pre- and 

post-hyperthermia median values were significantly different, the Mann 

Whitney U test was used. Statistical tests were performed in Matlab (2013b, 

Mathworks, Natick, MA) and a p-value of less than 0.001 was considered 

indicative of a statistically significant difference. 

Two-dimensional cross-correlation histograms provide insight in the 

inter-relationships between parameters (166) and were made for the 

following combinations: 𝑣𝑝 × 𝐾𝑡𝑟𝑎𝑛𝑠, 𝑘𝑒𝑝 × 𝐾𝑡𝑟𝑎𝑛𝑠, 𝑣𝑝 × 𝑘𝑒𝑝, 𝑓𝑝 × 𝐷𝑡 , 𝐷𝑝 × 𝐷𝑡 

and 𝑓𝑝 × 𝐷𝑝 . The same number of bins and ranges were used as for the 

individual parameter histograms and the intensities were expressed in 

percentage of the tumor VOI volume. 

To ensure that observed changes in parameter values were induced by 

hyperthermia, data reproducibility was tested. The IVIM scan of rabbit 1 after 

hyperthermia was repeated and the results were compared. Since the DCE 

scans require the use of a contrast agent, a similar reproducibility test was 

deemed not feasible for DCE-MRI. 
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RESULTS 

The T2w MR images acquired during the planning phase showed that all 

rabbits had one tumor except for rabbit 4, which had three small contiguous 

tumors. Rabbit 2 had a large necrotic core in the tumor and died during the 

last few minutes of the hyperthermia treatment. 

 

MR-HIFU INDUCED MILD HYPERTHERMIA 

Three 10-minute blocks of mild hyperthermia (40°C to 42°C) were 

successfully achieved in all five rabbits using MR-HIFU. Figures 2a and 2b 

show examples of magnitude and temperature images of the MR 

thermometry sequence; examples of the temporal profiles of 𝑇10, 𝑇50 and 𝑇90 

of the corresponding ROIs (circles) are shown in Figure 2c. The mean values 

of 𝑇10, 𝑇50 and 𝑇90 over the entire hyperthermia duration are shown in Table 

1 and plotted in Figure 2d for each rabbit. All 𝑇50values were within the 

desired hyperthermic temperature range of 40°C to 42°C. In the coronal slice 

of rabbit 3, the mean 𝑇10 was higher than 42°C and the mean 𝑇50 was higher 

than the other rabbits. 

 

REPRODUCIBILITY 

In Figure 3, the results of the repeated IVIM scans of rabbit 1, acquired post 

hyperthermia, are shown. The parameter maps of the central slice through 

the tumor (Fig.3a) look similar, as well as the individual parameter 

histograms (Fig.3b) and the cross-correlation histograms (Fig.3c), except for 

some minor differences in 𝐷𝑡 . Table 1 shows that the median 𝐷𝑡 values 

showed a small but statistically significant difference of 0.1410
-3

mm
2
/s 

(p<0.001), while no significant difference was found between the median 𝑓𝑝 

(p=0.14) and 𝐷𝑝 values (p=0.09). 
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Figure 2. Examples of magnitude images (a) and temperature images (b) of the MR 

thermometry sequence and T10, T50 and T90 profiles over time (c) (rabbit 2, first 

hyperthermia block). In (c), the vertical lines indicate the start and end of the hyperthermia 

maintenance phase of the feedback algorithm. The ROIs used for the T10, T50 and T90 

calculation are indicated by the pink circles in the images in (a) and (b). In (d), the 

temporal mean values of T10, T50 and T90 over the entire hyperthermia duration are shown 

per rabbit. 
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Figure 3. Results of the repeated IVIM scans acquired in rabbit 1 after hyperthermia. The 

parameter maps of the central slice through the tumor are shown in (a), the individual 

parameter histograms in (b) and the two-dimensional cross-correlation histograms in (c). 

The parameter maps in frame (a) were masked using the tumor VOI and are shown as an 

overlay over the corresponding magnitude image (b = 0 s/mm
2
). 
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Table 1. Temporal mean and standard deviation (SD) of T50, T90 and T10, averaged over 

the three hyperthermia blocks 

 
Central coronal slice 

 
Sagittal slice 

Rabbit 
T50 

(°C) 

T90 

(°C) 

T10 

(°C)  

T50 

(°C) 

T90 

(°C) 

T10 

(°C) 

1 40.4 39.5 41.1 
 

40.4 39.8 41.1 

2 40.9 40.1 41.4 
 

40.9 40.2 41.3 

3 41.8 41.1 42.3 
 

40.6 39.8 41.1 

4 40.7 40.0 41.0 
 

40.3 39.7 40.6 

5 41.1 40.5 41.4 
 

40.8 40.2 41.2 

Mean 

(SD) 

40.9 

(0.5) 

40.2 

(0.6) 

41.4 

(0.5)  

40.6 

(0.3) 

39.9 

(0.3) 

41.1 

(0.3) 

 

 

DCE AND IVIM PARAMETER MAPS 

The DCE and IVIM parameter maps of the central slice through each tumor 

are displayed in Figure 4. Variations in the parameter maps can be observed 

between the rabbits, both before and after hyperthermia. Rabbit 2 died 

during treatment; the corresponding data were excluded from the analysis. 

