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1.1. MR-guided High Intensity Focused Ultrasound

During the past few decades less invasive surgical and interventional procedures have been 
developed for many clinical indications, with the aim to reduce perioperative complications, 
preserve more healthy tissue, and allow for a more rapid recovery (1,2). These procedures 
include laparoscopic surgery (3), transluminal angioplasty (4), radiation therapy (5), and the 
therapeutic use of ultrasound (6). From all of these treatments, therapeutic ultrasound is the 
only technique that may be applied non-invasively, without the use of ionizing radiation. For 
the application of therapeutic ultrasound, ultrasound waves are transmitted into the body 
from acoustically coupled transducers. The deposition of ultrasound energy may result in 
thermal and/or mechanical effects in the tissue (7,8). Therapeutic ultrasound is commonly 
used in physiotherapy with the aim of reducing pain and for tissue healing, but there is 
conflicting evidence of its effectiveness (9).

High Intensity Focused Ultrasound (HIFU) is a procedure in which ultrasound waves 
are focused to one spot, resulting in a local region of high intensity deep within the body 
(Fig. 1). The ultrasound intensities reached at the focal zone are many orders of magnitude 
higher than those used for diagnostic ultrasound (10). A variety of therapeutic applications 
of HIFU are being investigated, including its potential for drug delivery (11), increasing the 
permeability of the blood-brain barrier (12), controlling gene expression (13), chemo- or 
radiotherapy sensitization (14,15), and for local tissue destruction (10). In a process called 
thermal ablation (10), the thermal effect is used to increase the temperature high enough for 
a certain duration to cause tissue necrosis (Fig. 2). The bio-effects of heating on tissues is 
related to the thermal dose, which is a function of the temperature-time history of the tissue 
(16).  The lethal thermal dose depends on the tissue type (17), with an equivalent dose of 
240 minutes at 43 °C commonly used as the minimum threshold (18,19). Focused ultrasound 
has been shown capable of producing well delineated volumes of tissue necrosis (10), and 
therefore may allow for precise spatial control of the target volume. A disadvantage of focused 
ultrasound is the typically small focal zone produced from single element transducers (20). 
This problem has been partly resolved by the introduction of phased array transducers, which 
allow for rapid electronic beam steering (20), which can be used to ablate larger volumes 
without having to physically move the transducer (Fig. 1: dashed lines). Philips Healthcare  
(Vantaa, Finland) has incorporated electronic beam path trajectories in their MR-HIFU 
systems known as volumetric sonications, which use point-to-point focusing on concentric 
rings and achieve homogenous tissue necrosis (19).

Ultrasound

Vibration of Molecules

Energy Absorption

Temperature Elevation

Tissue Coagulation

FIG. 2. Process of thermal 
ablation.
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HIFU device
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FIG. 1. Illustration of ultrasound waves being focused in the body. 
Electronic beam steering is indicated by the dashed lines (see text.)
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Combining medical imaging with HIFU has allowed for treatment planning, inter-
operative guidance and monitoring, and for in situ treatment evaluation. HIFU is commonly 
monitored with ultrasound imaging (21-23) or Magnetic Resonance Imaging (MRI) 
(12,13,19,24-26), although these modalities are not mutually exclusive (27). The advantages 
of ultrasound imaging compared to MRI are its portability, lower costs, and generally higher 
temporal resolution. Furthermore, the ultrasound imaging and therapeutic transducers may 
be integrated into the same treatment unit (21,23) so that they are always aligned and share 
the same acoustic window (21). The advantages of MRI include its excellent soft tissue 
contrast (28) and the opportunity for temperature monitoring (29) during thermal therapeutic 
procedures. Temperature monitoring may be used for calculating the applied thermal dose, 
for monitoring the temperature evolution in healthy tissue structures outside the target area, 
or to provide feedback for controlled heating.

Focused ultrasound guided by MRI (MR-HIFU) has resulted in a state-of-the-art 
platform for interventional therapies (Fig 3). Figure 4a shows the dedicated breast MR-
HIFU (Sonalleve) platform developed by Philips Healthcare (Vantaa, Finland). Ultrasound 
transducer elements surround the breast in an arc (Figure 4b) and the tumor is sonicated from 
the sides (Figure 4c). MR-HIFU thermal ablation is currently FDA approved for the treatment 
of uterine fibroids and for the palliative treatment of bone metastases (24). MR-HIFU is 
being further developed for other indications, such as for the treatment of breast (25) and 
liver (26) cancers, bringing new technological challenges to the field. For example, for breast 
applications, accurate MR temperature monitoring is required (preferably simultaneously) in 
both the glandular (water) and adipose (fat) breast tissue. For MR-HIFU thermal therapies 
there is also risk of undesired heating of healthy tissues, for instance in part of the HIFU 
beam traveling towards the focus, called the near field. Additionally, absolute temperature 
information is required to determine the thermal dose (16) and control the release from heat-
sensitive drug carriers (11).

MRI

HIFU

in situ planning, guidance,
monitoring, and evaluation

FIG. 3. The MR-HIFU operating theater allowing for a variety of non-invasive therapies. (The Figure 
was partly reproduced from the Philips Sonalleve MR-HIFU Instructions for Use manual for the fibroid 
therapy system.)
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1.2. MR thermometry

MR thermometry is a technique which uses MR imaging to non-invasively probe the 
temperature of the body or other media. In principle any temperature dependent tissue property 
that influences the MR signal may be employed for MR thermometry. These properties 
include the apparent proton density (30), diffusivity of water molecules (31), magnetization 
transfer between the bound and free protons (32), intermolecular quantum coherences (33), 
and the magnetic susceptibility of the tissue (34). However, the most common methods for 
measuring temperature with MRI are based on the temperature dependence of the proton 
resonance frequency shift (PRFS) (35,36) and of the magnetic relaxation rates (37,38), as 
will be discussed in the paragraphs below.

1.3. PRFS thermometry

A common method for measuring temperature change is based on the proton resonance 
frequency shift (PRFS) of the water hydrogen nucleus with changing temperature (35). 
As the temperature of aqueous tissues or gels increases, the molecular motion of the water 

a                    c

b

HeartLung

Water-�lled
table top

FIG. 4. (a) The dedicated breast MR-HIFU platform and (b) above view of the ultrasound transducers, 
and (c) schematic diagram of the position of the transducers with respect to the breast. 
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molecules increases. As a consequence, hydrogen bonds stretch, bend, and break (35,36), 
and the water molecules spend less time on average in a hydrogen-bonded state (35). This, in 
turn, increases the electron shielding of the water hydrogen nuclei and decreases the nuclear 
magnetic field (Bnuc) that these nuclei experience. Changes in the hydrogen nuclear magnetic 
field can be measured with MRI by measuring the corresponding change in the nuclear 
magnetic resonance frequency (i.e.  nucBω γ= ) either via phase mapping or spectroscopic 
acquisitions. If only the electron shielding effects are considered, the relationship between 
ω  and the electron shielding constant (σ ) is given by:

( )( ) 01 T Bω γ σ= − [1]

where γ  is the gyromagnetic ratio for water protons and 0B  the magnetic field strength. 
Phase mapping techniques are commonly used to measure the PRFS shift, by applying 
consecutive gradient echo acquisitions at the same spatial location and with the same echo 
times. The change in the accumulated phase between acquisitions is then used to determine 
the change in resonance frequency and corresponding temperature change.

Advantages of PRFS-thermometry include the almost tissue-type independence of the 
temperature coefficient of the electron shielding constant and insensitivity to coagulation 
(35). Many research groups have investigated the temperature dependence of the electron 
shielding constant in various tissues and for water (see Table 1) (35,36,39,40), finding a linear 
relationship with a slope of about 0.01 ppm/°C. For hydrogen nuclei in fat this mechanism 
of temperature dependence is not present because of the absence of hydrogen bonding in fat 
molecules (40). 

The proton resonance frequency is not only sensitive to temperature changes via electron 
shielding, but is influenced by any source of nuclear magnetic field variation, such as field drift 
(41), respiration and cardiac motion (42), or -in the specific case of MR-HIFU- ultrasound 
transducer movement (43). Such effects can lead to errors in PRFS Thermometry. One 
source of magnetic field change is from the inherent temperature dependence of the volume 
magnetic susceptibility (χ) of tissues (35). The magnetic susceptibility change influences the 
nuclear magnetic field both directly (via the sphere of Lorentz) and indirectly via the global 
magnetic field change it induces. Table 1 gives an overview of the range of values measured 
for the temperature coefficient of magnetic susceptibility for various tissues and for water 
(34,39,40). Generally, a higher temperature coefficient of the magnetic susceptibility was 
found in adipose tissue than for water-based tissues. 

Table 1. Temperature coefficient for the electron screening constant (σ) and volume magnetic 
susceptibility (χ) for various media.

Medium  dσ ⁄ dT   (×10-8/°C)      dχ ⁄ dT   (×10-8/°C)      

water 0.99 – 1.02                     (36,39) 0.20 – 0.26                  (39,40)

water-based tissues 0.95 – 1.03                     (35,40) 0.16                                    (40)

adipose tissue 0                                      (40) 0.46 – 0.94                  (34,39,40)

1.4. Relaxation–based thermometry

Another approach to measure temperature change with MRI is based on the temperature 
dependence of the relaxation times T1 and T2 (38,44,45). Unlike the proton resonance 
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frequency, T1 and T2 are not disturbed by magnetic field disturbances (46), which are 
commonly in the order of μT. The longitudinal relaxation (characterized by time constant T1) 
involves the energy transfer from the nuclear spin system to the environment. T1 relaxation 
is a stimulated process which depends on the match between the molecular tumbling rate 
and the larmor frequency. One model proposed to describe the relationship between T1 and 
temperature for aqueous tissues is given by (47,48):

/
1  E kTT e−∝ [2]

where E is the activation energy of the relaxation process, k the boltzmann constant, and T the 
absolute temperature. For small temperature ranges (i.e. ∆T < 25 °C) a linear relationship was 
observed between T1 and temperature for aqueous tissues (45,48). However, when the aqueous 
tissues were heated to temperatures above 40 °C, non-linear, and irreversible T1 temperature 
changes occurred (45,48). This effect has been associated with protein denaturation which 
occurs at the same temperature range. For MR magnetic field strengths (B0) ranging from 0.2 
to 11 Tesla, the T1 and T2 of muscle and adipose tissues have been observed to increase with 
temperature (Table 2) (44,45,49-51). 

Table 2.  Temperature coefficients for T1 and T2. All tissues were measured ex vivo. (T range: 
Temperature range)

Tissue B0 (T) Parameter Coefficient 
(ms/°C)   

T range 
(°C)

Reference

porcine adipose 0.2 T1 5.3 ± 0.7 21 – 57 Peller et al. (45)

porcine muscle 0.2 T1 4.1 ± 1.0 21 – 43 Peller et al. (45)

bovine adipose 0.5 T1 5.0 21 – 71 Ghandi et al. (44)

bovine adipose 0.5 T2 0.9 21 – 71 Ghandi et al. (44)

porcine adipose 1.5 T1 5.8 ± 2.1 30 – 70 Hey et al. (49)

breast adipose 3.0 T1 6.21 - 10.97 24 – 78 Diakite et al. (50)

bovine adipose (CH2) 11.0 T1 11.6 ± 0.42 20 - 60 Kuroda et al. (51)

bovine adipose (CH3) 11.0 T1 31.2 ± 3.92 20 - 60 Kuroda et al. (51)

bovine adipose (CH2) 11.0 T2 9.99 ± 0.93 20 - 60 Kuroda et al. (51)

bovine adipose (CH3) 11.0 T2 16.9 ± 1.39 20 - 60 Kuroda et al. (51)

1.5. Issues regarding MR thermometry for HIFU guidance

1.5.1. Corruption of PRFS thermometry in aqueous tissues
As mentioned in the PRFS-thermometry section above, PRFS-thermometry with its low 
temperature sensitivity of only 0.01 ppm/°C, is very sensitive to all types of sources of 
magnetic field change.  Various methods have been proposed to correct for PRFS changes that 
are not directly related to the temperature induced change in electron screening constant. For 
example, in voxels that contain both water and fat, it has been proposed to use fat as internal 
reference (52-57). The concept is to use the resonance frequency shift of fat as a generic probe 
for magnetic field disturbances, in order to correct the magnetic field disturbance experienced 
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by water in the same voxel. Another generic correction method is the referenceless method 
(58), which interpolates the magnetic field change around the heated region to estimate the 
magnetic field change in the heated region. Other correction methods are more specific to 
the source of the field disturbance. For example, the multi baseline approach samples the 
periodic field disturbances occurring during breathing in order to apply the correction later 
during heating when in the same moment of the breathing cycle (59). Correcting or avoiding 
magnetic field disturbances is an important aspect in the on-going research on PRFS MR 
thermometry.

1.5.2. MR thermometry in adipose tissues
Because of the small quantities of water in adipose tissue (60), and absence of hydrogen 
bonding in fat (Table 1) (40), PRFS-based thermometry in adipose tissue is very challenging. 
Therefore, other MR thermometry methods are required to monitor the temperature in adipose 
tissues. One method that has shown to be promising is to use the temperature dependence of 
relaxation times of fat, for example via fast T1-weighted turbo spin echo acquisitions (61). 
Techniques that would allow for simultaneous MR thermometry in aqueous and adipose 
tissues would be advantageous (62), especially for temperature monitoring in tissues or 
organs that may contain both water and fat components, like the female breast, the liver and 
bone marrow.

1.5.3. Monitoring of heat-sensitive tissues
Although, the heating during HIFU ablation is mainly localized to the focal area, there may 
be undesired tissue heating in regions outside the target area (19). This may involve heat-
sensitive tissues such as nerves, skin, lungs, and heart tissue. MR thermometry may play 
an important role in preventing thermal damage outside of the target region. Ideally, MR 
thermometry techniques would be used to monitor the therapeutic effect at the target region 
as well as for ensuring the absence of unwanted heating outside of this region.

1.5.4. Need for absolute temperature information
Although most MR thermometry techniques measure changes in temperature, in some cases 
there is also a desire to know the absolute tissue temperature. For example, the thermal 
dose, an important indicator of tissue damage, is a function of the absolute temperature-
time history of the tissue (63). Additionally, drug release from heat-sensitive carries occurs 
when the temperature is raised above a critical absolute temperature (11). Furthermore, being 
able to determine the absolute temperature would obviate the use of reference scans for 
subtraction, thereby making the technique more robust against motion (64). Additionally, 
tissues may be actively cooled during HIFU to prevent thermal injuries (65), but this may be 
a problem for MR thermometry protocols that assume a baseline temperature of 37 °C. Also 
for mild (non-destructive) hyperthermia, the temperature should be maintained within the 
absolute temperature range of 40-45 °C for long periods of time.
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FIG. 5. Overview of the scenarios investigated in this thesis for the development of MR-HIFU for the 
treatment of breast and liver cancer.
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1.6. Outline of this thesis
The aim of the research underlying this thesis was to develop and apply MR thermometry 
techniques for applications during volumetric MR-HIFU ablation in the breast and liver. The 
focus is on MR thermometry methods in tissues containing fat. The outline of this thesis is 
schematically summarized in Figure 5.

In the breast, the heating of adipose tissue may be unavoidable. For example, the 
tumor itself may be partly embedded in adipose tissue and be part of the treatment target 
region. Given that the temperature coefficient of magnetic susceptibility for adipose tissue 
is on the same order of magnitude as that of the electron screening constant for aqueous 
tissues (Table 1), the heating of fat may result in appreciable magnetic field disturbances in 
adjacent aqueous tissue structures. If this adjacent tissue structure is the tumor being treated, 
the magnetic field disturbance may corrupt the PRFS temperature measurements there (66). 
Essentially, all heat-induced changes of tissue magnetic susceptibility, when not accounted 
for, may result in PRFS thermometry errors. The magnitude of these errors will depend on 
the exact heating profile, orientation of the heating profile with respect to the main magnetic 
field, and distance of the disturbance to the PRFS measurement (66). In chapter 2 (see Fig. 
5), the magnetic field disturbance originating from the heat-induced HIFU heating of breast 
adipose tissue was visualized directly with phase mapping. A correction method was then 
proposed for these sources of thermometry errors in surrounding aqueous tissues. 

In chapter 3 the role of the water/fat spatial distribution was investigated in 
evaluating the feasibility of fat referenced absolute MR thermometry. This was evaluated in 
samples with different scales of water/fat heterogeneities such as pork tissue and margarine. 
Additionally, the implication of heat-induced magnetic susceptibility changes on the accuracy 
of relative fat referenced MR thermometry was investigated.

For MR-HIFU thermal applications there is risk of undesired heating of tissues 
outside of the target area. Especially the liver tissue, which is highly perfused, may require 
high levels of ultrasound powers to achieve tissue necrosis due to the cooling effect of the 
blood flow. Additionally, the ultrasound beam path access to the liver tumor may be blocked 
by the rib cage or lungs. Therefore, the US intensity in this smaller acoustic window would 
have to be higher to achieve the same rate of energy deposition at the focal zone. Furthermore, 
because multiple sonications are generally required to treat the whole tumor volume, there 
may be an accumulation of heat in regions where the beam paths overlap when inadequate 
cooling times are used between the sonications. All these aspects put tissues outside of the 
target area at risk. Especially adipose tissue is a concern because of its low heat capacity (67), 
low conductivity (67,68), and low perfusion (69). Adipose tissue may therefore accumulate 
heat, and put adjacent structures, such as the skin or muscle at risk. In chapter 4, apparent 
T2 mapping was investigated for temperature monitoring in the subcutaneous adipose tissue 
layers to prevent skin burns during MR-HIFU of the liver. 

For MR-HIFU in the breast, temperature monitoring in adipose tissues is desirable. 
To employ relaxation based methods, the temperature dependence of the relaxation times of 
breast adipose tissue would need to be measured at the MR field strength (1.5 T) currently 
used by our institute for MR-HIFU. Other studies have reported large inter-subject variations 
of the temperature coefficient of T1 in breast adipose tissue measured at 3 T (50,51). In chapter 
5, the T1 and T2 temperature dependence of human breast adipose tissue was investigated at 
1.5 T to determine if these relaxation times could be used for thermometry during thermal 
therapies of the breast.

In chapter 6 the main contributions and limitations of the research presented in this 
thesis is discussed. Additionally, some current and future work in the field of MR thermometry 
is described. Chapter 7 contains a summary of this thesis.
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ABSTRACT

Purpose: In this study, we aim to demonstrate the sensitivity of proton resonance frequency 
shift (PRFS) -based thermometry to heat-induced magnetic susceptibility changes and to 
present and evaluate a model-based correction procedure.

Theory and Methods: To demonstrate the expected temperature effect, field disturbances 
during high intensity focused ultrasound sonications were monitored in breast fat samples 
with a three-dimensional (3D) gradient echo sequence. To evaluate the correction procedure, 
the interface of tissue-mimicking ethylene glycol gel and fat was sonicated. During sonication, 
the temperature was monitored with a 2D dual flip angle multi-echo gradient echo sequence, 
allowing for PRFS-based relative and referenced temperature measurements in the gel and 
T1-based temperature measurements in fat. The PRFS-based measurement in the gel was 
corrected by minimizing the discrepancy between the observed 2D temperature profile and 
the profile predicted by a 3D thermal model. 