The signal-to-noise ratio of the pre-hyperthermia IVIM data acquired in 

rabbit 5 was very low. We therefore decided to refrain from including IVIM 

data from this animal in any comparisons. Decreased values can be observed 

in the post-hyperthermia 𝑣𝑝 map of rabbit 3 (𝑣𝑝<0.02) and in all post-

hyperthermia DCE maps of rabbit 4 (𝑣𝑝<0.02, 𝐾𝑡𝑟𝑎𝑛𝑠<0.4, 𝑘𝑒𝑝<0.4, Fig.4a). 
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HISTOGRAMS AND MEDIAN VALUES 

Pre- and post-hyperthermia histograms of the DCE parameters in the tumor 

VOIs are shown in Figure 5a. Variations in the pre-hyperthermia histograms 

can be observed between the rabbits, in particular the 𝑘𝑒𝑝 histograms. Table 

2 shows the comparisons of pre- and post-hyperthermia median values of 

the DCE parameters and the corresponding p-values. All changes after 

hyperthermia in the histograms and median values were found to be 

significant (p<0.001), except for the 𝑘𝑒𝑝 values of rabbit 3 (p=0.006). The 

changes are most obvious in rabbit 4, where all three DCE parameter 

histograms, as well as the median values, shifted towards lower values. For all 

other rabbits, the 𝐾𝑡𝑟𝑎𝑛𝑠 histograms and the median 𝐾𝑡𝑟𝑎𝑛𝑠 values shifted 

towards higher values. The median 𝑣𝑝 increased in rabbits 1 and 5, and 

decreased in rabbits 3 and 4. In the 𝑘𝑒𝑝 histograms of rabbits 3 and 4, clear 

shape changes can be observed. The median 𝑘𝑒𝑝 increased in rabbit 1 and 

decreased in rabbits 4 and 5. In rabbit 3, the bulk shift in the 𝑘𝑒𝑝 distribution 

towards lower values changed the skewness (Fig.5a). This resulted in an 

increase in the median 𝑘𝑒𝑝 (Table 2), which does not reflect the observed 

changes in the histogram (p=0.006). 

Pre- and post-hyperthermia histograms of the IVIM parameters in the 

tumor VOIs are shown in Figure 5b. It is notable that all pre-hyperthermia 

histograms look different in shape. Table 3 shows the comparisons of the 

pre- and post-hyperthermia median values of the IVIM parameters and the 

corresponding p-values; all changes after hyperthermia were found to be 

significant (p<0.001).  All 𝐷𝑡 histograms shifted towards higher values after 

hyperthermia. In the histograms and median values of 𝑓𝑝 an increase was 

found in rabbit 1 and a decrease in rabbits 3 and 4. The pre-hyperthermia 𝐷𝑝 

histogram of rabbit 1 shows an even distribution covering a wide range and 

the median value was much larger than all other median 𝐷𝑝 values (Table 3). 

The median 𝐷𝑝 value decreased in rabbit 3 and increased in rabbit 4. 
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CROSS-CORRELATION HISTOGRAMS 

The two-dimensional cross-correlation histograms of the DCE parameters in 

the tumor VOIs are displayed in Figure 6a. The shapes of the different pre-

hyperthermia cross-correlation histograms are comparable for rabbits 1, 3 

and 5; for rabbit 4 the shapes are less elongated and more diffuse. After 

hyperthermia, the cross-correlation histograms of rabbits 1 and 5 become 

more diffuse, while those of rabbits 3 and 4 become more compact, 

particularly the 𝑣𝑝 × 𝐾𝑡𝑟𝑎𝑛𝑠 and 𝑣𝑝 × 𝑘𝑒𝑝 histograms. 

The cross-correlation histograms of the IVIM parameters in the tumor 

VOIs are displayed in Figure 6b. In rabbit 1, the pre-hyperthermia 𝐷𝑝 × 𝐷𝑡 

histogram shows a strong correlation between the parameters for all voxels, 

which indicate systematic errors in the parameter estimation. Similarly, the 

post-hyperthermia 𝑓𝑝 × 𝐷𝑡 histogram of rabbit 1 shows a strong correlation 

between the parameters for a large portion of the voxels. The cross-

correlation histograms of rabbits 3 and 4 have similar shapes, but differ in 

their distributions: in rabbit 4 there were more voxels with low 𝑓𝑝 values in 

combination with high 𝐷𝑡 values. 

 

DISCUSSION 

DCE-MRI and IVIM-MRI data were acquired before and after MR-HIFU 

induced hyperthermia in rabbits with Vx2 tumors. The pre-hyperthermia DCE 

and IVIM parameter maps and histograms revealed variations between the 

rabbits. This implies that the group was heterogeneous in terms of DCE and 

IVIM parameter distributions. This heterogeneity was also observed in five 

other rabbits that did not receive the hyperthermia treatment and were 

therefore not included in this study (data not shown). The post-hyperthermia 

data were acquired within one hour after hyperthermia. Although the 

duration of the physiological effects after applying hyperthermia is a 

controversial aspect (179), several studies have shown that changes in 

regional blood flow and permeability persisted and could be detected up to 

a few hours after hyperthermia (142,144,145). The changes in the DCE and 

IVIM parameter after hyperthermia varied between the rabbits and are 

discussed below. 
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All changes in the DCE histograms and median values after hyperthermia 

were found to be statistically significantly different (p<0.001), except for the 

median 𝑘𝑒𝑝 in rabbit 3 (p=0.006). 

In rabbit 4, all DCE parameter values in the tumor VOI decreased to very 

low values after hyperthermia, as could be clearly seen in the parameter 

maps as well as in the histograms. These changes differed substantially from 

the changes found in the other rabbits. Rabbit 4 had three contiguous small 

tumors instead of a single tumor. This difference in pre-hyperthermic 

condition may have led to a different physiological response in this rabbit 

from that in the other rabbits. 

In the other rabbits (rabbits 1, 3 and 5), an increase in 𝐾𝑡𝑟𝑎𝑛𝑠 was 

observed after hyperthermia. The median 𝑘𝑒𝑝 values of rabbits 1 and 3 

increased and decreased in rabbits 4 and 5. The changes in the median 

𝐾𝑡𝑟𝑎𝑛𝑠 and 𝑘𝑒𝑝 values were in the order of 0.2 min
-1

, where extreme outliers 

were excluded to have a realistic representation of the parameter value 

distribution. Hijnen, et al. (170) showed 𝐾𝑡𝑟𝑎𝑛𝑠 changes of about 0.1 min
-1

 

after hyperthermia in tumor-bearing mice in the non-necrotic tumor areas, 

which is in the same order of magnitude as the changes observed in this 

study. In the whole tumor, changes in the mean 𝐾𝑡𝑟𝑎𝑛𝑠 and 𝑘𝑒𝑝 values were 

smaller (0.017 min
-1

 and 0.022 min
-1

). Discrepancies between the results may 

be explained by the different tumor and animal models. In addition, a 

different model was used for the DCE analysis, standard Tofts (180) versus 

Extended Tofts (150), resulting in a discrepancy in the permeability and flow 

contributions in 𝐾𝑡𝑟𝑎𝑛𝑠 (181). 

In 𝑣𝑝, an increase was observed in rabbits 1 and 5 and a decrease in 

rabbit 3. Interestingly, hyperthermic temperatures measured in the coronal 

slice of rabbit 3 were higher than in the other rabbits: the mean 𝑇50 was close 

to 42°C and the mean 𝑇10 was higher than 42°C. Since 𝑣𝑝 represents the 

blood plasma volume fraction in a voxel, it is strongly related to the size of 

the vessels. It is well known that tumor capillaries are hastily formed and lack 

the ability to actively dilate. However, tumor capillaries may passively dilate 

upon hyperthermia, as a result of increased blood flow in adjacent tissue or 

of increased cardiac output (18), which may explain the increase in 𝑣𝑝 

observed in rabbits 1 and 5. At moderate hyperthermic temperatures (>42°C) 
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reduced tumor vessel diameters have been reported in Vx2 tumors in rabbit 

ear chambers (17), which may explain the observed 𝑣𝑝 decrease in rabbit 3. 

Dudar and Jain (17) suggested the reduction of tumor vessel diameters may 

be attributed to swelling of the endothelial cells and tissue parenchyma, 

induced by a decreased pH in tumors during hyperthermia. The 𝑘𝑒𝑝 

histogram shapes of rabbits 3 and 4 clearly changed after hyperthermia to a 

more compact distribution. It is notable that these are the same rabbits that 

showed a decrease in 𝑣𝑝. This potential relation can be seen more clearly in 

the 𝑣𝑝 × 𝑘𝑒𝑝 histograms of these rabbits. 

For the IVIM analysis, the reproducibility was tested by comparing a 

repeated IVIM scan. No significant differences were found between the 𝑓𝑝 

and 𝐷𝑝 histograms and median values (p=0.14 and p=0.09). The changes in 

𝐷𝑡 were significantly different (p<0.001), but the difference of 0.1410
-

3
mm

2
/s between the median values was relatively small compared to the 

median values (13% and 12%). 

The pre-hyperthermia IVIM data of rabbit 5 had a low signal-to-noise 

ratio, possibly due to motion during the acquisition, hence a reliable 

comparison with the post-hyperthermia data was not possible. In the other 

rabbits, all changes in the IVIM histograms and median values after 

hyperthermia were found to be statistically significantly different (p<0.001). 

A clear increase in 𝐷𝑡 after hyperthermia could be seen in rabbits 1, 3 and 

4. The changes in the median values were factors of 1.7, 2.6 and 3.0 times 

larger than the difference found in the reproducibility test. This indicates that 

the observed changes in 𝐷𝑡 are likely to be induced by hyperthermia. In 𝑓𝑝, 

an increase was observed in rabbit 1 and a decrease in rabbits 3 and 4, 

similarly to the changes observed in 𝑣𝑝. While the interpretations of 𝑓𝑝 and 𝑣𝑝 

are different, signal fraction and volume fraction respectively, the parameters 

are strongly related to each other as they both reflect the intra-voxel fraction 

of the vascular component. 

The 𝑓𝑝 values in rabbit 1 are much lower than in the other rabbits, which 

indicates an overall small contribution of vascular components to the signal. 

The cross-correlation histograms of these data revealed a strong correlation 

between 𝐷𝑡 and 𝐷𝑝 , suggesting systematic errors in the parameter 

estimation. The low 𝑓𝑝 values are likely the reason for the systematic 𝐷𝑝 
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estimation errors, inasmuch 𝐷𝑝 cannot be estimated accurately when 𝑓𝑝 is 

too low (182,183). 

While the results show that changes in DCE and IVIM parameters after 

MR-HIFU induced hyperthermia could be detected, the changes were found 

to be variable between the rabbits. The group appeared to be 

heterogeneous in terms of DCE and IVIM parameter distributions and it is 

likely that such a start condition would result in a heterogeneous outcome. 

In future research, stratification of starting conditions would be desirable, 

which requires a larger number of subjects. 