Results: The HIFU sonications of breast fat resulted in a magnetic field disturbance which 
completely disappeared after cooling. For the correction method, the 5th to 95th percentile 
interval of the PRFS-thermometry error in the gel decreased from 3.8 °C before correction to 
2.0 - 2.3 °C after correction.

Conclusion: This study has shown the effects of magnetic susceptibility changes induced 
by heating of breast fatty tissue samples. The resultant errors can be reduced by the use of a 
model-based correction procedure.
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2.1. Introduction

Breast cancer is the most frequently diagnosed cancer and leading cause of cancer death 
in women (1). Treatment involves surgery, often in combination with radiotherapy and/or 
chemotherapy (2). As in other fields of medicine, also in the field of oncology, there is a 
growing interest in minimally invasive image-guided therapy. MR-guided high intensity 
focused ultrasound (MR-HIFU) is currently used for thermal ablation of benign uterine 
fibroids (3) and shows great potential for the ablation of malignant tumors in prostate (4), bone 
(5), and breast (6). MR imaging is used for treatment planning and follow-up after treatment 
because of its excellent soft tissue contrast and the large variety of imaging biomarkers that 
can be measured. Furthermore, MR imaging is used for temperature mapping during the 
thermal ablation procedure for guidance and safety.

Accurate MR thermometry is important to ensure that the target tissue is maintained 
long enough at elevated temperatures (e.g., for a few seconds above 55 °C) such that the 
applied thermal dose causes complete tissue necrosis. Furthermore, MR thermometry is 
used for monitoring the temperature of healthy tissue in the near and far field of the HIFU 
beam to prevent unwanted damage. Conventionally, proton resonance frequency shift 
(PRFS) thermometry is used for temperature monitoring during HIFU treatment in water-
containing tissues such as tumors. PRFS thermometry is based on the fact that the magnetic 
field experienced by the nuclei of the hydrogen atoms in water molecules decreases by 0.01 
ppm per degree Celsius temperature increase (7). This nuclear field change as a function of 
temperature, which is caused by the temperature dependence of the strength of the hydrogen 
bonds between water molecules, can be measured using phase mapping techniques based 
upon gradient echo pulse sequences. However, such phase measurements can be corrupted 
by other sources of magnetic field change such as field drift, respiration and cardiac motion 
(8), ultrasound transducer movement (9), cavitation (10), and changes in air temperature and 
oxygen concentration (11).

It has been shown theoretically with simulations in a breast tumor numerical model that 
heat-induced susceptibility changes of fat (12) may give rise to disturbances in the magnetic 
field. This phenomenon can lead to errors in temperature maps of the water-containing tumor 
tissue (and margin) measured by PRFS thermometry (13). This effect has also been shown 
experimentally in water/oil phantoms (13), but to our knowledge has never been reported 
for an actual HIFU sonication of fat containing tissue, including the breast. This may in 
part be due to the frequent use of fat-suppression techniques during these procedures, which 
would mask out any induced phase changes occurring in fat. Furthermore, the phase changes 
induced by external magnetic field changes in the aqueous tumor may not present itself as 
an obvious artifact when compared with the larger electron shielding related PRFS change.

The aim of the current study was to demonstrate experimentally the predicted effect in 
fatty human breast tissue samples under HIFU heating. In addition, we propose and evaluate 
a method to measure and correct for the field disturbance resulting from a HIFU sonication 
of a fat/aqueous tissue boundary. The correction method uses two-dimensional (2D) MR 
thermometry as input to a 3D thermal model. The 3D thermal model is combined with a 
high resolution 3D magnetic susceptibility temperature coefficient map to calculate the 3D 
magnetic susceptibility change. From the change in magnetic susceptibility the change in 
magnetic field is calculated in the imaging slice to correct the PRFS measurement.
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2.2. Theory

In this section, the sensitivity of PRFS thermometry to changes in tissue magnetic susceptibility 
is described. Additionally, the principles of the proposed correction method are explained.

2.2.1. Sensitivity of PRFS to Bnuc 
The nuclear magnetic field nucB  experienced by water protons is given by (13):

( )21
3nuc macB Bσ χ χ = − − 

 
[1]

where χ  is the magnetic volume susceptibility spatial distribution, σ  the electron screen-
ing constant, and macB  the macroscopic magnetic field. For human tissue, for which χ  is in 
the order of 10-6, macB  may be approximated by ( )0mac macB B O Bχ= +  and Eq. [1] becomes 
(13):

( ) ( ) ( )0 0 , ,
2   
3nuc mac nuc suc nuc electB B B B B Bχ χ σ χ σ ∆ ≅ ∆ ∆ − ∆ −∆ =∆ ∆ −∆ ∆  

[2]

where ( ) ( ), 02 / 3nuc suc macB B Bχ χ χ∆ ∆ = ∆ ∆ − ∆    is the nuclear magnetic field change caused 
by the change in magnetic susceptibility over the whole object including the change in the 
Lorentz correction term, and ( ), 0nuc electB Bσ σ∆ ∆ = ∆  is the nuclear magnetic field change 
caused by the local change in hydrogen electron shielding.

Usually the influence of ,nuc sucB∆  is neglected in Eq. [2], and the measured temperature 
change ( measT∆ ) is calculated as:

0

 measT
B TE
φ

γα
∆

∆ = [3]

where φ∆  is the phase difference between measurements at two temperatures with 
difference T∆ , TE  the echo time, γ  the gyromagnetic ratio, α  the thermal coefficient  
( / 0.01 /d dT ppm Cα σ= = ° ), and 0B  the magnetic field strength.

2.2.2.	 Model-based	correction	of	PRFS	for	χ(T) effects
To correct for ( )Tχ  effects, two important implications of Eq. [2] should be recognized. 
First, the change in nuclear magnetic field may be calculated from the change in susceptibility 
without knowing the absolute susceptibility values. Second, the contribution to nucB∆  from 
the change in susceptibility can be separated from the contribution from the change in 
electron screening constant by a simple subtraction operation. From Eq. [2], it further follows 
that once ,nuc sucB∆  is known, the corrected temperature change ( corT∆ ) is given by:

, 

0

 
  nuc suc

cor meas

B
T T

Bα
∆

∆ =∆ − [4]

In principle, because of the dependence of , nuc sucB∆  on macB∆  seen in Eq. [2], the calculation 
of , nuc sucB∆  requires information about the susceptibility distribution in the whole heated 
volume, which means that 3D data of the heat-induced susceptibility changes is needed. In 
practice, 3D measurement of such data would lead to acquisition times that are too long for 
monitoring the rapid temperature changes that occur for instance during thermal ablation. 
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For this reason, we propose a model-based approach to estimate , nuc sucB∆  using 2D data as 
an input, which is illustrated in Figure 1. The first step (Fig. 1, box 1) is to define water and 
fat masks where the 2D MR thermometry data is well defined (i.e., voxels with minimal 
partial volume.) The temperature change in aqueous tissue ( ,w measT∆ ) is measured with 
PRFS thermometry and in fat ( ,f measT∆ ) with T1 mapping. These T1 measurements are not 
disturbed by magnetic field disturbances (14), which are on the order of μT. The next step 
(Fig. 1, box 2) is to fit a 3D thermal model (15) to the 2D MR thermometry measurements. 
The 3D thermal model is then combined with a high resolution 3D magnetic susceptibility 
temperature coefficient map ( /d dTχ  map) to calculate the 3D susceptibility change. 
The susceptibility temperature coefficient map uses prior knowledge of the susceptibility 
temperature coefficients of water-containing tissue ( /d dTχ  = 0.0015 ppm/°C) (16) and 
fatty tissue ( /d dTχ  = 0.0085 ppm/°C) (16,17). The change in magnetic susceptibility is 
then used to calculate the change in nuclear magnetic field ( nucB∆ ) using a memory efficient 
and fast Fourier-based algorithm (18). The last step (Fig. 1, box 3) is to correct the measured 
PRFS temperature change in water ( ,w measT∆ ) by subtracting the contribution from the nuclear 
magnetic field disturbance ( ,w sucT∆ ). The corrected temperature change in water is then used 
as input to the 3D thermal model, and the steps (box 1-3 of Fig. 1) are iterated until the 
corrected temperature change ( ,w corT∆ ) remains stable.

2D water and fat masks: required for the 
creation of the 3D thermal model (               )

water
fat

water fat

Define 2D water and fat masks

∆χ
∆T

 

∆χ
∆T

 

ΔTf,measΔTw,meas

PRFS   water

 = 0.0085 ppm/°C = 0.0015 ppm/°C

ΔTw,cor  =   ΔTw,meas -  ΔTw,suc 

ΔBnuc

    Δχ   =   

2. 3D field disturbance calculation  

T1 map    fat

1. 2D MR thermometry input

3. 2D PRFS correction

map

ΔTw,cor

∆Τmodel ×

ΔTmodel

ΔTmodel

FIG. 1. Flow diagram showing the correction procedure. The three main parts are shown: 1: 2D MR 
thermometry input, 2: 3D field disturbance calculation, and 3: 2D PRFS correction. (meas = measured, 
nuc = nuclear, cor = corrected, suc = susceptibility, w = water, f = fat). 
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2.3. Methods

In total, three experiments were conducted. The first experiment was to demonstrate the 
occurrence of temperature-induced field disturbances in human fat tissue. The influence of 
breast fat tissue HIFU heating on the local magnetic field was demonstrated for various 
acoustic powers and sonication volumes. Because fat does not have a temperature-dependent 
PRF, all measured phase changes are caused by changes in magnetic susceptibility (Eq. [1]). 
The second experiment was to determine the magnetic susceptibility temperature coefficient 
of the ethylene glycol (EG) gel, which is needed for the correct interpretation of the phantom 
experiments. The third experiment was performed to evaluate the proposed correction 
method for the errors shown in the breast experiment. For this purpose HIFU sonications in a 
dedicated EG gel/fat phantom were performed. All experiments were performed using a 1.5 
Tesla (T) MR Scanner (Philips Healthcare, Best, The Netherlands) and a clinical MR-HIFU 
system (Sonalleve, Philips Healthcare, Vantaa, Finland).

2.3.1. HIFU sonications of breast fatty tissue
Five breasts were obtained from five unembalmed female human cadavers and degassed 
for 24 h in a vacuum tank to remove air bubbles that could lead to cavitation. The breast 
tissue was clamped between two ultrasound transparent membranes to prevent motion during 
sonication due to radiation forces and placed on top of the HIFU transducer. Below and 
above the breast tissue sample a block of agar gel was placed for acoustic coupling in the 
near field and to prevent reflection in the far field. Different fatty tissue regions, as observed 
on volumetric T2-weighted scans, were ablated with various acoustic powers (40, 60, 80, 
100 W) and volumetric treatment cell (19) diameters (2 mm, 4 mm) for 60 s. For magnetic 
field mapping, 3D T1-weighted RF-spoiled gradient echo (SPGR) images were acquired 
dynamically during ablation. The parameters were: TE = 5 ms, repetition time (TR) = 10 ms, 
flip angle = 15°, matrix = 64 × 64 × 10, field of view (FOV) = 128 × 128 × 20 mm, and 5.7 s 
per dynamic. The relative change in nuclear magnetic field 0/nucB B∆  between dynamics was 
measured using the change in phase maps ( φ∆ ): ( )0 0/   /   nucB B TE Bφ γ∆ = ∆  where TE  = 5 
ms, γ  = 2.675 × 108 rad/s/T, and 0B  = 1.5 T. The center of the imaging volume was placed 
at the ultrasound focal target.

2.3.2. Ethylene glycol gel as temperature probe
Numerical simulations have shown (13) that HIFU sonications of fat-aqueous tissue 
boundaries result in a field disturbance in the aqueous tissue, mainly due to the magnetic 
susceptibility changes of fat (13). To experimentally show this effect, and verify the correction 
method, the boundary of EG gel with fat was sonicated. For practical considerations of 
obtaining reference temperature change measurements, the EG gel was used as a substitute 
for aqueous tissue. It consisted of 2/3 ethylene glycol, 1/3 deuterium, 3% agar, and 3% silica. 
EG has two proton resonance peaks (from the -OH and -CH2 groups); the -OH peak shifts 
due to (electron shielding-induced) temperature change and external magnetic field change, 
whereas the -CH2 peak only shifts due to the external magnetic field change because of the 
absence of hydrogen bonding. Therefore, the -OH shift represents the uncorrected PRFS 
thermometry measurement (i.e., ,w measT∆  in Fig. 1) that would be obtained in aqueous tissue, 
and the true (referenced) temperature change is calculated as the shift in the OH peak position 
relative to the -CH2 peak position. This allows for the verification of the correction method 
when the surrounding fat is heated. The referenced temperature change calculations were 
preferred to using fiber optic probes to verify the true temperature change for several reasons. 
First, because rapid spatial changes in the magnetic field disturbance (> 0.01 ppm/mm) make 
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correlating the fiber optic probe tip position with the corresponding imaging voxel difficult. 
Furthermore, the EG gel provided a temperature change map, whereas temperature probes 
would only give the temperature at certain locations. Finally, using fiber optic probes would 
cause temperature artifacts due to interaction of the ultrasound pressure waves with the probe 
tip.

2.3.3. Calibration of dχ/dT for ethylene glycol gel
Although /d dTχ  is known for aqueous tissue (16), for the application of the correction 
method using EG gel, /d dTχ  had to be determined. This was done by sonicating EG gel 
and fitting the simulated field disturbance to the measured one. A cylinder with an inner 
diameter of 4 cm was completely filled with EG gel (Fig. 2a). The EG gel was sonicated with 
a single point focus (2 × 2 × 5 mm3 at -3 dB) for 60 s using an acoustic power of 60 W. During 
sonication, 2D multi-echo SPGR scans were acquired dynamically. The experimental protocol 
and other imaging parameters were the same as those used for the EG gel/fat interface HIFU 
experiment, with the exception of only using one flip angle (15°). The referenced temperature 
change, and corresponding thermal model was obtained similarly as was done for the model 
based correction. Specifically, the z = 0 intersection of the 3D Gaussian thermal model was 
fit to the measured referenced temperature change. The 3D temperature distribution was 
then sampled on a 1 × 1 × 1 mm3 grid. The change in magnetic susceptibility ( χ∆ ) was 
assumed to depend linearly on the referenced temperature change ( refT∆ ). The optimum 
of / refTχ∆ ∆ , denoted p  was found such that the calculated nuclear magnetic field change 

( ) nuc refB p T∆ ×∆  after averaging over the 5-mm imaging slice thickness fitted the measured 
field disturbance in the least square sense (Levenberg-Marquardt). For the calculation, the 
dynamic with a maximum temperature change of approximately 37 °C was used. 

2.3.4. HIFU sonication of an ethylene glycol gel/fat Interface
To demonstrate the efficacy of the correction method a cylinder with an inner diameter of 4 
cm was partly filled with porcine fatty tissue and partly with EG gel (Fig. 2a). The boundary 
of the EG gel with fat was sonicated with a 4-mm diameter volumetric cell and 20 W acoustic 
power for 60 s. During sonication, 2D multi echo SPGR scans were acquired dynamically 

fat EG-gel

microcoil
Imaging Slice

water

120 mm focal length HIFU system

Signal (a.u)

Time (s)

real

imaginary

a                   b

FIG. 2. (a) Experimental setup of the HIFU sonication with the cylinder filled either completely with 
EG gel or partly filled with fat and EG gel (as shown). (b) Example of the simultaneous fitting of the 
real and imaginary signal from EG.
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with interleaved 15°/ 30° flip angles for combined -OH shift based thermometry in EG 
gel and T1-based thermometry in fat (20). The following imaging parameters were used: 
FOV = 128 × 128 mm, matrix = 128 × 128, slice thickness = 5 mm, NSA = 1, flyback 
mode (equal polarity of the readout gradients) with 8 echoes, TR = 45 ms, TE0 = 1.65 ms 
(first echo time), ΔTE = 3.09 ms (echo spacing), 40 dynamics and 5.8 s per dynamic. The 
imaging slice was positioned perpendicular to the HIFU beam and intersected the focal 
point. An RF receive coil with a diameter of 4.7 cm was positioned close to the sonication 
focus and the imaging slice. This allowed for a high SNR and thus high spatial resolution.

To correct for B1-inhomogeneities in the T1 calculation, a B1 map was obtained before 
the sonication with the dual TR method (21) (2D SPGR, TR1/TR2 = 20/120 ms, TE = 
1.76 ms, flip angle = 70°). Additionally, a map identifying tissue types is required for 
the creation of the 3D magnetic susceptibility temperature coefficient map. This was 
accomplished by T1 mapping and subsequent processing. A 3D high resolution T1 map 
was acquired before the sonication using the vendor specific mixed sequence (22) with 
the volume center positioned at the same location as for the 2D thermometry slice. The 
parameters used were: TR-IR = 2290 ms, TR-SE = 760 ms, TE = 2 × 35 ms, IR-delay = 
370 ms, N = 64 × 64 × 15, FOV = 64 × 64 × 15 mm3. No water or fat suppression was 
used for either the B1 or T1 map.

2.3.5. Model-based correction

EG gel and fat masks 
The first step in the correction method (Fig. 1, box 1) was to define EG gel and fat masks 
containing voxels with minimal partial volume. These masks, identifying tissue types, 
were required for the correct interpretation of the thermometry measurements and for 
the subsequent creation of the 3D thermal model. For water and fat this may be achieved 
with a DIXON method, however, the EG gel used in the experiment as a substitute 
for aqueous tissue also has an additional -CH2 peak which complicates this approach. 
Therefore, another method was used to define the masks based on the goodness of fit (in 
the least squares sense) of a predefined signal form for the EG gel and fat regions. For the 
EG gel, a two peak spectral model is expected to give a good-fit (defined as R2 > 0.9). See 
the following section for the fitting parameters used for the fit. For the fat region, a signal 
form of ( ) ( ) ( )( )*  exp 2  2s TE f TE A i TE f TE Rπ φ= ∆ ∆ + ∆ − ∆  was used, where ( )f TE  
is a signal measurement of a voxel in the center of the fat tissue (with no partial volume) 
and  A∆ , f∆ , φ∆ , *2R∆  are free variables. This procedure resulted in EG gel and fat 
masks that included voxels with minimal signal contamination from other sources (i.e., 
with minimal partial volume). The images were processed using MATLAB (MathWorks, 
Natick, MA).

MR thermometry input
For determining the temperature change in the EG gel, the 8 echoes of the SPGR signal 
were fitted in the time domain (23) with a two peak model (Fig. 2b). The signal was 
first normalized, and the least square difference between the model signal and data 
was minimized using the Levenberg-Marquardt algorithm, fitting simultaneously the 
real and imaginary signal. Nine variables were used: the amplitude ( A ), transversal 
relaxation time ( ), frequency ( f ), and initial phase ( 0φ ) for both the CH2 and -OH 
peaks. Additionally, the variable g  represented the degree of Lorentzian ( g  = 0) or 
Gaussian ( g  = 1) line form. The starting values used for the fitting algorithm were 

* *
2 2 2 0 2  2         2       CH CH CH CH OH OH OH OHA R f A R f gφ φ    = [1, 40 1/s, 15 Hz, 0, 1, 40 1/s, 100 

Hz, 0, 1]. The OH shift represents the uncorrected PRFS thermometry measurement (
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,w measT∆  in Fig. 1) and was used as input to the 3D thermal model. The true temperature 
change was calculated as the shift in the -OH peak position relative to the -CH2 peak position. 
The temperature coefficient of 0.01 ppm/°C was used to convert peak shift to temperature 
change.