 

CONCLUSION 

In this study we have shown that DCE and IVIM parameters maps and (cross-

correlation) histograms could be constructed to detect changes after MR-

HIFU induced hyperthermia in rabbit Vx2 tumors. Perfusion parameter 

histograms provided insight into changes of the parameter distributions and 

showed that changes in most of the median values were statistically 

significant (p<0.001). However, the detected changes were variable between 

the rabbits. The results suggest that DCE- and IVIM-MRI may be promising 

tools to assess tumor physiology responses to hyperthermia. Further 

research in a larger number of subjects is necessary to assess their value for 

treatment response monitoring. 
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In this thesis, research on MRI-based methods for the evaluation of thermal 

effects induced by MR-HIFU was presented and discussed. The described 

studies were performed within the context of the CTMM project “HIFU-

CHEM”. The purpose of the HIFU-CHEM project was to develop and test an 

MR-HIFU technology platform specifically for local drug delivery using 

thermosensitive liposomes. The primary clinical objective was to treat painful 

bone metastases. In this chapter, the implications of the studies are 

discussed and some future perspectives are outlined. 

 

 

EVALUATION OF THE DIRECT HEATING PROCESS  

The MRT method most commonly used for monitoring clinical MR-HIFU 

treatments is the proton resonance frequency shift-based (PRFS) MRT. In 

CHAPTER 2 , the performance of the PRFS MRT method for monitoring 

clinical palliative treatments of painful bone metastases was assessed. The 

most important finding was that the temperature accuracy was limited 

because of artifacts in the MRT images. The most dominant artifacts 

originated from the patients’ respiration, which had an influence on the 

treatment monitoring in almost all cases. Even at anatomical locations away 

from the lungs, these respiration-induced artifacts were observed to affect 

the MRT images. In addition, the image quality was found to be variable 

between the different lesion types and depended on the amount of cortical 

bone present. 

The PRFS MRT used for monitoring in these treatments suffices for heat 

localization but not for accurate temperature measurements. In order to 

retrieve reliable temperatures, it is necessary to correct for respiration effects. 

This could be done with for example the multi-baseline method (93,95). With 

this method, a set of baseline images for PRFS MRT are acquired over the 

whole respiratory cycle before treatment. During treatment, the 

corresponding baseline phase map is selected according to the respiratory 

state for each temperature image. Although the total treatment time may 

increase because of the acquisition of the set of baseline images, this will 

provide a practical and feasible solution to the respiration effects. An 

alternative is the self-reference or referenceless MRT method (123,124). This 
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method uses the extrapolated phase of a region selected in the surrounding 

unheated tissue, outside the expected heated region, to serve as baseline for 

the heated region of interest. The elegance of this method is that both the 

baseline phase and the phase of the heated region, of which the temperature 

is to be calculated, originate from the same image. However, this method 

may be limited when there is no clearly defined region where the heating is 

expected, or when the surrounding tissue available to serve as reference is 

limited. The choice of the method to correct respiration effects will depend 

on the specific needs.  

Since PRFS MRT only allows temperature measurements in aqueous 

tissue, its use is limited when treating bone metastases. Osteolytic lesions are 

aqueous and may allow temperature measurements. However, osteoblastic 

lesions are composed of cortical bone, lacking signal for most MR sequences 

due to the very short transverse relaxation time (83). Osteoblastic lesions 

give no or little signal in PRFS MRT images, impeding temperature 

measurements. Mixed lesions are partially composed of cortical bone and 

give only limited signal in PRFS MRT images, impeding reliable temperature 

measurements. Since bone lesions are located in bone structures, the lesions 

are surrounded by bone marrow and bone cortex. In the cortex there is a 

lack of MR signal and in bone marrow the possibility of using PRFS MRT is 

limited due to the presence of fat. 

Efforts have been made to investigate the use of ultra-short echo MRI 

techniques to measure the temperature in cortical bone. An ultra-short echo 

technique with variable flip angle has been proposed to measure the 

temperature dependent longitudinal relaxation time T1 (184). Although 

promising, its major limitation is the total scan duration of 8 minutes. 

Another MR thermometry sequence proposed for the use in cortical bone is 

a dual-echo acquisition, of which one echo is ultra-short (97). Temperatures 

were calculated from the change in magnitude and a linear calibration value, 

measured during a separate cooling experiment. Although this method has 

an acceptable scan duration (7 s), the magnitude changes and temperature 

changes measured were not quantitatively consistent across the bone 

samples. In addition, for both methods small ex vivo bone samples were 

used, allowing the use of small surface coils. In clinical practice, larger coils 

are needed to cover the targeted anatomy, resulting in lower SNR than in 
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those experiments. MRT methods have been proposed to measure the 

temperature in bone marrow. Using gradient-echo MR sequences, with the 

analysis in either time domain (29,185) or frequency domain (186), 

temperatures can be calculated from the frequency difference between the 

water and fat components in bone marrow. These methods would be 

complementary to the other methods in terms of tissue type. 

 

For the application of MR-HIFU in abdominal organs such as the liver, the 

near-field region, located in the pre-focal beam path, is at risk of undesired 

heating and the temperature there should be monitored. The results 

presented in CHAPTER 3 show that the multi-gradient echo (MGE) MRT 

method can be used to monitor the near-field area of abdominal organs. 

Temperatures were measured in the muscle layer in the ventral abdominal 

wall, using signal from the adjacent fat layer as a reference. By subtracting 

absolute MGE temperature maps, relative temperature maps were 

reconstructed. Relative MGE MRT enabled capturing subsequent heating by 

consecutive sonications with MR-HIFU without being affected by field drift. 