For the fat region, a (B1 corrected) T1 map was calculated for every 15°/30° flip angle 
pair with the DESPOT 1 method (24) using the first echo. The change in T1 maps were then 
converted to temperature change using the T1 - temperature coefficient ( 1 /dT dT ) of 5.8 
ms/°C obtained from literature (20).

Thermal model and dχ/dT map
The thermal model of the HIFU focus used 
for this experiment had a 3D Gaussian (15) 
temperature distribution (Fig. 3) defined by 
the parameters (xc, yc, σr, T0), where xc, yc 
are the x and y center coordinates of the 3D 
Gaussian which was fixed to the center of the 
2D thermometry slice (defined as z = 0) and 
had radial width σr (= σx = σy) and temperature 
amplitude T0. The axial width σz was defined as 
2.5 × σr such that the ratio of the axial to radial 
width of the thermal model is similar to the ratio 
of the applied 3D Gaussian power profile.

The 3D magnetic susceptibility temperature 
coefficient map was obtained from the 3D 
high resolution T1 map. This was achieved by 
thresholding the T1 values half way between the 
mean T1 of the EG gel (1021 ± 40 ms) and fat 
(228 ± 7 ms) components and associating 0.0085 
ppm/°C (16,17) for the porcine fat region and 
the found magnetic susceptibility temperature 
coefficient from the calibration experiment for 
the EG gel region. 

PRFS correction 
The correction method was applied with either the uncorrected PRFS maps in EG gel (i.e., 
-OH shift), the T1-based temperature change measurements in fat, or the combination of 
uncorrected PRFS in the EG gel and T1 temperature change measurements in fat as input to 
the 3D thermal model. The optimal parameters (xc, yc, σr, T0) of the 3D Gaussian model (Fig. 
3) were determined such that the thermal model temperature change at z = 0 corresponded to 
the measured temperature change in the imaging slice in the least square sense (Levenberg-
Marquardt). Prior calculations using analytical integration of the 3D Gaussian temperature 
profile over the slice thickness (results not shown) showed that the 5-mm imaging slice 
thickness was sufficiently small to represent the temperature change at the center of the focus 
(i.e., z = 0 in Fig. 3). For the focus dimensions measured, this resulted in an underestimation 
of the maximum temperature change by less than 5%. The 3D thermal model was then 
sampled on the same imaging grid as the /d dTχ  map and multiplied voxel-wise with the 

/d dTχ  map to create the 3D magnetic susceptibility change map. The field disturbance 
was calculated from the susceptibility change (18) and averaged over the 5-mm thermometry 
slice. This average field disturbance was used to correct for the PRFS measurements of EG 
gel. When the correction was based on the PRFS measurements, or the combined PRFS 

σr

σ z
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 2
.5

 σ
r 

y

x

z
yc

xc

zc = 0 

3D ∆Τmodel
(xc, yc, σr, T0)

Center of 3D gaussian : (xc, yc, 0)
Temperature change amplitude: T0 = T(xc,yc, 0)

FIG. 3. Parameters of the 3D Gaussian ther-
mal model. z = 0 is defined by the center of 
the 2D thermometry slice.  
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and T1 measurements, the steps of the correction procedure were iterated until the corrected 
temperature change remained stable (defined here as temperature changes under 0.1 °C).

When only using PRFS measurements as input to the 3D thermal model, the correction 
procedure was applied for both flip angles. Because this resulted in a two times higher 
temporal resolution than when using T1 or PRFS + T1 as input, the PRFS measurements of the 
same 15°/30° flip angle pairs were averaged to obtain a better temporal comparison between 
the three variations of the correction method.

To quantify the temperature error, the 5th to 95th percentile interval of the temperature 
error distribution was calculated for the maximum temperature change before and after 
applying the correction.

2.4. Results

2.4.1. HIFU sonications of breast fatty tissue
Phase maps made during HIFU heating of fatty breast tissue with different acoustic powers 
showed magnetic field disturbances with both positive and negative polarity. Figure 4a-c 
shows examples of the maximum magnetic field change in the coronal central slice. Large 
nuclear magnetic field changes were observed, ranging from -0.6 ppm for the 40 W 2-mm 
sonication to -1.4 ppm for the 100 W 4-mm sonication. Figure 4d shows the nuclear magnetic 
field change of three voxels in the central heated region as function of time during a 100 W 
sonication. It was observed that the magnetic field change completely disappeared after cool-
down.

2.4.2. Calibration of dχ/dT for ethylene glycol gel
For the EG gel, a magnetic susceptibility temperature coefficient of 0.0061 ppm/°C was 
found (Fig. 5). Figure 5c shows the residual magnetic field disturbance after subtracting the 
simulated magnetic field disturbance (Fig. 5b, with /d dTχ  = 0.0061 ppm/°C) from the 
measured magnetic field disturbance (Fig. 5a).

2.4.3. HIFU sonication of an ethylene glycol gel/fat interface
Figure 6a shows the temperature change measured in the EG gel and fat regions at the end of 
the sonication. The maximum temperature change measured of 37 °C occurred in fat. Figure 
6b shows an example of the 3D temperature distribution obtained when using PRFS and T1 
as thermometry input, which corresponds with the MR measurements of Figure 6a. For all 
2D thermometry inputs used, the maximum temperature change of the thermal model was 
lower than the measured maximum temperature change. The maximum temperature change 
of the thermal model was 18 °C, 30 °C, and 27 °C when using PRFS, T1, and PRFS + T1 as 
thermometry input, respectively. Figure 7 shows the temperature error map in EG gel before 
(Fig. 7a) and after using the model based correction with PRFS (Fig. 7b), T1 (Fig. 7c), and 
PRFS + T1 (Fig. 7d) as thermometry input. A reduction in the PRFS thermometry error with 
respect to the referenced temperature was observed with the exception of some voxels close 
to the EG gel/fat boundary. The 5th to 95th percentile interval (Fig. 8) of the temperature 
error distribution decreased from 3.8 °C before correction ( measT  [5/ 95]) to 2.3 °C, 2.2 °C, 
and 2.0 °C after correction ( corT  [5/ 95]) when using PRFS (Fig. 8a), T1 (Fig. 8b), and PRFS 
+ T1 (Fig. 8c) as thermometry input, respectively. Six iterations were found sufficient for the 
correction procedure to stabilize.
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2.5. Discussion

PRFS thermometry is commonly used in MR-HIFU treatments for monitoring temperature. 
This thermometry method requires a constant magnetic field strength during the measurement. 
For globally varying or periodic magnetic field changes, the referenceless (25) or multi-
baseline (26) correction methods may be applied. Variation of the susceptibility distribution, 
as demonstrated here by heat-induced magnetic susceptibility changes of tissue (especially 
of fat), give rise to local field disturbances, extending further than the actual location of 
the susceptibility change. The magnetic field changes caused by the heating of fat can 
lead to PRFS temperature errors in water-containing tissues, even with adequate fat signal 
suppression. We used dynamic field mapping in fatty tissue to visualize the susceptibility-
induced nuclear magnetic field changes, as was shown in breast tissue. Here, it was shown for 
the first time experimentally that HIFU heating of adipose tissue gives rise to magnetic field 
changes in the surrounding tissue. 

Although large magnetic field changes (i.e., up to 1.4 ppm) were measured in the breast 
adipose tissues, the magnetic field drops off rapidly beyond the heated regions. For example, 
for a sphere-shaped uniformly heated region, the external magnetic field decreases with 
a/(a+r)3, where a is the radius of the sphere and r the distance from the edge (27). This 
is consistent with the presented EG gel/fat HIFU experiment, which showed the largest 
temperature errors at the boundary of the fat tissue. When using MR-HIFU for the ablation 
of water-containing tumors in fatty tissue, e.g., with the ablation of breast cancer, these errors 
may lead to considerable temperature uncertainty at the tumor boundaries. 

Three variations of the model-based correction method were proposed, all requiring 
knowledge of the susceptibility change of the whole heated volume. Despite the simplicity 
of the thermal model used here (apparent from the discrepancy between the maximum 
temperature change of the thermal model and the maximum T1-based temperature change 
measurement in fat), the correction method resulted in a substantial reduction in the 
temperature error. The thermal model may further be improved by including physical and 
thermal properties of the tissues (28). The correction method performed the best when both 
PRFS thermometry in EG gel and T1-based thermometry in fat were used as input, possibly 
because of the better estimate of the actual 3D temperature distribution. 

To evaluate the efficacy of the correction method, multiple gradient echoes were required 
to separate the -OH and -CH2 peaks of the EG gel. However, for the application of the model-
based correction method in aqueous/ fat tissue only one echo is required. Furthermore, 
when only PRFS thermometry is used as an input to the thermal model, fat suppression 
may be used. However, the correction method would still require a pre-scan to obtain a 3D 
tissue distribution map. The acquisition time of the T1-based measurements may also be 
decreased by measuring the temperature change in fat based on the relative signal change 
of a T1-weighted gradient echo sequence (29). This technique has been used to monitor the 
temperature change during focused ultrasound heating of muscle tissue (29) but would have 
to be validated for adipose tissue. 

For the correction method, five or six iterations suffice to reduce the susceptibility-
induced temperature error. The fast convergence of the proposed iterative scheme can be 
explained by the relatively small effect of temperature-induced susceptibility changes on the 
proton resonance (<< 2/3 × 0.0085 ppm/°C), compared with the direct effect of temperature 
on PRFS (0.01 ppm/°C). The only crucial requirement is a reasonably accurate estimate of 
the initial Gaussian temperature distribution. 

For the EG gel/fat HIFU experiment, the assignment of susceptibility temperature 
dependent coefficients was based on a 3D spatial binary separation of EG gel and fat regions. 
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Including voxels containing mixed tissue types, and applying Wiedemann’s additivity law 
of susceptibility (30), may further improve the correction results. Additionally, although 
we show the correction method in the presence of fat because of the larger /d dTχ  of fat 
compared with aqueous tissues (16), the principle of the proposed correction method is also 
applicable for aqueous tissues alone. 

Other correction methods for general magnetic field disturbances are referenceless (25) 
and fat referenced (31) techniques. The referenceless method interpolates the measured 
magnetic field change around the heated region to estimate the magnetic field change in 
the heated regions. However, because the heat-induced magnetic field disturbances occur 
locally in the heated region itself, and are rapidly changing over a small region (i.e. have high 
spatial frequencies), such a correction approach would be challenging. The other method, fat 
referencing, uses the resonance frequency of fat as a magnetic field probe, which is measured 
in a separate water suppressed acquisition (31,32) or with spectroscopic imaging (33,34). The 
magnetic field shift of fat is used to correct for the shift in the water resonance frequency in 
the same voxel, which is assumed to experience the same magnetic field. This technique is 
limited to voxels containing both fat and water, and can, therefore, not be used to correct for 
field effects in pure water voxels close to heated fat tissue. 

We have shown the applicability of the model-based correction method experimentally. 
This was shown with relatively simple setups, and a few issues remain. First, steep spatial 
temperature gradients (observed in the center of the HIFU focus) were shown with simulations 
to result in an underestimation of the simulated magnetic field disturbance (results not shown). 
Second, the correction method assumes that iterated corrections lead to a convergence of the 
temperature change, and to a value with less error than the initial measurement. This was 
shown to be valid for the HIFU experiment presented but general applicability to different 
water fat distributions would need to be validated. Lastly, the correction method assumes 
small intra- and intersubject variation of /d dTχ  values. This would have to be confirmed 
for the specific tissue types being sonicated. 

To conclude, a magnetic field disturbance was observed during HIFU sonications of 
breast fatty tissue, and the proposed correction method was shown to greatly reduce such 
temperature errors in phantom experiments. However, residual errors remained which 
may be explained by the simplified thermal model used, the binary spatial allocation of 
susceptibility temperature coefficients, and the steep spatial temperature gradients. The 
emergence of fast algorithms to calculate magnetic field disturbances resulting from tissue 
magnetic susceptibility changes opens the opportunity for real time correction of this error 
source during HIFU sonications.
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ABSTRACT 

Purpose: To investigate the effect of the aqueous and fatty tissue magnetic susceptibility 
distribution on absolute and relative temperature measurements as obtained directly from the 
water/fat frequency difference.

Methods: Absolute thermometry was investigated using spherical phantoms filled with pork 
and margarine, which were scanned in three orthogonal orientations. To evaluate relative fat 
referencing, multi-gradient echo scans were acquired before and after heating pork tissue by 
high intensity focused ultrasound (HIFU). Simulations were performed to estimate the errors 
that can be expected in human breast tissue.

Results: The sphere experiment showed susceptibility-related errors of 8.4 °C and 0.2 
°C for pork and margarine, respectively. For relative fat referencing measurements, fat 
showed pronounced phase changes of opposite polarity to aqueous tissue. The apparent 
mean temperature for a numerical breast model assumed to be 37 °C was 47.2 ± 21.6 °C. 
Simulations of relative fat referencing for a HIFU sonication (ΔT = 29.7 °C) gave a maximum 
temperature error of 6.6 °C compared to 2.5 °C without fat referencing.

Conclusion: Variations in the observed frequency difference between water and fat are largely 
due to variations in the water/fat spatial distribution. This effect may lead to considerable 
errors in absolute MR thermometry. Additionally, fat referencing may exacerbate rather than 
correct for PRFS-temperature measurement errors.
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3.1. Introduction

Magnetic Resonance-guided High Intensity Focused Ultrasound (MR-HIFU) is a technique 
which combines the noninvasive heating of tissue through delivery of ultrasonic energy into 
the body with MRI for treatment planning, monitoring, and evaluation of thermal therapy. 
The ultrasonic energy may be used to non-invasively locally elevate the tissue temperature 
for applications such as tumor ablation (1) or the realization of mild hyperthermia, which 
has potential for radiosensitization (2), chemosensitization (3) and for local drug delivery 
from thermosensitive carriers (4). MR thermometry is used for treatment monitoring during 
the treatment procedure (5). For tumor ablation, the aim is to ensure that tissue necrosis has 
occurred at the target zone (typically by elevating the temperature above 56 °C for a few 
seconds) while preventing damage to healthy tissue. In mild hyperthermia therapy, the tumor 
tissue is heated up to 40-45 °C for up to 1 hour. For drug delivery, drug release from thermal 
sensitive carriers typically occurs within a narrow temperature range (41-42 °C (4)).

For all these applications, the commonly employed MR thermometry techniques measure 
changes in temperature using the temperature dependence of the proton resonance frequency 
in water (6,7). This temperature dependence stems from the fact that the strength of the 
hydrogen bonds between water molecules varies with temperature, leading to a temperature 
dependent screening of the hydrogen nucleus in water molecules by the electron cloud (8). 

Due to its relative character, the measurement of temperature based upon the proton 
resonance frequency shift (PRFS), is prone to several types of errors. First, magnetic field 
fluctuations not caused by temperature changes, e.g due to field drift (9) or respiration (10), 
have been shown to corrupt temperature measurements considerably. Second, the relative 
measurement method requires knowledge of the baseline temperature, which is normally 
assumed to be 37 °C in human tissue. However, especially during therapeutic sessions 
requiring multiple sonications, the target tissue temperature may not have cooled down 
completely to the baseline temperature in between the sonications. When inadequate cooling 
times are used with relative thermometry techniques, the resulting underestimation of the 
true temperature remains undetected. Furthermore, thermal dose (11), an important indicator 
of tissue damage during thermal ablation therapy, requires knowledge of the absolute 
temperature-time history. Additionally, for mild hyperthermia applications, temperatures 
should vary within a narrow absolute temperature range to ensure effective hyperthermia 
(e.g. for drug release) and at the same time avoid tissue damage.

The use of fat signal as a non-temperature dependent resonance has been advocated for 
solving the problems described above. It has been proposed to use the presence of fat to 
acquire absolute temperature information directly from the resonance frequency difference 
between water and fat (12,13), or to use fat as a field probe not sensitive to temperature 
changes, which can be used to correct PRFS-based measurements for errors due to field 
variations (14). The first approach will be referred to in this paper as “absolute fat referenced 
thermometry”, and the second approach as “relative fat referenced thermometry”. Here, the 
term fat referencing is used for the case in which the water and fat MR signals are assumed to 
originate from the same voxel. Other authors have referred to this method as self-referencing 
(14) or using fat as an internal reference (15). 

3.1.1. Absolute fat referenced thermometry
In some applications and situations, knowledge of temperature changes only, i.e. relative 
temperatures, is not sufficient. The baseline temperature in the body may vary depending on 
the location, individual physiology and pathology (16), as a response to active skin cooling 
as may be employed to prevent skin burns during thermal therapy (17), or when cumulative 
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heating is caused by subsequent periods of heating without proper cooling periods in 
between. Referenced MR thermometry has been proposed as a method for obtaining absolute 
temperature measurements. The concept is to derive the temperature directly from the 
resonance frequency difference between the temperature sensitive OH- peak and a reference 
peak with no temperature sensitivity. In vitro, the use of Ethylene glycol, with CH2- as the 
reference component is a well-established method for calibrating the temperature in NMR 
spectrometers (18). In the brain, the feasibility of measuring the absolute temperature with 
metabolites such as NAA as reference has been investigated (19). Lastly, deriving the 
temperature directly from the water-fat resonance frequency difference has previously been 
proposed (13,14) as a method for obtaining absolute temperature measurements in tissues 
containing both water and fat. In practice, however, MR thermometry based upon water and 
fat resonances is not a straightforward task. In the breast, for instance, McDannold et al. have 
measured a large range in water-fat shift derived temperatures (standard deviation = 14 °C) at 
constant body temperature (20,21). Possible explanations for this have been proposed, such 
as spatial variations in pH (20) and water-fat readout chemical shift spatial mismatch (22). 
Additionally, water and fat reside in different compartments, have different susceptibilities, 
and thus (even in the same voxel) the hydrogen nuclei in water and fat molecules may 
experience different nuclear magnetic fields (23).

By simulating the nuclear magnetic field disturbance it is shown in this paper how the 
water/fat (w/f) distribution and the degree of heterogeneity on the scale of the acquisition 
voxel influence the measured absolute temperature. Furthermore, we will show that the 
reported measured temperature variations obtained with fat referenced absolute thermometry 
in the breast mentioned above (20,21), can largely be explained by the distribution and 
difference in magnetic susceptibility (about 1 ppm) of water (24) and fat (25). 

3.1.2. Relative fat referenced thermometry
An analogous situation occurs for methods with fat acting as a magnetic field probe intended 
to measure temperature changes using the PRFS method in the presence of time-varying field 
inhomogeneities. A potential complication is the different change in molecular magnetic field 
occurring in the water and fat components due to the difference in the magnetic susceptibility 
temperature dependence of these tissues (13). Because of this, the nuclear field experienced 
by hydrogen nuclei in water and fat may be different. Notably, Hofstetter et al. (26) measured 
a larger difference between the fat referenced temperature change and temperature probe 
readings in pork tissue than in mayonnaise. These findings suggest that the spatial distribution 
of water and fat and the degree of homogeneity in that distribution play a role here.

In this study we evaluated the performance of relative fat-referencing using simulations 
and a HIFU heating experiment with the HIFU focal zone centered on the water-fat interface. 
We show that for a heterogeneous spatial w/f distribution and a typical HIFU heating profile, 
fat referencing may exacerbate the heat-induced phase errors if the fat is part of the heated 
region, i.e. with fat acting as the internal reference. 

3.2. Methods

3.2.1.	 The	nuclear	fields	in	water	and	fat
The proton precession frequency ω [rad s-1] is a function of the gyromagnetic ratio γ [rad 
s-1 T-1] and nuclear magnetic field [T]:  ω = γ∙Bnuc. This nuclear magnetic field at a certain 
location r’ (Bnuc(r’)) depends on the local electron chemical shift (σ(r’)) and on the magnetic 
susceptibility distribution (χ) in two ways: directly and locally via the lorentz sphere correction 



Influence of water/fat heterogeneity on fat referenced MR thermometry

45

3

(-2/3 χ(r’)) and indirectly via the macroscopic magnetic field (Bmac), which is determined by 
the susceptibility distribution χ(r) (6):

( ) ( ) ( ) ( )( )21
3nuc macB r r r B rσ χ χ = − − ′ ′

 
′ [1]

Therefore, the w/f frequency difference is intrinsically dependent on the difference in electron 
shielding constants and (because water and fat cannot be at the exact same spatial location) 
on the magnetic susceptibility distribution. 

3.2.2. Absolute fat referenced thermometry
To illustrate the influence of the w/f distribution on the estimated absolute temperature 
(Twf) derived from the water-fat resonance frequency difference (Δωwf), simulations were 
first performed for simple geometries such as an acquisition for a voxel on a spherical 
w/f interface and for a voxel containing a dispersion of fat spheres. Then, a more realistic 
w/f distribution was used, obtained from a 3D breast scan, which required a numerical 
calculation of the induced nuclear magnetic field. Lastly, we performed an object rotation 
experiment to validate the role of tissue magnetic susceptibility as a source of variation in Twf 
for heterogeneous w/f tissues. For this, we made use of the fact known from magnetostatics 
that the three induced magnetic field perturbations in an object rotated in three orthogonal 
orientations with respect to the applied magnetic field average to zero. 

Absolute thermometry simulations
Voxel on the edge of a fat sphere in water
First simulations were performed for a macroscopically (i.e. on the scale of a voxel) 
heterogeneous water-fat distribution. For this purpose, spectroscopic acquisitions were 
simulated of a voxel on the edge of a fat sphere (radius a) embedded in aqueous tissue 
(see Figure 1a). The susceptibility-induced nuclear magnetic field disturbance (ΔBnuc) was 
calculated inside the cubic voxel, with edge length L, for 1283 uniform sampling points inside 
the voxel using (27):
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nuc zB outside spherea z x y x y z
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χ∆∆ − − + += 


[2]

where (x,y,z) are the spatial coordinates with respect to the center of the voxel, Δχ =  χf - χw 
= 1.26 ppm is the magnetic susceptibility difference between fatty (χf = -7.79 ppm (25)) 
and aqueous (χw = -9.05 ppm (24)) tissue, and B0 = 3 T is the main magnetic field strength. 
For the aqueous tissue, each sampling point contributed to the total summed demodulated 
voxel signal with amplitude 1 a.u., frequency γΔBnuc_z rad s-1 and relaxation rate R2* = 40 s-1 
for echo times TE = 1, 2, … , 24 ms. Because the susceptibility-induced nuclear magnetic 
field disturbance inside the fat sphere is zero, only the total water signal was fit to one 
lorentzian peak to determine the influence of magnetic susceptibility on the observed Δωwf 
and corresponding observed temperature (i.e. ΔTwf  = Δωwf/(-αγB0) , where α = 0.01 ppm/°C 
(8) is the electron screening constant thermal coefficient of water). The influence of the angle 
between the surface normal and B0 (θ in Figure 1a) and interface curvature (dimension n = 
a/L) on ΔTwf were also investigated.
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Random fat spheres inside voxel  
To model a voxel containing a more homogeneous w/f distribution (on the scale of a voxel), 
small lipid spheres were randomly dispersed in an aqueous environment. Simulations were 
performed to investigate the influence of fat fraction (0-21%) on Twf. Fat spheres (r = 10 a.u.) 
were placed in the largest bounding sphere (R = 128 a.u.) by subsequently adding new fat 
spheres to the vacant region using a uniformly distributed pseudo-randomization algorithm 
until the region was completely filled (see Figure 1b). Then the induced nuclear magnetic 
field disturbance was determined by calculating the summed contribution of each sphere 
given by eq [2] for 2563 uniform sampling points. Spectroscopic acquisitions were then 
simulated for the largest inner cubic voxel (diameter = 256/ 2  a.u.) with signal parameters: 
B0 = 3 T, R2*w = R2*f = 40 s-1, Aw = Af =1 a.u., ωw = γΔBnuc_z rad s-1, ωf = γ(ΔBnuc_z- 3.35×10-6B0) 
rad s-1  by summing the total signal in the voxel for TE = 1, 2, …, 24 ms. The fat fraction was 
adjusted by varying the gap between the spheres. The influence of magnetic susceptibility 
on the measured ΔTwf was then obtained by fitting the signal with two lorentzian peaks in the 
time domain.

Realistic breast anatomy
To study a realistic w/f distribution, simulations were performed of spectroscopic imaging 
of the female breast. A high resolution (0.63×0.63×0.63 mm3, matrix = 241×243×224) fat 
suppressed T1-w 3D scan of a breast acquired in a volunteer from a previous study (13) 
was used to create a realistic susceptibility distribution map. Each voxel was automatically 
labeled (28) as either fibro-glandular tissue, fatty tissue, or air. The difference in magnetic 
susceptibility between fat and fibro-glandular tissues was set to 1.26 ppm (24,25). The air 
was assigned the same magnetic susceptibility as the fibro-glandular tissue in order to focus 
on the w/f distribution and avoid the influence of the gross breast shape on the induced 
magnetic field. Then the induced nuclear magnetic field disturbance (ΔBnuc) was calculated 
using a Fourier-based algorithm with B0 orientated along the z axis (27,29):
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FIG. 1. Simulation of absolute thermometry in an imaging voxel (a) on a water/fat interface and (b) 
containing a random distribution of fat spheres embedded in water.
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where χ is the magnetic susceptibility spatial distribution, σ the electron shielding constant, 
and k is the spatial frequency. The theoretical lorentzian MR signal of one spectral peak 
(either water or fat) was attributed to the fibro-glandular and fat voxels (Tbaseline = 37 °C, B0 = 3 
T, ωw = γΔBnuc_z rad s-1, ωf = γ(ΔBnuc_z- 3.35×10-6B0) rad s-1, R2*w = R2*f = 0 s-1, Aw = Af = 1 a.u.) 
and spectroscopic imaging (TE= 1,2,…,24 ms, transverse slice) was simulated with down 
sampled resolution (in-plane = 5×5 mm2 , slice thickness = 10 mm). In voxels containing 
both water and fat, Δωwf was obtained with a two peak lorentzian fitting model, and used to 
calculate apparent absolute temperature maps.

To verify the validity of the field calculations, we investigated for the numerical breast 
model whether the influence of the magnetic susceptibility distribution on the resulting 
magnetic field is completely removed, when the induced 3D magnetic field disturbance maps 
of an object in three orthogonal orientations (x,y,z) with respect to B0 are averaged, leaving 
only the electron shielding constant (i.e.):  

[4]

where k2=kx
2+ky

2+ky
2. 

Absolute thermometry experiments
To experimentally investigate the influence of the w/f distribution on the Twf, spectroscopic 
scans were acquired of a more homogeneous and a more heterogeneous w/f mixture with the 
object in three orthogonal orientations with respect to the direction of B0. A spherical holder 
(r= 4 cm) was in one experiment filled completely with margarine (40% fat, homogeneous 
distribution) and in a subsequent experiment completely filled with pork meat (Figure 2a, 

a                   b  

Zobj

Yobj

Xobj

FIG. 2. (a) Pork sphere with the object coordinate axes fixed to the sphere and (b) grid of the 2D 
spectroscopic acquisition scans.
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heterogeneous distribution of muscle and fat) and placed at the isocenter inside the bore of a 
3-T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands.) A sphere was used 
to remove the influence of the shape of the object itself on the induced field inside the object. 
Prior to the experiment the samples were stored at room temperature for at least four hours, 
and the MR room temperature was measured with a digital thermometer (Hanna instruments, 
Rhode Island, USA). A 3D reference coordinate frame (xobj , yobj, zobj) was assigned, fixed to 
the sphere, with the origin located in its center. In three orthogonal orientations {zobj ǁ B0 , yobj 
ǁ B0 , xobj ǁ B0 }, a 2D spectroscopic scan was acquired. (PRESS, FOV = 250×250 mm2, slice 
thickness = 10 mm, Nx×Ny = 50×50, TR = 400 ms, TE = 30 ms, BW = 1 kHz, number of 
samples =256) with the slice intersecting the center of the sphere such that the same region 
was imaged for each object orientation (Figure 2b). One volumetric shimming procedure was 
performed containing the whole sphere, prior to the experiment. For each voxel Δωwf was 
determined by fitting a two peak model to the spectral time signal using in-house software 
developed in MATLAB (MathWorks, Natick, MA). The measured absolute temperature (°C) 
was calculated as (13): 

[ ] [ ] ( ) [ ]0( / 3.35 
 37.0    

0.01 

wf
wf

B ppm
T C C

ppm
C

ω γ∆ −
° = ° +

 −  ° 

[5]

where 3.35 ppm is the commonly used chemical shift between water and fat at the reference 
temperature 37 °C without considering the influence of magnetic susceptibility. The 
temperature map obtained by averaging Twf in the three orientations was compared to the 
individual temperature maps. However, because averaging itself may decrease the temperature 
variation, a cumulative distribution function was used to compare the average map obtained 
from three orthogonal orientations with all voxel- wise temperature combinations of the three 
individual orientations.

3.2.3. Relative fat reference thermometry
For measuring changes in temperature, fat referenced proton PRFS thermometry offers 
an advantage with its general applicability for compensating magnetic field disturbances 
of various origins (14,15,26,30-33). One source of magnetic field disturbance originates 
from heat-induced tissue magnetic susceptibility changes (13). This section describes the 
experiments that were performed to investigate the influence of heat-induced tissue magnetic 
susceptibility changes of fatty and aqueous tissue on the effectiveness of fat referenced 
thermometry.

Relative thermometry simulations
Simulations were performed of fat referenced PRFS thermometry of a voxel on the tumor/
fat boundary during a HIFU sonication (Figure 3a). Fat referencing may for example be 
achieved by using an MR pulse sequence with alternating water- and fat- selective pulses 
(30). The geometry was defined as a spherical tumor with a diameter of 10 mm embedded 
in a sphere of fat with a diameter of 25.4 mm. The isotropic voxel size was 0.1 mm and the 
total calculation matrix size was 256×256×256. A 3D Gaussian HIFU power distribution 
(amplitude: 5×106 W/m3, kernel width: 2 mm in all directions) was applied for 40 s to the 
lower edge of the tumor/fat boundary. The temporal temperature evolution was simulated 
with in-house developed 3D finite-difference simulation software (MATLAB; MathWorks, 
Natick, MA) using the following tissue properties for fat and tumor tissue, respectively:  
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density: 888 and 1000 kg/m3 (34,35), specific heat capacity: 2387 and 3600 J/(kg K) (36), 
thermal conductivity: 0.217 and 0.36 W/(mK) (36,37).

From the temperature change, the field disturbance was calculated using the susceptibility 
temperature coefficients of 0.002 ppm/°C (6) for aqueous (tumor) tissue and 0.0055 ppm/°C 
(38) for fat tissue. On the water/fat boundary, fat referenced imaging was simulated for 
a 1×1×1 mm3 voxel. Every sampling point (N = 103) was assumed to contribute a signal 
magnitude of one and the relaxation terms (and the influence of temperature changes thereon) 
were ignored. The fat referenced temperature change was derived (ΔTwf = Δφ/αγB0TE) from 
the corrected phase change (Δφ = ΔφPRFS - Δφfat), where ΔφPRFS is the induced phase change 
including field disturbance in the tumor compartment of the voxel, and Δφfat is the total phase 
change from the fat part of the voxel. These measurements were compared to the average 
temperature in the voxel. Because of the symmetry in geometry, only two main magnetic 
field orientations were investigated (label 1 and 2 in Figure 3a).  

Relative thermometry experiments
To investigate the effectiveness of fat referencing on a fat/muscle interface a HIFU experiment 
was performed. Pork tissue was placed in the breast cup of a prototype dedicated MR-HIFU 
breast platform (Sonalleve Breast MR-HIFU, Philips Healthcare, Vantaa, Finland). The 
section of the fat/muscle interface that was parallel to the B0 field was sonicated with 100 
W for 25 s (Figure 4).  Prior to the sonication and 30 s after the end of the sonication, multi-
gradient echo scans were acquired repeatedly every 12 s. TE = 2.3, 4.6, … ,27.6 ms, flip angle 
= 65°, TR = 38 ms, matrix = 80×80, FOV = 160×160 mm2, ST = 6 mm. For the voxels with 
partial w/f volume, the complex signal was fit with a two peak lorentzian model to obtain 
the peak frequencies of water and fat. From the change in Δωwf the fat referenced change in 
temperature was determined. The fat referenced temperature change was then compared to 
the temperature change obtained from the field-drift corrected shift in the water frequency 
component of the same voxel. The field drift was corrected by subtracting the mean phase 
change measured in the unheated regions. 

Tumor

Fat

PowerVoxel

B01

2

1x1x1mm  3

B0

0.05

-0.05

0

∆Bnuc /B0 (ppm)

a         b
FIG. 3. (a) Intersection of the simulation geometry showing the spherical tumor embedded in fat tissue. 
(b) Field disturbance change for the maximum temperature change. The location of the imaging voxel, 
power distribution, and B0 field orientations 1 and 2 are also shown.
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3.3. Results

3.3.1. Absolute fat referenced thermometry
Figure 5a shows the influence of interface normal angle (θ in Figure 1a) and sphere-to-
voxel dimension (n) on the temperature measurement offset (ΔTwf) for a voxel on the w/f 
interface. The influence of orientation on ΔTwf is larger for flatter surfaces (higher value of 
n). From equation 2 it can be seen that for a flat surface (i.e.  n →∞ ) ΔTwf converges to 

( )2( / 3) 3cos 1 / 0.01χ θ∆ − −  (the black line in Figure 5a).  When θ is equal to the magic angle 
≈ 54.7° (vertical line in Figure 5a) the field disturbance is the smallest and ΔTwf is closer 
to 0 °C. For the homogeneous w/f distribution (Figure 5b), ΔTwf increased linearly with 
increasing volume fat percentage by 0.09 °C per percent. Figure 6a shows the simulation 
of the measured absolute temperature (Twf) in the breast. For the indicated ROI, the mean 
Twf was 47.2 ± 21.6 °C (N = 180 after removing one outliers > 3 × standard deviations 
from the average).  Simulation of the average temperature measurement calculated for three 
orthogonally applied B0 field directions (Figure 6b) gave a mean ΔTwf of 0.7 ± 5.9 °C (N = 
180).

For margarine (Figure 7: upper panel), the absolute temperature measured for xobj ǁB0 was 
18.0 ± 1.3 °C. The mean temperature of the average of the three orientations was 18.7 ± 0.7 
°C. For pork (Figure 7: lower panel), the absolute temperature measured for xobj ǁB0 was 19.9 
± 11.9 °C. The mean temperature of the average of the three orientations was 18.4 ± 5.1 °C. 
The measured MR room temperature was 21.3 °C. Figure 8 shows the cumulative distribution 
function of Twf for the average of the three orthogonal orientations compared to the average 
of all temperature combinations of the three individual orientations. For margarine (Figure 
8a) the 10th to 90th percentile interval of Twf was 1.5 °C for all combinations and 1.3 °C for the 
mean image (i.e. a decrease of 0.3 °C).  For pork (Figure 8b) the 10th to 90th percentile interval 
of Twf was 18.6 °C for all combinations and 10.2 °C for the mean image (i.e. a decrease of 
8.4 °C).

B0

FIG. 4. Location of the HIFU target 
on the fat/muscle interface. 
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3.3.2. Relative fat referenced thermometry
Figure 3b shows the nuclear magnetic field disturbance change after 20 s of heating for 
the magnetic field orientation perpendicular to the tumor/fat interface. Figure 9 shows the 
results of the fat referenced simulations. The true maximum temperature change was 29.7 °C. 
For B0 parallel to the interface (Figure 9a) the maximum temperature change for the PRFS-
based thermometry and fat referenced method was 30.9 °C and 33.0 °C, respectively. For 
B0 perpendicular to the interface (Figure 9b) the maximum temperature change for PRFS-
based thermometry and fat referencing was 27.2 °C and 23.1 °C, respectively. The average 
temperature change of the three orthogonal orientations (two parallel and one perpendicular) 
for fat referencing was within 10-3 °C from the true temperature change.

For the HIFU sonication on the muscle/fat boundary, the magnetic field change derived 
from the phase change (Figure 10a-b) showed the opposite polarity in the fat as in the 
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muscle. For the voxel in the heated region (Figure 10c label 1) the maximum fat referenced 
temperature change measured was 23.7 °C (Figure 10d). For the same voxel, the maximum 
(field drift corrected) PRFS temperature change measured was 17.3 °C. During the cool 
down period, the offset between the fat referenced measurement and (PRFS measurement 
decreased from 6.4 °C to 4.5 °C. As control, a voxel in the unheated region was also measured 
(Figure 10c label 2). For this voxel the measured (field drift corrected) PRFS temperature and 
fat referenced temperature change remained around 0 °C (Figure 10d). 

3.4. Discussion

Measuring absolute temperature in vivo would complement existing MR thermometry 
methods which are mainly concerned with measuring changes in temperature.  However, 
we have shown that absolute thermometry based on the w/f frequency difference is prone 
to errors when the spatial variation in magnetic susceptibility is not taken into account. The 
simulations in the breast and the margarine and pork rotation experiments show that local 
magnetic field inhomogeneity plays an important role, largely explaining the temperature 
variations measured by McDannold et al. in the breast (20,21).

Note, that one limitation of the rotation experiment is the limited spatial resolution. 
Whereas equation [4] requires an analytical solution for the magnetic field disturbance, 
discretization resulted in some residual temperature variations after averaging ΔTwf, as 
was seen in Figure 6b. For the in vivo situation, the lipids and aqueous tissues are in itself 
separate microscopic entities, making the measurements inherently subject to errors from 
local magnetic field variations. An advantage of internal referencing is the close spatial 
proximity of the component used to probe the magnetic field (i.e. fat) and the temperature-
sensitive component (i.e. water). New techniques such as intermolecular multiple quantum 
MRI may show insensitivity to susceptibility changes of water and fat (39), but are sensitive 
to variations in iron concentration (40) and have low SNR (39). For special cases of water/
fat distributions such as randomly dispersed fat spheres in water, the simulation shows a 
water/fat shift independent of B0 orientation but with a slight dependence on fat fraction. 
Although this is consistent with brain temperature measurements, in which an increase in 
the observed temperature was found for larger protein content (41), magnetic susceptibility 
differences would have to be confirmed as the origin of this effect. Additionally, the 
difference in pH between margarine and pork may also have influenced the chemical shift 
of the water proton (42). In the absolute thermometry experiments, a difference was found 
in the probe temperature measurement (21.3 °C) and the absolute temperature measured in 
margarine (18.7 °C) and pork (18.4 °C) after reducing the influence of the w/f distribution. 
This might have been expected because equation [5] does not take the magnetic susceptibility 
distribution into account.