Using this method, the relative temperature changes may be measured 

interleaved between scans of a clinical protocol, making it a potentially 

valuable treatment monitoring tool. It can be used complementary with the 

recently proposed T2-based method (31), which measures the temperature 

in the fat layer of the ventral abdominal wall. The absolute MGE MRT 

temperature maps showed systematic errors, which were cancelled out in the 

relative temperature maps. The magnetic susceptibility distribution of water 

and fat was most likely the source of these systematic errors (113).  

The effect of the susceptibility distribution of water and fat on MGE MRT 

was further investigated in CHAPTER 4 . The water and fat signals of 

macroscopically homogeneous water-fat system were analyzed using 

numerical simulations. By doing this, the behavior of the simulated signals 

could be compared to the theoretical behavior, which was derived by 

Yablonskiy and Haacke (127) for point perturbers in a water medium. In the 

case of macroscopically homogeneous water-fat systems, such as emulsions, 

fat can be considered as spherical perturbers in a water medium. The 

numerical simulation results were presented in CHAPTER 4 and showed that 

both the water signal and the fat signal show a combined short- and long-
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time behavior, corresponding to the theoretical description of Yablonskiy 

and Haacke (127). Accordingly, three ranges were defined where both the 

water and fat signals are either in the short or in the long regime. By 

sampling the signal in one of those three ranges, by delaying the start of the 

signal sampling, the systematic errors in the MGE MRT method due to the 

field effects were reduced. Although this theoretical finding should be 

verified by experiments, it may provide handles to a practical solution to 

reduce the errors in the absolute temperatures measured using MGE MRT. 

Further research is necessary to investigate the implications for 

macroscopically heterogeneous water-fat systems, such as those described 

in Chapter 3. 

 

 

EVALUATION OF INDIRECT PHYSIOLOGICAL EFFECTS 

Mild hyperthermia (40C to 45C) induces physiological effects without 

direct damage to the tissue (4,5). Dynamic contrast enhanced (DCE)-MRI and 

intravoxel incoherent motion (IVIM)-MRI both allow the mapping of 

parameters related to the physiology, such as the permeability and the blood 

volume fraction. While DCE-MRI has been used more widely than IVIM-MRI, 

IVIM-MRI has the advantage that no contrast agents are involved. The 

potential of DCE-MRI and IVIM-MRI to detect MR-HIFU hyperthermia-

induced changes was investigated in a pre-clinical setting in CHAPTER 5 . 

The exact interpretation of the DCE parameter values remains 

challenging. It is unclear how to interpret the parameters when there is a 

mismatch between the actual physiological process underlying the MR signal 

and the DCE model, describing the process, used for the analysis (181). This 

is especially true for heterogeneous tumors, where the physiological 

processes of poorly vascularized and of well-vascularized parts are different. 

Since we are interested in the effects of hyperthermia om perfusion, the 

Extended Tofts-Kety model (150) is the most suitable model as it includes the 

blood volume fraction 𝑣𝑝 (147). By using this model consistently before and 

after hyperthermia, changes in the parameter values can provide insight in 

the induced effects on the physiology. The most interesting IVIM parameter 

for detecting mild hyperthermia effects is the blood signal fraction 𝑓𝑝. 
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Interestingly, the changes in 𝑓𝑝 were similar to the changes in 𝑣𝑝, confirming 

the shared characteristic of representing the intravoxel blood fraction. The 

advantage of IVIM over DCE is that no contrast agents are required and may 

thus be used repeatedly. 

The changes in the DCE and IVIM parameters were variable between the 

rabbits. This was mostly owing to the heterogeneity in the group before 

hyperthermia, in terms of tumor growth and DCE and IVIM parameter 

distributions. The rabbit with three contiguous small tumors, instead of a 

single tumor, showed different changes in the parameter values as compared 

to the other rabbits. It is likely that differences in lesions will also lead to 

differences in their response to mild hyperthermia. Another observation is 

that the blood volume fraction 𝑣𝑝 showed an increasing trend, except for the 

rabbit where higher temperatures were reached. We have shown that 

changes in DCE and IVIM parameters could be measured and plausible 

explanations exist for the observations made. One other study reported on 

changes in the DCE parameters before and after hyperthermia, using the 

standard Tofts model (170,180). Their results and the results of this study 

showed discrepancies, owing to the difference in the used DCE models. In 

both studies there have been voxels of which the physiological processes 

underlying the MR signal are not well-described by the used model. Ideally, 

the best representative model would be considered voxel-wise and applied 

accordingly. This would require an sophisticated classification step, where 

the best representative model would be assigned for each voxel. The 

challenge is then to define a good trade-off between how well a model 

describes the signal and the stability (187). 
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FUTURE PERSPECTIVES 

Bringing the MR-HIFU technology closer towards clinical oncological 

applications requires the development of more robust and reliable MR 

thermometry methods. This holds for both the application of thermal 

ablation treatments and mild hyperthermia for local drug delivery. 

Respiration strongly influences the quality of the currently used MRT for 

clinical treatment of painful bone metastases. The respiration effects will be 

more dominant in anatomical locations closer to the lungs. Therefore, 

correction methods are necessary for abdominal applications such as the 

liver, kidney and pancreas. 

Additional challenges for these organs are the near-field, which is at risk 

of overheating, and the presence of the ribs. Ribs have high absorption 

coefficients and will thus heat up easily when exposed to the ultrasound 

waves. Intercostal sonication methods have been proposed to avoid 

exposure of the ribs (98). However, recently it has been shown that 

intercostal sonications are associated with increased risk of near-field 

overheating (188). This emphasizes the need for monitoring the near-field. 

The use of another transducer design may provide the opportunity to 

deposit energy at the focus more effectively, reducing the near-field 

exposure (189). 
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NEDERLANDSE SAMENVATTING 

 

In de oncologie zijn chirurgie, radiotherapie en chemotherapie momenteel 

de standaard behandelmethodes. Deze methodes worden vaak 

gecombineerd om de best mogelijke behandeling te geven. Thermische 

therapie wordt in sommige situaties gegeven als aanvulling. Milde 

hyperthermie (40C tot 45C) induceert fysiologische effecten, zonder directe 

weefselschade, die gunstig kunnen zijn voor de effectiviteit van radiotherapie 

en chemotherapie. Ook kan lokale milde hyperthermie worden gebruikt om 

lokale chemotherapie te bewerkstelligen, met behulp van thermosensitieve 

liposomen die een chemotherapeuticum bevatten welke vrij komen bij milde 

hyperthermie. Bij thermische ablatie behandelingen worden tumoren 

zodanig verhit dat er coagulatieve necrose wordt geïnduceerd. 

High intensity focused ultrasound (HIFU) is een nieuwe technologie voor 

non-invasieve thermische therapie en kan worden gecombineerd met 

magnetic resonance imaging (MRI). MRI-geleide HIFU (MR-HIFU) biedt de 

mogelijkheid om tijdens een HIFU behandeling MRI scans te maken, die 

kunnen dienen voor planning, monitoring en evaluatie. In de MR-HIFU 

geïnduceerd thermische effecten kan onderscheid worden gemaakt tussen 

het directe verwarmingsproces en indirecte fysiologische effecten, zoals 

coagulatie en veranderingen in de bloedtoevoer. 

In dit proefschrift is de focus gelegd op MRI methodes voor de evaluatie 

van MR-HIFU geïnduceerd thermische effecten. Het onderzoek is uitgevoerd 

in de context van het HIFU-CHEM project, uitgevoerd door een publiek-

private consortium, gefinancierd door het Nederlandse Center for 

Translational Molecular Medicine (CTMM). Het doel van het HIFU-CHEM 

project was het verder ontwikkelen en testen van een MR-HIFU technologie 

platform, specifiek voor lokale chemotherapie met thermosensitieve 

liposomen. Het primaire klinische doel was palliatieve behandeling van 

pijnlijke botmetastasen. 



 

142 
 

De meest gebruikte methode in de kliniek voor het monitoren van de 

MR-HIFU behandelingen is de proton resonantie frequentie shift MR 

thermometrie (PRFS MRT). Met PRFS MRT kunnen (relatieve) temperatuur-

veranderingen worden gemeten met een hoge temporele resolutie. Met de 

toepassing van MR-HIFU ablatie als palliatieve behandeling van pijnlijke 

botmetastasen, ontstond er vanuit de kliniek interesse in de kwaliteit en 

prestatie van PRFS MRT. In HOOFDSTUK 2 hebben we retrospectief de 

klinische prestatie geëvalueerd van de PRFS MRT die werd gebruikt voor het 

monitoren van de MR-HIFU ablatie procedures van deze behandelingen. De 

belangrijkste bevinding was dat de nauwkeurigheid van de temperatuur 

metingen werd gehinderd door artefacten. De dominantste artefacten 

kwamen voort uit de ademhaling van de patiënten en waren zelfs aanwezig 

op anatomische locaties verder weg van de longen. Daarnaast was de 

kwaliteit van de beelden variabel tussen verschillende typen laesies en 

afhankelijk van de hoeveelheid corticale bot. 

Een opkomende toepassing van MR-HIFU is tumorbehandeling in 

abdominale organen. Voor deze toepassing zullen hogere akoestische 

vermogens en meerdere sonicaties nodig zijn. Hierdoor kan er ongewenste 

warmteopbouw ontstaan in weefsels buiten het doelgebied, met name in de 

buikwand. De buikwand bevat zowel een vetlaag als een spierlaag en biedt 

daarmee de mogelijkheid om de multi-gradient echo (MGE) MRT methode 

te gebruiken. MGE MRT gebruikt het vet-signaal als referentie voor het 

water-signaal, waardoor temperatuurmetingen inherent gecorrigeerd 

worden voor drift in het magnetische veld. Daarnaast kunnen in potentie 

absolute temperaturen worden gemeten met de methode. In HOOFDSTUK 3 

laten we zien dat MGE MRT opwarmingsprocessen van opeenvolgende 

sonicaties in beeld kan brengen, zonder last te hebben van drift in het 

magnetische veld. Ook hebben we het gebruik van MGE MRT tijdens een 

klinisch MR-HIFU protocol gedemonstreerd in een patiënt. De relatieve 

temperatuur metingen waren nauwkeurig, echter, de absolute temperatuur 

metingen toonden systematische fouten. 

Voor de berekening van absolute temperaturen met MGE MRT is een 

kalibratie nodig van de chemische verschuiving tussen water en vet. Echter, 

deze kalibratiewaarde hangt af van het nucleaire magnetische veld van de 

twee componenten, waarin variaties kunnen ontstaan door het verschil in 
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magnetische susceptibiliteit. HOOFDSTUK 4 beschrijft een studie waarin de 

invloed van het magnetische susceptibiliteitsverschil tussen water en vet op 

de MGE MRT methode is onderzocht. Als gevolg van het magnetische 

susceptibiliteitsverschil wordt de sub-voxel verdeling van magnetische 

resonantie frequenties aangedaan en daarmee ook het MR signaal van het 

voxel in het tijdsdomein. Voor dit onderzoek zijn simulaties uitgevoerd met 

een numeriek fantoom van macroscopisch homogene water-vet systemen. 