In this study lorentzian line shapes were used for the peak fitting although more 
complex spectra are expected. Spectral characteristics have previously been used to 
characterize properties of small objects (43). Whether other spectral analysis techniques 
could probe the susceptibility-independent w/f shift is an interesting question that deserves 
further investigation. In this work it was assumed that the underlying geometric magnetic 
susceptibility distribution was unknown and therefore a simple line shape was used to fit the 
spectra. Furthermore, practical echo times were used as may be acquired with a multi gradient 
echo sequence. The feasibility of absolute thermometry in homogeneous tissues such as bone 
marrow has previously been investigated by other authors (40,44,45). Additionally, relaxation 
based techniques may be explored for absolute thermometry, especially in adipose tissue 
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which is assumed to be less sensitive to heat-induced coagulation and edema formation than 
aqueous tissues. Beyond the implications for absolute thermometry, the local susceptibility 
induced source of w/f frequency differences may be added to the list of confounding factors 
regarding w/f separation (46). How the fitting protocol may influence the obtained Twf was not 
considered here (for example: the selected echo times, inclusion of multiple fat peaks, model 
fitting algorithm and robustness to noise, line shape parameter constraints, or modeling of 
eddy currents or J-coupling.)

For voxels containing both water and fat, fat referenced thermometry has been explored 
for measuring temperature change mainly for homogeneous w/f distributions (14,15,30-
33). The technique has been shown to work better in homogeneous w/f distributions than 
heterogeneous ones (26).  With simulations and a HIFU experiment we have shown that 
this is largely due to differences in the magnetic susceptibility temperature dependence 
of aqueous and adipose tissues. For the geometry and HIFU heating profile used in the 
study, the internal reference experiences another change in macroscopic magnetic field 
than the aqueous component. The heat-induced magnetic susceptibility changes have been 
shown to result in PRFS thermometry errors in aqueous tissue (13). This work shows that 
fat-referencing may not reduce this effect but even exacerbate it because of the opposite 
polarity in the change in magnetic field experienced by the water and fat components. The 
simulations demonstrated that fat referencing either overestimated or underestimated the 
actual temperature change, depending on the orientation of the interface with respect to the 
B0 field. The HIFU experiment further validated this; for the interface parallel to the B0 field 
the fat referenced temperature change was higher than the field drift corrected PRFS-based 
temperature change. This difference is expected to decrease as the total temperature change 
decreases. In the experiment only a slight decrease in offset was found likely because of the 
long cooling time of fatty tissue  (47). The nuclear magnetic field change map (Figure 9b) 
confirmed pronounced phase changes in fat even after 6 minutes of cooling. A consequence 
of these findings is that fat referencing for heterogeneous water/fat distributions may be 
suboptimal if fat is part of the heated region.

In conclusion, this study has shown that the variation in observed absolute temperatures 
for heterogeneous w/f tissues may largely be explained by the difference in magnetic 
susceptibility between aqueous and fatty tissues. Analogously, the simulations and 
experiments have illustrated why relative fat referencing may not always correct for field 
disturbances originating from heat-induced magnetic susceptibility changes.
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CHAPTER  4
In vivo T2-based MR thermometry 
in adipose tissue layers for High 
Intensity Focused Ultrasound near-
field monitoring
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ABSTRACT

Purpose: During MR-guided high-intensity focused ultrasound (HIFU) therapy, ultrasound 
absorption in the near field represents a safety risk and limits efficient energy deposition at 
the target. In this study, we investigated the feasibility of using T2 mapping to monitor the 
temperature change in subcutaneous adipose tissue layers.

Methods: The T2 temperature dependence and reversibility was determined for fresh 
adipose porcine samples. The accuracy was evaluated by comparing T2-based temperature 
measurements with probe readings in an ex vivo HIFU experiment. The in vivo feasibility of 
T2-based thermometry was studied during HIFU ablations in the liver in pigs and of uterine 
fibroids in human patients.

Results: T2 changed linearly and reversibly with temperature with an average coefficient 
of 5.2 ± 0.1 ms/°C. For the ex vivo HIFU experiment, the difference between the T2-based 
temperature change and the probe temperature was <0.9 °C. All in vivo experiments showed 
temperature-related T2 changes in the near field directly after sonications. As expected, 
considerable intersubject variations in the cooling times were measured in the in vivo porcine 
experiments. 

Conclusions: The reversibility and linearity of the T2-temperature dependence of adipose 
tissue allows for the monitoring of the temperature in the subcutaneous adipose tissue layers.
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4.1. Introduction

There is growing interest in the use of noninvasive techniques for the treatment of both 
benign and malignant tumors (1). MR-guided high-intensity focused ultrasound (MR-HIFU) 
is a minimally invasive modality that has shown substantial promise for thermal therapy 
because it combines excellent soft tissue imaging (2), real-time temperature mapping (3), and 
noninvasive local heat deposition (4).

However, the advantage of energy delivered noninvasively by an extracorporal transducer 
is accompanied by several practical complications. The necessity to deliver the ultrasonic 
energy through cutaneous, subcutaneous, and intermediary tissue layers before it reaches 
the target area leads to ultrasound energy absorption in the near field (5). This absorption 
causes a moderate temperature rise in these intermediate tissue layers, which is generally 
undesirable. For extended high-power sonications, the near-field heating can even lead 
to irreversible tissue damage outside the desired ablation area (6). As a consequence, the 
requirement to mitigate the risk of near-field tissue damage for therapeutic HIFU applications 
leads to limitations of the lesion volume that can be ablated in a single uninterrupted ablation 
(5,7). Larger lesion volumes have to be split into subvolumes, which are subsequently 
treated once the interstitial and subcutaneous tissue layers have cooled down sufficiently. 
This increases overall treatment time to unacceptable durations. The duration of the required 
cool-down period is in practice decisive for both patient safety and the overall duration of 
the intervention. 

Unfortunately, the composition and the thickness of the tissue layers between the HIFU 
transducer and the target area display substantial variations between subjects. In particular, 
adipose tissue in the near field represents a practical limitation to the sonication rate due to 
its lower specific heat capacity (8), lower heat conductivity (8,9), and lower perfusion (10) 
than other tissues in the near field. As a consequence, the duration of the cool-down period is 
generally chosen rather conservatively in order to assure patient safety, which leads to a long 
overall duration of the HIFU intervention (11). 

A potential solution would be to monitor the cool-down process of each sonication cycle 
in near real-time and to adapt the required delay between the sonication cycles. However, 
although proton resonance frequency shift (PRFS) thermometry is the method of choice in 
water-containing tissues including the tumor area itself, PRFS thermometry in adipose tissues 
is practically impossible (12). PRFS thermometry could be performed in muscle tissue, but 
measuring the accumulation of heat over a long period would be difficult because of field 
drift and respiration-induced magnetic field changes. Monitoring the temperature in the near 
field adipose tissue allows the use of relaxation time-based methods, which are more robust. 
T1-based thermometry has been suggested in the past as a suitable candidate for noninvasive 
thermometric measurements in adipose tissue (13). An alternative is provided by thermometric 
measurements based on the temperature dependence of the T2 relaxation time in adipose 
tissue (14). In aqueous tissues, T2-based thermometry has several disadvantages compared 
with PRFS thermometry, including nonreversibility (15) and nonlinear behavior (15). This 
led to the tendency to discard T2-based thermometry for MR guidance of noninvasive thermal 
therapies in clinical applications.

The possibility of performing reliable T2-based thermometric measurements in adipose 
tissue has, to our knowledge, not yet been systematically investigated. How adipose tissue 
responds to heating is not well known (e.g., with regard to edema formation). Accordingly, the 
purpose of this study was to investigate the possibility of accurate, precise, and reproducible 
thermometric measurements using rapid T2 mapping in adipose tissue layers.

This study encompasses ex vivo experiments to assess the precision and accuracy of the 
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method and in vivo experiments with HIFU ablations in a porcine model, which demonstrate 
the ability to monitor the near-field heating process. We will also show clinical data from 
uterine fibroid ablations in patients to demonstrate the clinical feasibility and the usefulness 
of the approach for heat management.

4.2. Methods

The study was part of a larger project concerned with technical developments of MR-
HIFU techniques for clinical applications in the liver. After the in vivo porcine near-field 
experiments had been performed, the pigs were sacrificed, and the abdominal adipose tissue 
was immediately used for the calibrations and the ex vivo HIFU experiment described herein.

4.2.1. Animals
All animal experiments were approved by the animal ethics committee at our institution. 
Experiments were performed in five female pigs with an average weight of 70 kg. After 
intravenous administration of analgesic meloxicam (0.4 mg/kg), general anesthesia was 
induced with ketamine (13 mg/kg). During the experiments, the pigs were intubated and 
sufentanil (0.0113 mg/kg h), midazolam (1 mg/kg h), and nimbex (0.09 mg/kg h) were 
administered as an infusion. The animals were mechanically ventilated at a rate of 14 breaths 
per minute. Carbon dioxide concentration and arterial blood pressure were monitored 
continuously during the experiment.

4.2.2. Ex vivo adipose porcine T2 temperature calibration
The first series of experiments were performed to investigate the temperature dependence 
of T2 in subcutaneous adipose tissue and the intersubject variations. For this, five samples 
of subcutaneous adipose porcine tissue from five different pigs were obtained directly post 
mortem. The samples were placed in a 50-mL cylindrical holder, which was installed inside 
a temperature-stabilized closed circuit water bath (Fig. 1). The water bath was placed inside 
the bore of a 1.5T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands) and two 
laterally installed surface receive coils were used for signal detection. 

The samples were first slowly heated and then allowed to cool down. T2 maps were 
acquired at constant temperature steps first during the heating phase and then during the 
cooling phase. For five samples, this was done at four temperature points in the range of 25 

Sample

Probe

Water bath

Circulating water

FIG. 1. MR image showing the T2 temperature 
calibration measurement set-up. The water bath 
contains a holder for a sample tube. The sample 
tube contains subcutaneous adipose tissue with a 
fiber optic probe inserted. The water in the bath is 
heated and cooled by the water circulated in the 
inserted spiral tubing.
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°C - 45 °C, and for one sample the range was extended to 25 °C - 74 °C. The actual sample 
temperature was independently recorded with a fiber-optic probe (Luxtron, LumaSense, 
Santa Clara, California, USA). 

To ensure a homogenous temperature distribution, constant in time, T2 maps were acquired 
after the temperature probe reading had been stable for at least 15 minutes. One coronal slice 
was acquired using the following parameters: dual echo turbo spin echo (TSE); effective 
echo time (TE) = 38 ms (TE1) and 180 ms (TE2); pulse repetition time = 2000 ms; TSE 
factor = 40; interecho spacing = 4.8 ms; readout bandwidth = 352 Hz/pixel; slice-selective 
refocusing pulses with angle = 160°; matrix = 180 × 160; field of view = 450 × 450 mm2; 
reconstructed voxel size = 1.75 × 1.75 × 5 mm3 with spectral presaturation with inversion 
recovery (SPIR) (16) water suppression and a duration of 16 s per image. A full preparation 
scan, including shimming and demodulation frequency (f0) determination, was performed 
prior to each acquisition. For all images, native in-plane resolution was 2.50 × 2.81 mm2, 
interpolated to 1.75 × 1.75 mm2. The T2 maps were calculated by assuming monoexponential 
decay of the modulus signal so that T2 could be calculated based on measurements at two 
TEs from

( ) ( )
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1 2
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TE TET
S TE S TE

−
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where S(TE) is the modulus of the signal at TE. Although the apparent T2 values obtained will 
include influences from T1-relaxation and J-coupling, as further discussed in the Discussion, 
we refer to them as T2 values hereafter. To increase the signal-to-noise ratio (SNR), the 
number of signal averages was four and the values of 16 voxels of the T2 maps in the center 
of the sample were averaged. The total acquisition time for the four averages was 64 s. 

If the adipose subcutaneous layer would be thick enough to contain the whole imaging 
slice, SPIR water suppression would probably not be necessary. This would increase the 
acquisition speed. Furthermore, the sequence without water suppression may be more robust 
for quantitative measurements, especially when the region of interest is far from the magnet 
isocenter. Therefore, the influence of using SPIR water suppression was also investigated. 
For two samples, T2 maps were acquired with and without SPIR water suppression for every 
temperature. The other scan parameters were kept the same. 

For turbo spin echo sequences, imperfect refocusing flip angles may lead to stimulated 
echoes and related T1- contamination (17). To determine the influence of refocusing flip 
angle on the measured T2 temperature coefficient, temperature calibration experiments were 
performed for the temperature range of 25 °C - 45 °C using SPIR water suppression and a 
series of scans with refocusing angles 120°, 140°, 160°, and 180°. The range of refocusing 
angles was chosen based on prior knowledge of typical B1 variation measured in volunteers 
on the MR-HIFU table.

4.2.3. Ex vivo porcine HIFU experiment
To verify the accuracy of the measured temperature change in the near field during a 
HIFU sonication, an ex vivo experiment was performed. Directly after a pig from the in 
vivo experiments had been sacrificed, a section of the subcutaneous adipose tissue that 
had not been sonicated was removed and kept at room temperature. The HIFU membrane 
(which serves as the transparent ultrasound (US) window enclosing the tank containing the 
transducer) was first covered by a gel pad and then by the adipose tissue layer (Fig. 2). This 
was covered with a cylindrical block of agar gel (2% agar, 2% silica), which served as the 
sonication target. All surface interfaces were filled with water to ensure adequate acoustic 
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coupling. The perpendicular distance from the imaging slice to the center of the focus was 
43.3 mm. During sonication, coronal dynamic T2 maps were acquired in the adipose tissue 
using the same T2 mapping protocol that was used for the calibration experiments with water 
suppression. A full preparation scan was performed once prior to the dynamic acquisition 
series and the temporal resolution of the dynamic scans was 16 s per T2 map. Furthermore, 
the temperature in the adipose tissue in the center of the cross section of the beam path and 
the adipose tissue was monitored with a fiber-optic probe (Luxtron LumaSense) sampling at 
a frequency of 1 Hz. 

The experiment was performed on a clinical 1.5T MR-HIFU system (Sonalleve, Philips 
Healthcare, Vantaa, Finland) applying 10 W of acoustic power for 1000 s, using an 8-mm-
diameter volumetric sonication protocol (18). The MR-HIFU system had a dedicated two-
element coil integrated into the acoustic window of the MR-HIFU tabletop combined with 
a dedicated three element surface coil positioned dorsally. The temperature change was 
calculated for every voxel based on the average of the calibrated T2 temperature coefficients 
of the five samples measured with water suppression. The temperature change of one voxel at 
the center of the cross-section of the beam path and the adipose tissue (Fig. 2) was compared 
with the fiber optic probe readings. 

For the two TEs, SNR values in the adipose tissue were calculated using (19):

0.66 TE
TE

TE

ISNR
σ

= [2]

where TEI  is the magnitude of a voxel in adipose tissue (prior to sonication) and TEσ  is the 
standard deviation (SD) of the magnitude values of a region of interest (area 3.1 cm2) placed 
in the air.

4.2.4. In vivo porcine HIFU experiment
To investigate the in vivo feasibility of T2-based thermometry in adipose tissue, the 
temperature changes in the subcutaneous adipose tissue layer of five pigs were monitored 
during liver sonications. Figure 3a shows a sagittal planning view with the ultrasound target 
area, beam path, and transducer overlaid onto a T2-weighted image. The pigs were lying in 
the prone position (hind legs first) and they were sedated and mechanically ventilated. The 
pig’s abdominal skin was shaved for optimal acoustic coupling between the skin and gel pad. 
The acoustic power ranged from 300 to 450 W and the sonication duration was between 20 
and 30 s. The applied power levels and durations had previously been found sufficient to give 

gel pad

agar gel

pigs fat layer
imaging slice

HIFU beam

probe

HIFU membrane

target

FIG. 2. Schematic of the ex vivo HIFU experiment set-up, showing the locations of the imaging slice 
and probe.
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a lethal thermal dose in a defined region in the pig liver in vivo (20). Volumetric sonication 
cells with a diameter of 8 mm were positioned to target the liver. During sonication, dynamic 
T2 maps with a temporal resolution of 16 s were acquired in the subcutaneous fat layer. The 
T2 mapping protocol was the same as for the calibration experiments with water suppression.

The T2 change was converted to temperature change using the average calibrated T2 
temperature coefficient found. To characterize the rate of cooling in every heated voxel, 
the measured temperature change over time during the cool-down period was fit with a 
monoexponential decay function. The optimal least-squares fit (Levenberg-Marquardt 
algorithm) for the exponential time constant was called the cooling time constant. All data 
were processed using MATLAB (MathWorks, Natick, Massachusetts, USA). SNR values 
were also measured as was done for the ex vivo HIFU experiment.

4.2.5.	 Monitoring	during	a	uterine	fibroid	HIFU	treatment
The clinical feasibility of T2-based thermometry was evaluated during a standard clinical 
uterine fibroid MRHIFU treatment in nine patients (Fig. 3b). Informed consent had been 
given by all patients. Furthermore, the potential for measuring accumulative heat build-up 
for multiple sonications was explored. For three patients, T2 maps were acquired dynamically 
after the first sonication for an average duration of 15 min to obtain an estimate for the 
cooling time constant. For one patient, T2 maps were acquired prior to treatment and 0.5 to 
1.5 min after five therapeutic sonications (acoustic powers: 110-120 W; durations: 57 s to 
1 min 12 s). For all nine patients one T2 map was acquired before the first sonication, and 
at least one T2 map was acquired after the first sonication so that the temperature increase 
directly after the first sonication could be estimated. Additionally, the mean subcutaneous 
adipose tissue T2 value of the nine patients was measured before the first sonication. For this 
measurement, a region of interest with an area of 27.6 cm2 (30 × 30 pixels) was used. The 
T2 mapping protocol was the same as the one used for the ex vivo calibration experiments 
acquired without SPIR water suppression but with one signal average when applied in 
patients to reduce the scan duration. For all patients, the subcutaneous adipose tissue was 
thick enough to fully contain the 5-mm imaging slice. The temperature change maps were 
calculated based on the difference with the T2 map acquired prior to the first sonication, 
and by using the average T2 temperature coefficient found for the adipose porcine samples 
without SPIR water suppression. SNR values were also measured in a similar way as for the 
ex vivo HIFU experiment.

a b

FIG. 3. In vivo sonication of (a) porcine liver and (b) uterine fibroid. Both images show sagittal slices 
with the beam cone drawn as an overlay. The orange line gives the location of the T2 mapping slice.
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4.3. Results

4.3.1. Adipose porcine T2 temperature calibration
For the five subcutaneous pig fat samples measured in the smaller temperature range (25 
°C - 45 °C), the measured T2 was found to change linearly (R2 > 0.99) with temperature, 
as shown in Figure 4a. The mean (± SD) of the T2 temperature coefficient was 5.17 ± 0.1 
ms/°C (minimum: 5.01 ms/°C; maximum: 5.29 ms/°C). The SD of the T2 values in the region 
of interest generally increased with temperature from 1.7 ms at 25 °C to 7.0 ms at 45 °C. 
These results correspond with temperature variations of 0.3 °C at 25 °C and 1.3 °C at 45 °C, 
calculated using the mean T2 temperature coefficient. The linear regression equations for the 
five samples are shown in Table 1. For the two samples comparing the use of water suppression 
(Fig. 4b), a larger T2 temperature coefficient was found using SPIR water suppression (5.08 
ms/°C) than without water suppression (3.77 ms/°C). For the sample measured in the larger 
temperature range (25 °C - 74 °C; Fig. 4c), T2 changed exponentially with temperature for 
the acquisitions both with (R2 > 0.99) and without (R2 > 0.99) SPIR water suppression. All 
measurements showed reversible T2 changes after the samples had been heated. For the 
temperature calibration experiments with refocusing angles ranging from 120° to 180°, the 
difference in measured T2 temperature coefficients was <0.15 ms/°C.