De resultaten laten zien dat het zowel het water- als het vet-signaal een 

gecombineerd korte en lange tijdsgedrag vertonen, overeenkomend met de  

theoretische beschrijving van Yablonskiy en Haacke. Aan de hand hiervan zijn 

drie tijd-bereiken gedefinieerd waarin zowel het water- als vet-signaal of in 

het korte, of in het lange tijdsregime zit. Door het signaal in een van deze 

drie tijd-bereiken te bemonsteren, welke gedaan kan worden door de start 

van het bemonsteren uit te stellen, kunnen fouten in de MGE MRT methode 

worden gereduceerd. Verder onderzoek is nodig om de implicaties voor 

macroscopisch heterogene water-vet systemen te begrijpen. 

De bovenstaande methoden refereren allen naar thermische ablatie met 

MR-HIFU. HOOFDSTUK 5 beschrijft een onderzoek naar de potentie van twee 

MRI methodes om veranderingen in fysiologische parameters te detecteren 

als gevolg van MR-HIFU geïnduceerd milde hyperthermie. Dit onderzoek is 

uitgevoerd in een preklinische setting, met konijnen met geïmplanteerde Vx2 

tumoren. Dynamic contrast enhanced (DCE)-MRI is een veelgebruikte 

methode om maps te maken van parameters gerelateerd aan de 

permeabiliteit en de bloed volume fractie. Met intravoxel incoherent motion 

(IVIM)-MRI kunnen maps worden gemaakt van perfusie-gerelateerde 

parameters, zonder contrastmiddel. De resultaten laten variaties zien in de 

gevonden veranderingen in parameters tussen konijnen. Dit heeft 

grotendeels te maken met de heterogeniteit van de groep vóór 

hyperthermie, in termen van tumorgroei en DCE en IVIM parameter 

verdelingen. We hebben laten zien dat veranderingen in DCE en IVIM 

parameters, geïnduceerd door MR-HIFU milde hyperthermie, konden 

worden gemeten en dat er plausibele verklaringen zijn voor de observaties. 

De exacte interpretatie van de parameters blijft echter een uitdaging, in het 

bijzonder wanneer er een mismatch is tussen de fysiologische processen 

onderliggend aan het MR signaal en de gebruikte modellen.  
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“OOK GELOOF IK DAT HET KAN GEBEUREN MEN SLAGE 

EN NIET MOET BEGINNEN MET TE WANHOPEN – 

OOK AL VERLIEST MEN ’T HIER EN DAAR  

EN OOK AL VOELT MEN SOMS EEN SOORT AFTAKELING,  

TOCH IS HET ZAAK WEER OP TE LEVEN EN MOED TE VATTEN 

AL KOMT HET OOK ANDERS UIT 

DAN MEN AANVANKELIJK MEENDE .  

... 

WANT HET GROOTE GESCHIEDT NIET BIJ IMPULSIE ALLEEN 

EN IS EEN AANEENSCHAKELING VAN KLEINE DINGEN 

DIE TOT ELKAAR GEBRAGT ZIJN .” 

 

– V INCENT VAN GOGH 

 

 

 

Uit een brief aan Theo van Gogh 

‘s Gravenhage, zondag 22 Oktober, 1882. 

(met toestemming van het Van Gogh museum)  
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Wilbert, eens zei je dat wetenschappelijk onderzoek voor jou als het ware 

een speeltuin was. Die mindset heb ik altijd duidelijk terug gezien in je aan-

stekelijke enthousiasme en positiviteit. De beren op de weg werden door jou 

als het ware omgetoverd in schattige teddyberen, waardoor ik weer nieuwe 

moed kreeg. Tegelijkertijd was jouw behoedzaam kritische houding sturend. 

We konden goed praten, zowel op de inhoud als over de verschillende 

processen die ik tijdens mijn promotietraject heb doorgemaakt. Ik heb onze 

gesprekken als ontspannen en prettig ervaren, zowel in de makkelijkere als in 

de minder makkelijke periodes van mijn promotie-traject. Wilbert, bedankt! 

 

Max, zo complex als een promovendus wetenschap kan maken in de diepte 

van de inhoud, zo helder kun jij het weer vertalen in overzichtelijke 

abstractie. Jouw ervaring en kennis in de wonderlijke wereld genaamd “de 

wetenschap”, zowel op inhoudelijk vlak als op proces-niveau, is werkelijk 

inspirerend. Max, hartelijk dank voor het vertrouwen. 

 

Chrit, ondanks je uitgebreide ervaring en kennis, je positie in de internatio-

nale kringen, ben je de bescheidenheid zelve. Benaderbaar en open voor 

ieders idee en visie. Ik heb veel bewondering voor de manier waarop je 

dichtbij jezelf blijft. Dank je wel voor je betrokkenheid en vertrouwen. 

 

Kagayaki, thank you for leading my first steps in the MR thermometry 

research. It was an honor to have learned my first research skills from you. 

Thank you for the confidence and for keeping in touch. I am delighted to 

have you in my PhD committee. 

 

Chris Bakker, al sinds het eerste college dat je me gaf vond ik je een 

inspirerende, pure wetenschapper, en dat vind ik nog steeds. Hartelijk dank 

voor je onuitputtelijke energie en bereidheid om mee te denken. 
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Clemens, jouw vermogen om continu te denken in realistische oplossingen 

zorgde altijd voor een frisse wind in de soms onmogelijk lijkende 

uitdagingen. Ik heb heel veel van je geleerd: effectief aanpakken van 

besprekingen, creatieve experimentele set-ups, het omdoen van een luier, 

om maar wat te noemen. Dank je wel. 

 

“Konijnenteam” was mijn koosnaam voor het prettige samenwerkings-

verband in de pre-klinische setting. Chris Oerlemans, “de konijnenman” zoals 

ik je noemde voor mensen die jou niet kenden, je hield altijd mijn energiepeil 

in het oog, dank je wel daarvoor. Angelique, bedankt voor je vrolijke en 

energieke inzet, op ieder willekeurig tijdstip van de dag. Nico en de anderen 

van het GDL, bedankt voor het mogelijk maken wat onmogelijk leek. 

 

Merel, Robbert en Maurice, als “technische nerd” vond ik het erg waardevol 

om met jullie samen te werken. Het was leerzaam om bij de klinische 

behandelingen en voorbesprekingen aanwezig te zijn. Jullie perspectieven 

vanuit de klinische hoek hebben mijn visie verbreed, bedankt. Marlijne, 

bedankt voor je flexibiliteit  en de ruimte om mijn scan te draaien bij de 

myoombehandelingen. Niels, Greet, Jörgen en Laura, bedankt dat jullie als 

ervaren MR laboranten altijd mee dachten en open stonden voor mijn 

ideeën als jonge wetenschapper; ik heb heel veel waardering voor jullie. 

 

Martijn Froeling, bedankt voor de goede samenwerking en inhoudelijke 

discussies. Martijn de Greef, bedankt voor het meedenken en je behulpzaam-

heid. Mario and Gerald, thank you for all the times you saved me from hard- 

and software failures and stress. Roel, bedankt voor de waardevolle, 

interessante en gezellige discussies. 

 

Dick en alle medewerkers van Keurslager Van Schip, hartelijk dank voor de 

behulpzaamheid, het meedenken en de flexibiliteit. Elke keer als ik wat kwam 

ophalen was weer een vrolijk begin van lange experimenten. Dank jullie wel! 
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OiO-stegers, dank voor de gezelligheid bij lunches, koffiepauzes en borrels! 

 

Hendrik, bedankt voor je rol als MRfys-vraagbaken en als ervaringsdeskundi-

ge; jouw woorden “Het hoort bij promoveren, je komt er bovenop, ja écht.” 

heb ik als een soort van mantra’s tegen mezelf herhaald – en je had gelijk. 

 

Pim en Lisette, als kamergenoten hebben jullie de vele stemmingen die mijn 

promotietraject rijk was meegekregen. Bedankt voor de ruimte, het luisteren 

en de gezellige, fijne sfeer! Chantal, bedankt voor je fijne gezelschap en 

luisterend oor tijdens congressen! 

 

Job en Sjoerd, wat fijn dat ik altijd mocht binnenlopen om van gedachten te 

wisselen als ik weer eens vastliep in één of ander kronkel, of gewoon voor de 

gezelligheid! (Yinghe, sorry for the noise every time I came into your room to 

talk to those two; thank you for your tolerance!) Job, bedankt voor al je fancy 

scriptjes en prachtige krabbels en schetsjes (en voedsel), ongeacht hoe druk 

je het zelf had! Sjoerd, bedankt voor alle relativerende gesprekken en steun 

in zware tijden. Wat fijn dat je ook tijdens mijn verdediging naast me staat! 

Dank jullie wel, jullie zijn toppers! 

 

Yolanda, wat was het heerlijk om alle lief en leed van het promoveren, maar 

ook alles daar buiten, met je te kunnen delen! Ochtendhumeuren, mislukte 

experimenten, falende computers, wanhoop tot in tranen toe; al hardop 

klagend konden we alles weer relativeren (of de vacature bij de supermarkt 

overwegen). Wat een geluk om met een goede vriendin de werkkamer te 

mogen delen tijdens mijn promotietraject! Geen idee hoe ik het had 

volgehouden zonder jou en ik ben blij dat je tijdens de verdediging naast me 

staat! Yol, bedankt voor alles!! 

 

Kirsten, in de zwaarste periode was het moeilijk om me constant weer te 

herpakken. Jouw steun en vriendschap heeft me geholpen mezelf er door-

heen te slepen. Duizendmaal dank Kirst! 
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Pieter, dank je wel voor je onvoorwaardelijke liefde, geduld en steun. Dankzij 

jou kan ik elke dag weer met nieuwe moed beginnen. Jij hebt me geleerd de 

positieve dingen te benoemen, waardoor ik in ging zien dat ik best wel 

zinnige dingen deed achter mijn stoffige bureau. Blij leren zijn met 

subdoelen en tussenresultaten binnen een immens project, genaamd het 

promotieonderzoek. Lieve Pieter, dank je wel dat je er altijd voor me bent! 

 

Lieve pap en mam, van jullie heb ik geleerd wat doorzettingsvermogen is: 

dat wat er ook gebeurt, je verder moet én kunt. En ook al was het lastig voor 

te stellen wat mijn werk inhield, jullie hebben me altijd gesteund. Braaf 

kijkend naar een of andere powerpoint die ik graag wilde laten zien, of 

knikkend een eindeloos verhaal aanhoren dat niet te volgen was. Zoals 

mama altijd zei, 對牛彈琴. Juist jullie onbevangenheid en nuchtere houding 

blijven  mij eraan herinneren dat “succesvol zijn” subjectief is en geluk in vele 

factoren te vinden is! 
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“I WAS BORN NOT KNOWING 

AND HAVE HAD ONLY LITTLE TIME TO CHANGE THAT HERE AND THERE” 

– R ICHARD P. FEYNMAN  
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