Table 1.  Linear regression lines for the individual calibration experiments and the mean T2 
temperature coefficients.
Sample nr With	SPIR	WS	(ms) R2 No	SPIR	WS	(ms) R2

1 T2 = (5.01±0.14)T + (18.80±4.67) 0.995 T2 = (4.00±0.10)T + (30.42±3.31) 0.998
2 T2 = (5.15±0.14)T + (13.31±4.91) 0.995 T2 = (3.54±0.08)T + (42.21±2.82) 0.998
3 T2 = (5.12±0.13)T + (15.33±4.56) 0.995

4 T2 = (5.28±0.15)T + (10.44±5.04) 0.995

5 T2 = (5.29±0.13)T + (17.99±4.31) 0.997

Mean coeff. ΔT2/ΔT = 5.17±0.12 ms/°C ΔT2/ΔT = 3.77±0.33  ms/°C 
T, temperature in degrees Celsius

4.3.2. Ex vivo porcine HIFU experiment
Figure 5a shows the maximum temperature change for the ex vivo near-field HIFU 
experiment. For this experiment, the temperature change was calculated based on the average 
of the calibrated T2 temperature coefficients of the five samples with water suppression (5.17 
ms/°C). The correspondence between probe temperature and T2- based thermometry of one 
voxel at the probe location is shown in Figure 5b. The average probe temperature before 
heating was taken as the baseline temperature for T2-based thermometry. During the entire 
sonication, the difference between the probe temperature and the T2- based temperature 
change was <0.9 °C. The SNR values ranged from 200 to 630 for TE1 and 80 to 260 for TE2.
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4.3.3. In vivo porcine HIFU experiment
In the porcine adipose tissue, temperature-induced changes in T2 were observed for all five 
pigs during in vivo ablations of liver tissue. The mean ± SD cooling time constant for the five 
pigs was 241 ± 74 s (range: 168 - 359 s). Examples for two pigs (Pig I and Pig II) are shown 
in Figure 6. The maximum temperature changes were 9.2 °C for Pig I and 12.6 °C for Pig II 
(Fig. 6a, 6d). The temperature change exhibited a heterogeneous spatial distribution, with a 
clear depressed region in the center of the beam path. Pig I generally had higher cooling time 
constants than Pig II (Fig. 6b, 6e). The mean ± SD cooling time constant of the heated region 
was 359 ± 83 s for Pig I and 168 ± 59 s for Pig II. Figure 6c and 6f show example graphs of 
the temperature change versus time for individual voxels. The SNR values ranged from 50 to 
350 for TE1 and 20 to 150 for TE2.

4.3.4.	 Monitoring	during	a	uterine	fibroid	HIFU	treatment
For all nine patients undergoing uterine fibroid treatment, T2 difference maps showed clear 
intensity changes in the adipose region from the last applied US sonication. The mean ± SD 
T2 value before the first sonication in the fat layer was 150.7 ± 3.9 ms (n = 9). The temporal 
resolution was sufficient to measure heat accumulation and cooling time constants. From 
the average cooling time constant of 10 min (n = 3), the temperature increase directly after 
the first therapy sonication was estimated by means of exponential extrapolation and ranged 
from 2 °C to 15 °C in the nine patients. Figure 7 shows the temperature evolution for the one 
patient that had received five therapy sonications, overlaid on the T2 reference map obtained 
before the first therapy sonication. The cumulative effects of the overlapping areas of the US 
cones are clearly visible. Arc-like structures are also visible. The SNR values ranged from 
150 to 500 for TE1 and 60 to 230 for TE2.
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FIG. 5. (a) Coronal slice of ex vivo adipose tissue sample showing the maximum temperature change 
in the near field and the location of the probe. The temperature change was computed from the average 
T2- temperature coefficient as measured in the calibration experiments.  (b) Correspondence between 
probe temperature and T2-based thermometry of one voxel in the near field, for a 10W, 1000s sonication.
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FIG. 6. The upper panels show the results for Pig I and the lower panels for pig II. (a,d) Peak temperature 
maps overlaying a T2-w background image. (b,e) Zoomed-in regions showing the time constant maps 
for the cooling phase. (c,f) Temperature change versus time for the voxels with the longest and shortest 
cooling times. Dots are the T2- based measurements and lines the mono-exponential fits. 

FIG. 7. Example of a T2 reference map with T2 difference based temperature overlay showing near-field 
heating in the subcutaneous adipose tissue layer after five consecutive volumetric sonications during a 
uterine fibroid treatment in a human patient. The intersection of the beam cone with the imaging slice 
during the latest sonication is shown as a solid circle. The sonications before that are shown as dotted 
circles. The time difference between the new T2 measurement and the reference T2 map is given. 
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4.4. Discussion

In the temperature range 25 °C - 45 °C, a linear T2 temperature dependence of adipose tissue 
was observed. The mean T2 temperature coefficient of 5.17 ms/°C had a high subject-to-
subject reproducibility with an SD of 0.12 ms/°C. This allowed us to continuously monitor 
the temperature change in the subcutaneous tissue layers in near real-time during cool-down 
experiments. 

Reversible T2 changes were found in the temperature range from 25 °C to 74 °C for 
the sequences implemented both with and without SPIR water suppression. Triglycerides, 
the signals of which predominantly constitute the signal from adipose tissue, are known to 
undergo reversible phase transitions (21). The reversible T2 changes we found are consistent 
with the results of Kuroda et al. (22), who showed reversible T2 changes for the CH2 and CH3 
components of adipose tissue from 20 °C to 60 °C. 

We took care to measure the T2 temperature dependence in adipose tissue that was 
harvested directly postmortem. In prior experiments we had found a difference between the 
T2 temperature coefficients of fresh and refrigerated samples; furthermore, the refrigerated 
samples displayed hysteresis in the T2 values after heating. For clinical applications, the T2 
temperature coefficients and inter-subject variations will need to be evaluated. This would 
require fresh human adipose tissue samples, which would have to be obtained directly post-
mortem or obtained from fat reduction surgery; this was outside the scope of the present 
study. 

Furthermore, since the employed multiecho imaging sequence is also intrinsically T1-
weighted, sequence modifications affecting the TE, interecho spacing, refocusing pulse slice 
profile, or k-space sampling scheme can be expected to modify the observed T2 temperature 
dependence (23–26). Moreover, because we are dealing with adipose tissue, J-coupling 
between fatty acid groups may influence the measured T2 value depending on the chosen 
interecho spacing (17). These issues were avoided by using the same protocol for the 
calibrations as for the temperature monitoring in the near field. 

Equation 1 was used as the basic relaxation model for characterizing the signal change 
between two echo times. Further research may investigate the actual T1 and T2 contrast 
contributions from the different fatty acid components. Although the same protocol was used 
for the calibrations as for the near-field measurements, the B1 field as well as the adipose fatty 
acid composition ratios may vary depending on the application. Regarding the B1 variation, 
the calibration experiments revealed little variation in the T2 temperature coefficient. 
Therefore, this would not limit the application of the proposed technique. Variation in adipose 
tissue fatty acid composition has been shown to give rise to temperature errors in T1- based 
thermometry when this effect is neglected (22). However, the small intersubject variation in 
the T2 temperature coefficients we found (Table 1) suggest little influence from this variation 
in the porcine samples investigated. This last issue would also have to be investigated for 
human subcutaneous adipose tissue. 

Differences between the T2 temperature coefficient and T2 offset values were found 
between the sequences with and without SPIR water suppression. This may be explained 
by the suppression of the CH=CH peak (5.4 ppm) in the fat spectrum, which is close to 
the frequency of water (4.7 ppm). The difference may also be due to the suppression of 
signal coming from water containing structures in the fat layer such as the cell cytoplasm, 
the interstitial space, or mixed-in regions of aqueous tissue. Our observations may favor the 
use of water suppression to obtain consistent T2 values. No water suppression was used for 
the uterine fibroid patients, as these measurements were performed prior to the comparison 
study. 
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For the ex vivo HIFU experiment, a slightly larger temperature change was recorded with 
the probe than based on the T2 maps (Fig. 5b). This may be due to ultrasound absorption 
in the fiber tip. The ultrasound absorption would lead to local heating, overestimating the 
temperature change when compared with the T2-based temperature maps, which represent 
a larger 2.50 × 2.81 × 5 mm3 volume. The maximum temperature change showed large 
spatial heterogeneities for the in vivo pig experiments. This can be explained by the spatially 
varying fat thickness, which influences the amount of US energy absorbed as well as the 
local thermal properties in the near field. Additionally, the temperature change maps show a 
clear depressed region in the center of the beam path. The intensity of the ultrasound waves 
is lower there because the used transducer array has no transmitting elements in the center. 

Noise limits voxel-wise interpretation of the cooling time constant maps, but on a larger 
scale, a heterogeneous spatial distribution of cooling time constants was observed. Large 
variations in cooling time constants were found both intra-subject and inter-subject in the 
porcine experiments. The cooling time will depend on factors such as the spatial distribution 
of absorbed acoustic power and tissue perfusion. The cooling time can be expected to be 
geometry- and subject-specific, which underlines the need for individual observation of the 
cool-down process to avoid cumulative heating of subcutaneous tissue and to ensure time-
efficient therapy sessions, by avoiding long waiting times between subsequent sonications. 
The sequence used in this study to acquire T2 maps had an acquisition time of 16 s. This 
was fast enough to monitor the cool-down process in adipose tissue, which is slow due to its 
thermal properties (as mentioned in the Introduction). This would also not be an issue during 
most HIFU treatments, because other scans are often not required in the cooling period in 
between subsequent sonications. 

For the uterine fibroid treatment illustrated in Figure 7, a maximum temperature change 
of 15 °C was measured. With a body temperature of 37 °C, the absolute temperature would 
be more than 50 °C, which means that within the duration of a typical sonication, the lethal 
thermal dose could be reached in adipose tissue (27). Although the adipose tissue layer was 
rather close to the skin, and the lethal thermal dose for skin is lower than for fat (27), no skin 
burns were found in all nine patients undergoing the uterine fibroid treatment. Additionally, 
the posttreatment T2-weighted images revealed no edema formation in the subcutaneous tissue 
layers. One possible explanation for this observation may be a lower initial temperature than 
37 °C due to the cooling effect of the gel pad, which is in direct contact with the skin. Also, 
the T2 temperature dependence in porcine subcutaneous adipose samples may be different 
than that for human samples. Furthermore, the clinically relevant thermal dose safety limit 
for adipose tissue would have to be explored further. 

It is in principle also possible to use the presented method to monitor the heating process 
in adipose tissue during sonications. Although quantitative T2 measurements are >10 times 
slower than PRFS measurements of comparable resolution, the approach is still suitable for 
near-field monitoring, since the lower power density leads to a slower temperature increase 
compared with that in the beam focus. However, it complicates simultaneous observation 
of the temperature increase in the focal area, which limits volume coverage or scan time. 
Ideally, a combined PRFS-T2 mapping sequence may be used in which PRFS thermometry 
monitors the rapid temperature changes in the focal point, and T2 thermometry monitors the 
slow heat build-up in the near field, so as to shorten the required resonication delay. 
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In conclusion, we have shown that thermometry based on T2 mapping allows monitoring 
of the near field temperature in adipose tissue during the cool-down period. One drawback is 
the need for tissue- and imaging protocol-specific calibrations. The feasibility of the method 
in in vivo pig and human experiments was proven, and the method was quantitatively 
verified in an ex vivo HIFU experiment. Furthermore, it was possible to measure the heat 
accumulation over a longer period of time.
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ABSTRACT

Purpose: To investigate T1 and T2 temperature dependence of female breast adipose tissue 
at 1.5T in order to evaluate the applicability of relaxation-based MR thermometry in fat for 
monitoring of thermal therapies in the breast.

Methods: Relaxation times T1, T2, and T2TSE (the apparent T2 measured using a turbo spin echo 
readout sequence) were measured in seven fresh adipose breast samples for temperatures 
from 25 to 65 °C. Spectral water suppression was used to reduce the influence of residual 
water signal. The temperature dependence of the relaxation times was characterized. The 
expected maximum temperature measurement errors based on average calibration lines were 
calculated. Additionally, the heating-cooling reversibility was investigated for two samples. 

Results: The T1 and T2TSE temperature (T) dependence could be well fit with an exponential 
function of 1/T. A linear relationship between T2 and temperature was found. The temperature 
coefficients (mean ± inter-sample standard deviation) of T1 and T2TSE increased from 25 °C 
(dT1/dT = 5.35 ± 0.08 ms/°C, dT2TSE/dT = 3.82 ± 0.06 ms/°C) to 65 °C (dT1/dT = 9.50 ± 0.16 
ms/°C, dT2TSE/dT = 7.99 ± 0.38 ms/°C). The temperature coefficient of T2 was 0.90 ± 0.03 
ms/°C. The temperature-induced changes in the relaxation times were found to be reversible 
after heating to 65 °C.

Conclusion: Given the small inter-sample variation of the temperature coefficients, 
relaxation-based MR thermometry appears feasible in breast adipose tissue, and may be used 
as an adjunct to PRFS thermometry in aqueous tissue (glandular +tumor).
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5.1. Introduction

There is increased interest in the application of minimally invasive thermal therapies for breast 
cancer. These therapies include thermal ablation (1) techniques, in which the aim is to achieve 
high temperatures (commonly above 56 °C) in order to cause necrosis of the tumor tissue. The 
energy in ablation therapies may be delivered with radiofrequency (2), lasers (3), or focused 
ultrasound (4). Additionally, the application of mild hyperthermia (with temperatures slightly 
above body temperature) has drawn attention for radio- and chemo- sensitization (5,6), or for 
drug release from thermosensitive carriers (7). Compared to conventional surgery, minimally 
invasive techniques are expected to have less complications and better cosmetic results. MRI, 
with its excellent soft tissue imaging capabilities (8), may be combined with these thermal 
therapies and be used for treatment planning, guidance, and evaluation. An advantage of 
MRI is that it allows for temperature mapping. Reliable MR temperature monitoring during 
thermal therapies facilitates sufficient thermal dose deposition at the tumor site and helps 
avoid unwanted heating of tissue outside the target area. The proton resonance frequency 
shift (PRFS) is the most commonly used MR temperature monitoring technique. PRFS 
MR thermometry uses the temperature dependence of the electron screening constant of 
the hydrogen nuclei (protons) in water molecules (9), and can therefore be used in aqueous 
tissues. A temperature increase leads to an increase in shielding of the water hydrogen proton 
by the electron cloud (because of less strong hydrogen bonding (10)) and to a subsequent 
decrease in the nuclear magnetic field experienced by the protons. A change in the nuclear 
field yields a corresponding shift in the proton resonance frequency, which can be measured 
with phase mapping or spectroscopy techniques. An advantage of PRFS thermometry is the 
almost tissue type-independent thermal coefficient for the screening constant of hydrogen 
nuclei in water, even after coagulation (11).

However, for monitoring thermal therapy in the breast or other organs that contain a 
mixture of water and fat, temperature monitoring in adipose tissues is also desirable. 
Although breast tumor tissue and glandular tissue both are aqueous tissues, breast tumors 
are often embedded in adipose tissue, and in the margins outside the tumor visible on MRI 
tumor cells may also be present (12). Due to the fact that adipose tissue has a lower specific 
heat capacity (13) and lower heat conductivity (13,14) compared to other tissues in the 
breast, unwanted heat accumulation may especially occur in adipose tissue when ablating 
breast tumors. Additionally, temperature monitoring in the -often fatty- tumor margins, is 
required to ensure that a lethal thermal dose is reached there. However, PRFS thermometry is 
complicated in adipose tissue due to the very low water content and the absence of hydrogen 
bonding between fat molecules. As an alternative method for measuring temperatures in 
adipose tissue, MR thermometry based on the temperature dependence of T1 and T2 relaxation 
times has been proposed (15). At 0.2 T, the T1 of porcine fat increased with temperature and 
was reversible during the cooling phase after heating to above 43 °C (16). At 0.5 T both T1 
and T2 of bovine adipose tissue were shown to increase with temperature (15).  At 1.5 T, the 
T1 of porcine adipose tissue was found to increase linearly with temperature (17), and at 3T 
the same was observed for the T1 of human breast adipose tissue (18,19). The apparent T2 
of porcine adipose tissue increased with temperature and was reversible after heating (20). 
Additionally, the change in T1 -weighting has been used for thermometry in rabbit fatty tissue 
at 1.5 T (21). However, there is limited data available regarding the temperature dependence 
of human breast adipose tissue at 1.5 T .

Therefore, the aim of this study was to measure and characterize the temperature 
dependence of T1 and T2 of adipose breast tissue samples, in order to investigate the feasibility 
of T1 and T2 based MR thermometry in breast adipose tissue. All data was acquired at 1.5 T, 
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which is the field strength currently used by our group for MR-guided high-intensity focused 
ultrasound (MR-HIFU) ablation of breast tumors, using a dedicated breast MR-HIFU system 
(22). The range in the inter-sample temperature dependence of the relaxation times was used 
to investigate the feasibility of relaxation-based relative and absolute thermometry.  

5.2. Methods

In controlled heating and cooling experiments, relaxation times were measured at 
temperatures ranging from 25 to 65 °C. For each sample, the temperature dependence of the 
relaxation times was characterized by fitting a model to the measurements. The inter-sample 
variation in the temperature dependence was interpreted in terms of the expected temperature 
measurements errors that would occur when using an average calibration curve (as obtained 
by averaging the parameters of the model). Additionally, the heating-cooling reversibility 
of the relaxation time temperature dependence, and the comparison of the temperature 
dependence of the relaxation times for adipose tissue with those of only its fatty content was 
investigated to further determine the suitability of relaxation based MR thermometry for 
clinical applications in the breast. 

5.2.1. Patient population and setup
Seven breast fat samples were obtained from seven women (age subject for sample nr. 1: 40, 
2: 56, 3: 21, 4: 23, 5: 23, 6: 25, 7: 22 years) undergoing breast reduction surgery. Collection 
of these samples was approved by the Biobank review committee of the University Medical 
Center Utrecht. The samples were kept at room temperature and the MR experiments were 
performed on the day of surgery. Each sample was placed in a 50-mL Perspex cylindrical tube 
and heated in a temperature stabilized closed circuit water bath (Figure 1a). The water bath 
was placed at the iso-center of the bore of a 1.5-T MRI scanner (Achieva, Philips Healthcare, 
Best, The Netherlands) and two flexible receive coils (diameter = 20 cm) were used for signal 
detection. The actual temperature of the samples was monitored with a calibrated fiber optic 
probe (Luxtron, LumaSense, Santa Clara, California, USA), by placing the tip of the probe 
in the center of the sample. The MR scans were started when the probe temperature readings 
had been stable (within 0.2 °C) for at least 15 minutes. 

Temperature
probe

Reciever coil
Circulating water

Water bath

Sample

Cylindrical holder
a             b

 Breast adipose          Extracted fat

FIG. 1. (a) Schematic drawing of the water bath with the sample and (b) photos of fresh breast adipose 
tissue and the extracted fat.
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5.2.2. MR protocol
The values of three relaxation times were measured: the longitudinal relaxation time (T1), the 
transverse relaxation time (T2), and the apparent transverse relaxation time obtained using a 
Turbo Spin Echo (TSE) sequence (T2TSE). The most important parameter settings of the pulse 
sequences used are given below.

T1: T1 maps were calculated from a series of 2D inversion recovery TSE scans with inversion 
times = 150, 300, 800, and 3000 ms. The parameter settings were: field of view (FOV) = 160 
× 160 mm2, matrix = 80 × 80, slice thickness (ST) = 10 mm, repetition time (TR) = 4000 ms, 
number of signal averages (NSA) = 2, effective echo time = 20 ms, readout bandwidth = 0.5 
Hz/pixel. TSE factor = 8, TSE echo spacing = 4.4 ms, total scan duration = 5 min 36 s. The 
scans were acquired with Spectral Inversion Water Suppression (SPIR-WS) because of the 
presence of a small amount of water in adipose tissue and possible presence of residual fibro-
glandular tissue. Prior to the first inversion sequence, a full preparation scan was performed 
and it was checked whether the larmor frequency corresponded with the water peak. 

T2: T2 mapping was performed with a multi spin echo sequence. The following parameters 
were used: 8 echo times = 25, 50, 75, 100, 125, 150, 175, and 200 ms, TR= 2500 ms, NSA 
=1, water-fat shift = 1 pixel, total scan duration = 1 min 30 s. The same FOV, matrix size, and 
slice thickness were used as for T1 mapping. Similar to T1 mapping, T2 mapping was acquired 
with SPIR-WS.

T2TSE: For faster temperature mapping in adipose tissue a dual echo TSE sequence was used, 
similar to the one previously used for T2-based temperature mapping in abdominal fat for 
MR-HIFU near field monitoring (20). T2TSE reflects mixed T2 and T1 relaxation effects due to 
the presence of stimulated and indirect echoes in a TSE echo train (23). The parameters were: 
FOV = 160 × 160 mm2, acquired voxel size = 1.67 × 1.67 × 5 mm3, effective echo times 40 
and 180 ms. TR = 2000 ms, TSE factor = 38, refocusing pulse angle = 160°, echo spacing 
= 5.80 ms, NSA = 3, readout bandwidth = 429 Hz, total scan duration = 30 s, spectral water 
suppression (SPIR-WS). During the reconstruction, the in-plane pixel size was interpolated 
using zero padding to 1x1 mm2. 

5.2.3. Experiments
Temperature dependence of relaxation parameters
To compare the temperature dependence of the relaxation times, for all seven samples the 
temperature was increased stepwise from room temperature to 65 °C, and at five stable 
temperatures of 25, 35, 45, 55, and 65 °C, T1, T2, and T2TSE maps were acquired. 

Reversibility of temperature dependence
To investigate the reversibility of the temperature dependence of T1, T2, and T2TSE, for two 
samples, T1, T2, and T2TSE maps were acquired first during stepwise heating to 65 °C and then 
during stepwise cooling back down to 25 °C. 

Adipose tissue compared with extracted fat 
In one sample the T1 and T2 temperature dependence of adipose tissue was compared to the 
temperature dependence of the extracted fat component of the same tissue (Figure 1b).  This 
was investigated because HIFU ablation of adipose tissue may result in changes in the water 
and fat spatial distribution (for example by merging of cell lipid droplets after membrane 
destruction). The lipid content was separated by compressing the tissue and mechanically 
extracting the fat.  
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Parameter calculation 
For each voxel, T1 was obtained by fitting simultaneously the real (Sr) and imaginary (Si) 
transverse signal versus inversion time (TI) with the following equations (24):

( ) ( )1 1
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− −   
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where 0 0 0r iS S iS= +  is the signal from the thermal equilibrium magnetization and ε  accounts 
for imperfect magnetization inversion by the 180° pulse. T2 was calculated for each voxel by 
fitting the magnitude signal S  versus TE with:
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where ( )1S TE  and ( )2S TE  are the magnitude signals at the effective echo times of 40 and 
180 ms respectively. 

5.2.4. Models of relaxation temperature dependence
For all relaxation parameter maps, the mean and standard deviation of measured values 
within a region of interest (ROI) containing 30 voxels was calculated. The ROI was manually 
placed in a large adipose structure in the MR image. An exponential temperature dependence 
of T1 with 1/T was used as a model for a free-state molecular system (25,26):

 
273.15

1     
B

TT Ae
−

+= [4]

where A  (ms) and B  (°C) are parameter constants and T is the tissue temperature (°C). For 
a smaller temperature range, the T1 temperature dependence is commonly approximated by a 
linear function (17,19,25,27-30):

1T C DT= + [5]

where C  (ms) and D  (ms/°C) are again parameter constants and D  is the T1 temperature 
dependence.  Fewer studies have investigated the T2 temperature dependence for tissues, 
but for adipose tissue a linear temperature dependence has been observed for a smaller 
temperature range (20,28).  In the current study the choice of eq [4] or [5] was based on the 
best fit for the data (by comparing R2 for the two fits). This resulted in using eq. [4] for T1(T) 
and for T2TSE(T), and using eq. [5] for T2(T). The parameter constants were obtained for each 
of the 30 voxels by fitting the temperature-dependent models to the measurements obtained 
for the five temperatures (25 – 65 °C) during heating. 

For the set of seven samples characterized by eq. [4], the range of absolute temperatures 
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(T) for the seven samples calculated using the fit function at a given relaxation time T1 or 
T2TSE was used to estimate the accuracy of absolute temperature measurements.  Commonly, 
however, only changes in temperature are measured with MRI. To compare the temperature 
coefficients for the breast fat samples, parameter B (from eq [5]) was used for T2(T). For 
T1(T) and T2TSE(T) the temperature coefficient depends on the initial temperature T0. Given 
the parameters A and B from eq. [4], the T1- and T2TSE- temperature dependence at initial 
temperatures T0 = 25, 35, 45, 55, and 65 °C was calculated using:

0

0
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The reversibility of the temperature dependence of T1, T2, and T2TSE was also investigated by 
comparing the parameter temperature coefficients obtained during heating (25 to 65 °C) to 
those during cooling (65 to 25 °C).  Additionally, the T1 and T2 temperature coefficients of 
adipose tissue were compared to those of its extracted fat component.

5.3. Results

5.3.1. Temperature dependence of relaxation parameters
T1 and T2TSE temperature dependence 
Figure 2 shows the mean T1 (Figure 2a) and T2TSE (Figure 2b) measurements of the ROI 
plotted against the fiber optic probe temperature readings for the seven samples. The 
measurements were well fit with the exponential equation [4], having residuals less than 4%. 
Table 1 gives the mean and standard deviation of the found voxel parameters A and B (of 
eq. [4].) for the individual samples. The spread of temperature values for a given relaxation 
time measurement (red doubled-arrowed lines in Figure 2) indicates the expected accuracy 
of absolute temperature measurements for a sample based upon the data collected from the 
seven samples and was between 2.2 and 4.3 °C for T1 and 0.7 and 2.2 °C for T2TSE. The 
temperature coefficient at baseline temperatures 25, 35, 45, 55, and 65 °C are given in Table 
2 for T1 and Table 3 for T2TSE. dT1/dT increased from 5.35 ± 0.08 ms/°C at 25 °C to 9.50 ± 0.16 
ms/°C at 65 °C. dT2TSE/dT increased from 3.82 ± 0.06 ms/°C at 25 °C to 7.99 ± 0.38 ms/°C 
at 65 °C. The variation in inter-sample dT1/dT and dT2TSE/dT measurements (quantified with 
the standard deviation) was on the same order (or smaller than) the intra-sample variation. 

T1 and T2TSE calibration lines: 
Calibration lines were given as the average of the sample parameters A and B (Table 1), 
i.e. 35 2.08  10 /T

1   2.57 10  T e− ×= × and 35 2.49  10 /T
2   6.46 10  TSET e− ×= × . Given these calibration lines, 

Figure 3 shows the maximum error in the measured temperature change from the set of seven 
samples, when assuming a baseline temperature before heating of 37 °C. The maximum 
error in the measured temperature change depends both on the initial sample temperature 
T0 sample (which in practice may not have been 37 °C) and change in sample temperature .. 
from the initial temperature. For instance, if the initial sample temperature corresponds with 
the estimated initial temperature (37 °C, dashed vertical line in Figure 3), the maximum 
temperature change error was less than 1.0 °C for T1 and less than 2.6 °C for T2TSE for a 
temperature change up to 30 °C. 
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T2 temperature dependence
In Figure 4 the T2 measurements are plotted versus fiber optic temperature measurements, and 
the least squares fit (R2

 > 0.97) for eq. 6 is shown. Table 4 gives the average T2-temperature 
dependence coefficients for the samples. The average value for all seven samples was 0.90 ± 
0.03 ms/°C (range: 0.89 - 0.95 ms/°C). For all samples, the intra-sample 2 /T T∆ ∆  variation 
was larger than the inter-sample variation in 2 /T T∆ ∆ . 

5.3.2. Reversibility of temperature dependence
Figure 5 shows the T1, T2, and T2TSE measurements during heating and cooling for two 
samples. Small differences were found between the temperature dependence of all relaxation 
times during the heating and cooling phase. The difference in the temperature dependence of 
T1, T2 and T2TSE for the heating and cooling curves was less than 0.42 ms/°C (Table 2), 0.03 
ms/°C (Table 3), and 0.16 ms/°C (Table 4) respectively. 

5.3.3. Adipose tissue compared with extracted fat component
In Figure 6 the T1 and T2 temperature dependence of adipose tissue for one sample is compared 
with the temperature dependence of its extracted fat component. For T1, the difference in 
temperature coefficients between adipose and the extracted fat was less than 0.3 ms/°C (Table 
2). For T2 the difference in temperature coefficients was 0.03 ms/°C (Table 4).
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FIG. 2. Mean and standard deviation (error bars) of the (a) T1 and (b) T2TSE measurements versus 
temperature (N = 7 samples). The fit function is given by equation [4].
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Table 1. The optimal values for parameters A and B of equation [4] for the T1- and T2TSE 
temperature dependence of the samples.

T1 T2TSE

Sample A ×105
  (ms) B ×103

  (°C) A ×105
  (ms) B ×103

 (°C)
1 2.00 ± 0.42 2.00 ± 0.07 4.51 ± 1.33 2.39 ± 0.09
2 2.56 ± 0.98 2.07 ± 0.13 4.96 ± 1.55 2.42 ± 0.09
3 3.25 ± 1.06 2.17 ± 0.10 9.75 ± 3.59 2.64 ± 0.12
4 2.58 ± 0.36 2.09 ± 0.05 5.86 ± 1.73 2.48 ± 0.09
5 2.32 ± 0.56 2.06 ± 0.08 7.62 ± 5.20 2.52 ± 0.18
6 2.67 ± 0.50 2.10 ± 0.06 5.04 ± 1.86 2.42 ± 0.12
7 2.62 ± 0.50 2.10 ± 0.07 7.46 ± 6.41 2.51 ± 0.18
Average: 2.57 ± 0.38 2.08 ± 0.05 6.46 ± 1.90 2.49 ± 0.08

Table 2. The T1-temperature dependence (in ms/°C) at a given initial temperature T0. For the 
individual samples ± denotes the standard deviation (N = 30) over the voxels of the ROI. For 
the average value, ± is the standard deviation over the mean of the seven samples. 

Sample T0 = 25 °C T0 = 35 °C T0 = 45 °C T0 = 55 °C T0 = 65 °C
1 heating 5.39 ± 0.09 6.28 ± 0.14 7.23 ± 0.20 8.24 ± 0.27 9.30 ± 0.36
   cooling 5.38 ±0.10 6.26 ±.0.13 7.20 ±0.16 8.20 ± 0.21 9.25 ± 0.27
   extracted fat 5.48 ±0.12 6.41 ± 0.18 7.41 ±0.25 8.47 ± 0.33 9.60 ± 0.43
2 heating 5.45 ± 0.07 6.39 ± 0.14 7.41 ± 0.24 8.49 ± 0.36 9.64 ± 0.50
3 heating 5.25 ± 0.14 6.23 ± 0.22 7.29 ± 0.31 8.44 ± 0.43 9.67 ± 0.58
4 heating 5.40 ± 0.05 6.35 ± 0.12 7.38 ± 0.10 8.47 ± 0.15 9.63 ± 0.21
   cooling 5.40 ± 0.09 6.27 ± 0.12 7.20 ± 0.17 8.18 ± 0.23 9.21 ± 0.31
5 heating 5.24 ± 0.15 6.14 ± 0.20 7.10 ± 0.27 8.13 ± 0.35 9.22 ± 0.45
6 heating 5.34 ± 0.06 6.28 ± 0.09 7.31 ± 0.13 8.40 ± 0.19 9.57 ± 0.27
7 heating 5.36 ± 0.09 6.30 ± 0.14 7.32 ± 0.21 8.41 ± 0.28 9.57 ± 0.37
Average 
(N=7):
(of heating)

5.35 ± 0.08 6.28 ± 0.08 7.29 ± 0.09 8.36 ± 0.12 9.50 ± 0.16
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Table 3. The T2TSE-temperature dependence (in ms/°C) at a given initial temperature T0. For 
the individual samples ± denotes the standard deviation (N = 30) over the voxels of the ROI. 
For the average value, ± is the standard deviation over the mean of the seven samples.

Sample T0 = 25 °C T0 = 35 °C T0 = 45 °C T0 = 55 °C T0 = 65 °C
1 heating 3.73 ± 0.09 4.51 ± 0.15 5.38 ± 0.23 6.34 ± 0.33 7.39 ± 0.44
   cooling 3.74 ± 0.08 4.55 ± 0.12 5.45 ± 0.18 6.45 ± 0.25 7.55 ± 0.33
2 heating 3.74 ± 0.11 4.57 ± 0.17 5.49 ± 0.25 6.52 ± 0.36 7.64 ± 0.48
3 heating 3.90 ± 0.19 4.87 ± 0.25 5.98 ± 0.33 7.24 ± 0.45 8.65 ± 0.60
4 heating 3.86 ± 0.12 4.73 ± 0.18 5.73 ± 0.26 6.83 ± 0.35 8.05 ± 0.46
   cooling 3.87 ± 0.13 4.75 ± 0.19 5.73 ± 0.27 6.84 ± 0.37 8.05 ± 0.49
5 heating 3.81 ± 0.25 4.70 ± 0.37 5.71 ± 0.54 6.85 ± 0.76 8.11 ± 1.02
6 heating 3.77 ± 0.16 4.60 ± 0.24 5.52 ± 0.36 6.55 ± 0.48 7.69 ± 0.64
7 heating 3.90 ± 0.16 4.79 ± 0.24 5.81 ± 0.36 6.95 ± 0.53 8.22 ± 0.75
Average 
(N=7):
(of heating)

3.82 ± 0.06 4.69 ± 0.11 5.67 ± 0.18 6.77 ± 0.27 7.99 ± 0.38
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FIG. 3. The expected maximum absolute error in the measured temperature change from the set of 
seven samples when using the (a) T1 and (b) T2TSE average calibration line and assuming a baseline 
temperature of 37 °C.
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the standard deviation (N = 30) over the voxels of the ROI. For the average value, ± is the 
standard deviation over the mean of the seven samples.

Sample ΔT2/ΔT	(ms/°C)
1 heating 0.89 ± 0.07
   cooling 0.86 ± 0.08
   extracted fat 0.92 ± 0.02
2 heating 0.89 ± 0.10
3 heating 0.89 ± 0.11
4 heating 0.89 ± 0.07
   cooling 0.86 ± 0.07
5 heating 0.93 ± 0.15
6 heating 0.86 ± 0.12
7 heating 0.95 ± 0.10
Average	(N=7):
(of heating)

0.90 ± 0.03

20 25 30 35 40 45 50 55 60 65 70
50

55

60

65

70

75

80

85

90

95

100

105

Temperature (°C)

T 2
 (m

s)

FIG. 4. Mean and standard deviation (error bars) of the T2 measurements versus temperature (N = 7 
samples). The fit is given by equation [6].
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5.4. Discussion

Small variations were found in the inter-sample temperature dependence of the three 
relaxation times T1, T2, and T2TSE measured in this study (i.e. absolute differences less than 
0.5 ms/°C for T1 and 0.1 ms/°C for T2 (Tables 2 and 4). Both T1 and T2TSE showed a non-
linear temperature dependence (well modeled by the mono-exponential function in eq. [4].). 
The non-linearity demands a good baseline temperature estimate for reduced temperature 
measurement errors. For example: with an assumed baseline temperature of 37 °C, but an 
actual sample temperature between 34 and 40 °C and a sample temperature change of 30 °C, 
a maximum temperature change measurement error of 3 °C  may be expected (Figure 3). 
The results (Figure 5) also suggest that T1 and T2 based thermometry is robust to heating of 
adipose tissue up to 65 °C (i.e. it is completely reversible) and not influenced by the cellular 
structures in which the fat resides (i.e. adipose tissue and fat showed a similar relaxation time 
temperature dependence). For measuring the absolute sample temperature, the best results 
were given by T2TSE (Figure 2b), with a sample temperature accuracy of more than 2.2 °C.

The small inter-sample variation in the relaxation time-temperature dependence found in 
this study is consistent with the small variation in the apparent T2-temperature dependence 
reported before for fresh adipose porcine samples (20). This small variation in coefficients 
would make relaxation-based MR thermometry also applicable to breast adipose tissue. In 
contrast, large inter-sample variations of the T1 temperature dependence in breast fat samples 
have been reported by other studies (18), potentially resulting in temperature errors of up 
to 43%. The smaller variation found here may be due to the use of SPIR-water suppression 
in this study. Water suppression would reduce the influence of any residual water signal 
contributing to the measurement of the relaxation times. Additionally, the use of a temperature 
stabilized water bath, with the sample temperature kept constant during the MR acquisition 
may have resulted in more reproducible measurements. For all the relaxation parameters, 
the inter-sample temperature dependence was less or of the same order as the intra-sample 
variation (Tables 2-4). This may indicate that the current study was unable to probe very 
subtle differences in the sample temperature dependence for the relaxation times. However, 
the small variations found may also be due to differences in the fatty acid composition of 
the breast adipose samples (28). Whether variation in the temperature dependence of the 
relaxation times based on the whole fat signal could be linked to variation in fatty acid 
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FIG. 6. The measured (a) T1, and (b) T2 temperature dependence for adipose tissue (solid blue line) and 
its extracted fat component (dashed magenta line). 
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composition would be interesting future work. One limitation to the current study was the 
relatively small sample size (N=7) and the homogeneity of some aspects of the patient group 
(i.e. all were undergoing a breast-reduction surgery operation.) However, there was a large 
variation in the age of the subjects (21 -56 years) included in this study.

To conclude, relaxation-based MR thermometry appears feasible for measuring 
temperature changes in adipose breast tissue during thermal therapy, for instance with MR-
HIFU. The method will require adequate water suppression or reliable water-fat separation. 
In the future, relaxation based MR thermometry in adipose tissue (acquired for example with 
a turbo spin echo: i.e. T2TSE) may be alternated with a PRFS acquisition in aqueous tissues for 
a complete temperature change map during thermal interventions in the breast. 
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CHAPTER  6
6. General discussion

General discussion
In this thesis, research with respect to several aspects of MR thermometry in tissues containing 
fat was presented and discussed. The research was carried out within the context of the 
VOLTA project funded by the Dutch Center for Translational Molecular Medicine (CTMM). 
The purpose of the VOLTA project was to develop an MR-HIFU technology platform for the 
ablation of breast and liver tumors.

Given the fact that breast tumors are often at least partially surrounded by fat tissue, the 
development and optimization of methods for MR thermometry in fatty tissues was indicated. 
Additionally a method to detect unwanted heating of subcutaneous adipose tissue during 
MR-HIFU ablation in the abdomen, e.g. of liver tumors, was proposed and investigated. 
Special attention was paid to the role of magnetic susceptibility in MR thermometry and the 
potential for relaxation based thermometry in adipose tissue. 

6.1. Magnetic susceptibility of aqueous and fatty tissues

As mentioned in the introduction section of this thesis, the electron shielding constant of 
the water hydrogen proton has a low temperature sensitivity (0.01 ppm/°C), thereby making 
PRFS-based thermometry prone to errors caused by other sources of magnetic field changes 
that may easily overwhelm the effects of temperature on the observed proton resonance 
frequency. For example, a previous study showed that heat-induced magnetic susceptibility 
changes of fat give rise to magnetic field disturbances that may corrupt PRFS-thermometry in 
nearby aqueous tissues (1). This presented a challenge on how to separate (or account for the 
effects) of tissue magnetic susceptibility and electron shielding, which are both temperature 
dependent intrinsic tissue properties (chapter 2, equation 1). The magnetic susceptibility can 
be quantified using set-ups with special geometries (2) or making use of object rotations with 
respect to the direction of the main magnetic field (3), but this would be unpractical during 
HIFU ablations. Correction methods for magnetic field disturbances have generally fallen into 
two categories: the generic approach (eg. fat referencing (4)/referenceless MR thermometry 
(5)) or the direct approach (e.g. the multi-baseline correction algorithm (6)). In chapter 2 the 
direct approach was used to correct for heat-induced magnetic field disturbances. The change 
in heat-induced tissue magnetic susceptibility was estimated using a 3D thermal model with 
T1 and/or PRFS temperature maps as input, and via a fast algorithm, the related magnetic 
field disturbance was calculated. The correction method was shown to be effective and has 
potential for real-time correction during HIFU. 
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For voxels containing both aqueous and fatty tissues, internal referencing has been 
proposed to compensate for general sources of magnetic field disturbances (7). The concept 
is to use fat, with a temperature independent electron screening constant as a probe for the 
magnetic field to correct for the field disturbance in the aqueous tissue in the same voxel. 
However, it was shown in chapter 3 that when heat-induced changes are the source of the 
field disturbance, using fat as an internal reference may work inadequately. This is because 
of the difference in temperature coefficient of magnetic susceptibility for aqueous and fatty 
tissues, resulting in intra-voxel spatial variations in the change of magnetic field. The choice 
of whether to use internal referencing may therefore depend on whether the heat-induced 
errors are expected to be higher or lower than other sources of magnetic field disturbances. 
However, given that the magnitude of these errors depends on the water/fat geometry, 
temperature change, and location and size of the voxel, this may have to be investigated for 
each application and situation.

Other than the heat-induced change in magnetic susceptibility, the inherent difference in 
magnetic susceptibility between aqueous and fatty tissues (of about 1 ppm) may also be an 
issue. If both aqueous and fatty tissues are present in a voxel, intra-voxel spatial magnetic 
field variations can be expected (chapter 3). Therefore, the measured intra-voxel difference 
in the water/fat resonance frequency is not only due to the difference in electron screening 
constants of water and fat, but also related to their spatial distribution. This complicates 
absolute thermometry techniques which are based on the difference in the resonance 
frequency between water and fat. Simulations and experiments confirmed that the spatial 
distribution of magnetic susceptibility was an important source of errors in the temperature 
measurement. With this knowledge, the large variations in absolute temperatures measured 
in the breast by McDannold et al. (2) may largely be explained by the spatial distribution of 
water and fat. Consequently, the spatial distribution of the magnetic susceptibility (as well 
as any other source of intra-voxel variation in magnetic field) should be considered when 
applying this technique. A more thorough investigation of this effect is warranted.

6.2. Relaxation based thermometry in adipose tissues

For thermal therapies in heterogeneous water/fat tissues, temperature information in both 
aqueous and fatty tissue compartments is desirable. For example, adipose tissue may 
accumulate heat during the thermal intervention and pose a risk to adjacent tissue structures, 
and tumor cells may be embedded in fat in the margins of a breast tumor. In chapters 4 and 5, 
MR thermometry based on the temperature dependence of relaxation times was investigated 
for adipose tissue. Very low inter-sample variations in the temperature coefficients for 
the relaxation times were found in breast and porcine adipose tissue. It was found to be 
important to apply water suppression, giving more reproducible temperature coefficients in 
adipose tissue (eg. chapter 4, Figure 4b). Additionally, for the temperature range measured 
(25 - 65 °C), and in both porcine and human breast adipose tissue, the relaxation times 
were completely reversible during cooling after the tissue had been heated. Both animal 
experiments in a pig model and calibration experiments in human breast adipose tissue 
samples suggest that relaxation-based MR thermometry is feasible in adipose tissue during 
MR-HIFU interventions.

6.3.	 Verification	of	MR	thermometry

Commonly, calibrated temperature probes such as fiber-optic probes or thermocouples are 
used to verify MR temperature measurements, and are considered to provide the ground 
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truth. However, verifying the temperature information obtained from MR scans has proved 
to be difficult (8). In chapter 2 the use of ethylene glycol (EG) gel was introduced for this 
purpose. EG is an established solution used to calibrate temperatures of NMR spectrometers, 
by measuring the hydrogen proton resonance frequency difference between the -OH and -CH2 
chemical groups (9). In chapter 2, where a correction method was proposed, this property of 
EG was used to separate temperature changes from magnetic field changes. In chapter 4, 
which dealt with measuring the temperature change in subcutaneous adipose tissue, fiber 
optic probes were used to verify the temperature change in the pig’s fat layer during a HIFU 
sonication. Although fiber optic probes provoke less susceptibility-related artefacts on the 
MR temperature maps, compared to metallic thermocouples, their use remains challenging. 
The ultrasound pressure waves may result in jumps in the temperature reading and finding 
the exact tip location on the MR image is challenging. Additionally, the influence of 
viscous heating of the probe itself can generally not be accounted for. In all chapters of 
this thesis, aspects regarding temperature verification have been addressed. In chapter 5, the 
temperature dependence of T1 and T2 in fat was investigated. Here a temperature-stabilized 
water bath was employed to make the temperature as spatially homogenous as possible to 
allow easier matching between the MR measurement and the temperature probe readings. 
In chapter 3, spherical tissue samples were maintained at room temperature for hours to 
ensure a temperature profile that is as homogenous as possible. Therefore, no field disturbing 
temperature probe was necessary, as the temperature was assumed to be spatially the same 
everywhere in the tissue. 

6.4. Ongoing and future research

In this thesis, several issues were presented that may deserve further attention. The most 
important ones are described here. In chapter 2, a method to correct for PRFS thermometry 
errors due to heat-induced magnetic susceptibility changes was investigated. The correction 
method used prior knowledge of the temperature dependence of the magnetic susceptibility 
of tissues. Data on the temperature coefficient for the magnetic susceptibility were available 
for water, adipose tissue, and muscle, but not for tumor tissue. However, it would be good 
to have this data in order to estimate the effect of heat-induced magnetic susceptibility 
changes on PRFS-thermometry in tumors during HIFU interventions. For the same reason it 
would be interesting to investigate whether ex vivo and in vivo tissue have similar magnetic 
susceptibility properties. The correction method presented in this thesis assumed a small 
inter-sample variation in the temperature dependence of the tissue magnetic susceptibility. If 
this assumption is invalid, the proposed correction method may be ineffective. It is therefore 
desirable to investigate aspects that may influence these calibration measurements. For 
example, the temperature dependence of the susceptibility may be different for fast HIFU-
heating (order of seconds) than for controlled heating experiments which may take hours. 
One study, for example, noted a dispersion of the lipid phase in experiments determining 
the temperature dependence of the magnetic susceptibility of breast adipose tissue (10). 
Additionally the preparation or origin of the tissue sample may influence the tissue magnetic 
susceptibility. Tissue refrigeration, centrifugation, and time between tissue extraction and 
calibration may all influence the magnetic susceptibility, and the temperature dependence 
hereof.

In chapter 3, the influence of water/fat heterogeneity on fat referenced thermometry 
was investigated. Fat referenced absolute thermometry was found to be challenging in 
more heterogeneous water/fat distributions like the breast. Further research is needed to 
investigate whether these effects may be corrected for, either directly by estimating the field 
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disturbance, or by analysis of the MR spectrum. Spectral characteristics have been used to 
characterize the geometry of simple magnetic field perturbers (11) but this concept may be 
much more difficult to apply to tissues with more complex geometries. Additionally, it would 
be interesting to investigate the influence of intra-voxel magnetic field variation on water/
fat separation techniques. This is especially important because of the interest in techniques 
for simultaneous MR thermometry in water and fat. For example, by using a multi-flip 
angle, multi-echo gradient echo sequence, the water/fat signal may be separated with IDEAL 
(12), and the T1 (13,14) and proton resonance frequency (shift) measured in water and fat. 
This would allow for T1-based thermometry in fat and PRFS thermometry in water (15,16). 
However these water/fat separation algorithms commonly assume a fixed value for the water/
fat resonance frequency separation, which was shown in chapter 3 not to be the case in the 
breast, even at a homogenous temperature. Being unable to sufficiently separate the water 
and fat signal may result in MR thermometry errors in both water and fat. 

Regarding MR thermometry in adipose tissues, Kuroda et al. (17) measured the temperature 
dependence of T1 and T2  of adipose fatty acid components at 11 T. It is also important to 
measure the temperature dependence of relaxation times of fatty acid components at lower 
field strengths (1.5 T, 3 T) which are currently more clinically relevant for HIFU. This is 
necessary because of the possible influence of the variation of the fatty acid composition in 
adipose tissue on relaxation-based thermometry methods that don’t separate these fatty acid 
components. In chapters 4 and 5 relaxation-based MR thermometry techniques were used 
that don’t separate or account for the fatty acid composition. Despite this, small inter-sample 
variations in the temperature coefficients for the relaxation times were found suggesting that 
the influence of fatty acid compositions, at least in the population from which these samples 
were taken, is very small. However, due to the small sample size used in this thesis, this aspect 
should not be completely ignored. Therefore, to avoid unacceptable errors in relaxation-
based thermometry, both investigating a larger number of samples is necessary, and the exact 
influence of the fatty acid composition on relaxation-based temperature measurements needs 
to be quantified. Another reason why measuring the temperature dependence of relaxation 
times of fatty acid components at lower field strengths is desirable, is to use this as prior 
knowledge for water/fat separation algorithms at different temperatures. Unfortunately, 
measuring the relaxation times of fatty acids in adipose tissue is challenging at lower field 
strengths because of the decreased spectral resolution. Also, the presence of J-coupling 
and the large number of fatty acid components present in adipose tissue complicate these 
measurements. 

In chapter 3 it was shown that absolute thermometry based on the water/fat resonance 
frequency difference may not be straight-forward. As an alternative for adipose tissues, the 
absolute temperature may be derived from measurements of the relaxation times. Indeed, for 
the seven breast fat samples measured in chapter 5 (Figure 2b), a temperature error of less 
than 2.2 °C was found for the turbo spin echo based measurements. These findings should 
be confirmed in more breast samples. Furthermore, relaxation time measurement techniques 
would need to be developed that are sufficiently robust against B1 and B0 inhomogeneities, 
which may be quite large around the HIFU system.

In chapter 4, heat accumulation was measured in adipose tissue based on the change 
in the apparent T2, i.e. the T2 measured using a dual-echo turbo spin echo sequence. This 
sequence may be optimized, and the compromise between SNR, temperature sensitivity, scan 
time, and other imaging parameters investigated. This would allow for the implementation 
of this technique for different MR-HIFU platforms, and tissue regions, which may have 
considerably different SNR. 
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Lastly, the observed macroscopic tissue deformations during HIFU ablations observed 
in the breast in ex vivo studies (18) could seriously hamper MR-thermometry techniques 
used in this thesis (e.g. image subtraction methods), and the correction method presented 
in chapter 2. This observation needs to be confirmed with other MR imaging methods or 
imaging modalities and in the in vivo situation.

6.5. Conclusions  

This work has contributed to the understanding, development, and application of MR 
thermometry methods in fat-containing tissues. The influence of magnetic susceptibility on 
chemical shift-based thermometry was shown with simulations and heating experiments. It 
was shown that relaxation based thermometry can sufficiently probe temperature changes 
in adipose tissue. MR thermometry is an active field of research, with new techniques 
being developed, evaluated, and applied, in order to improve patient care during thermal 
interventions. 

6.6. References

1. Sprinkhuizen SM, Konings MK, van der Bom MJ, Viergever MA, Bakker CJ, 
Bartels LW. Temperature-induced tissue susceptibility changes lead to significant 
temperature errors in PRFS-based MR thermometry during thermal interventions. 
Magn Reson Med 2010;64(5):1360-1372.

2. Frei K, Bernstein HJ. Method for Determining Magnetic Susceptibilities by NMR. 
J Chem Phys 1962;37(8):1891-&.

3. De Poorter J. Noninvasive MRI thermometry with the proton resonance frequency 
method: study of susceptibility effects. Magn Reson Med 1995;34(3):359-367.

4. Kuroda K, Oshio K, Chung AH, Hynynen K, Jolesz FA. Temperature mapping using 
the water proton chemical shift: A chemical shift selective phase mapping method. 
Magn Reson Med 1997;38(5):845-851.

5. Rieke V, Vigen KK, Sommer G, Daniel BL, Pauly JM, Butts K. Referenceless PRF 
shift thermometry. Magn Reson Med 2004;51(6):1223-1231.

6. Vigen KK, Daniel BL, Pauly JM, Butts K. Triggered, navigated, multi-baseline 
method for proton resonance frequency temperature mapping with respiratory 
motion. Magn Reson Med 2003;50(5):1003-1010.

7. Kuroda K, Mulkern RV, Oshio K, Panych LP, Nakai T, Moriya T, Okuda S, Hynynen 
K, Jolesz FA. Temperature mapping using the water proton chemical shift: self-
referenced method with echo-planar spectroscopic imaging. Magn Reson Med 
2000;44(1):167.

8. Baron P, Deckers R, de Greef M, Merckel LG, Bakker CJG, Bouwman JG, Bleys 
RLAW, van den Bosch MAAJ, Bartels LW. Correction of Proton Resonance 
Frequency Shift MR-Thermometry Errors Caused by Heat-Induced Magnetic 
Susceptibility Changes during High Intensity Focused Ultrasound Ablations in 
Tissues Containing Fat. Magn Reson Med 2014;72(6):1580-1589.

9. Ammann C, Meier P, Merbach AE. A Simple Multi-Nuclear NMR Thermometer. J 
Magn Reson 1982;46(2):319-321.

10. Sprinkhuizen SM, Bakker CJG, Ippel JH, Boelens R, Viergever MA, Bartels LW. 
Temperature dependence of the magnetic volume susceptibility of human breast fat 
tissue: an NMR study. Magn Reson Mater Phy 2012;25(1):33-39.



Chapter 6

100

6

11. Seppenwoolde JH, van Zijtveld M, Bakker CJ. Spectral characterization of local 
magnetic field inhomogeneities. Phys Med Biol 2005;50(2):361-372.

12. Reeder SB, Wen ZF, Yu HZ, Pineda AR, Gold GE, Markl M, Pelc NJ. Multicoil 
Dixon chemical species separation with an iterative least-squares estimation 
method. Magn Reson Med 2004;51(1):35-45.

13. Kuroda K, Iwabuchi T, Lam MK, Obara M, Honda M, Saito K, Cauteren MV, Imai 
Y. Fat Temperature Imaging with T1 of Fatty Acid Species using Multiple Flip 
Angle Multipoint Dixon Acquistions. In Proceedings of the 18th Annual Meeting of 
the ISMRM, Stockholm, Sweden, 2010. p. 1818.

14. Deoni SC, Rutt BK, Peters TM. Rapid combined T1 and T2 mapping using gradient 
recalled acquisition in the steady state. Magn Reson Med 2003;49(3):515-526.

15. Diakite M, Odeen H, Todd N, Payne A, Parker DL. Toward real-time temperature 
monitoring in fat and aqueous tissue during magnetic resonance-guided high-
intensity focused ultrasound using a three-dimensional proton resonance frequency 
T1 method. Magn Reson Med 2014;72(1):178-187.

16. Soher BJ, Wyatt C, Reeder SB, MacFall JR. Noninvasive temperature mapping with 
MRI using chemical shift water-fat separation. Magn Reson Med 2010;63(5):1238-
1246.

17. Kuroda K, Iwabuchi T, Obara M, Honda M, Saito K, Imai Y. Temperature 
Dependence of Relaxation Times in Proton Components of Fatty Acids. Magn 
Reson Med Sci 2011;10(3):177-183.

18. Merckel LG, Deckers R, Baron P, Bleys RLAW, van Diest PJ, Moonen CTW, Mali 
WPTM, van den Bosch MAAJ, Bartels LW. The effects of magnetic resonance 
imaging-guided high-intensity focused ultrasound ablation on human cadaver breast 
tissue. Eur J Pharmacol 2013;717(1-3):21-30.



6

101



7



103

Summary

7

CHAPTER 7
7. Summary

Summary 
The aim of the research described in this thesis was to improve and apply MR thermometry 
techniques in fat containing tissues. These thermometry methods were researched with the 
aim of applying them for MR-guided HIFU treatment of tumors in the female breast and in 
the liver. 

In chapter 2 the sensitivity of proton resonance frequency shift (PRFS)-based 
thermometry to heat-induced magnetic susceptibility changes was demonstrated and a model-
based correction procedure was presented and evaluated. To demonstrate the theoretically 
expected temperature-induced effect on the magnetic field, field disturbances during high 
intensity focused ultrasound sonications were monitored in breast fat samples with a three-
dimensional (3D) gradient echo sequence. To evaluate the correction procedure, phantom 
experiments were performed in which an interface of tissue mimicking ethylene glycol gel 
and fat was sonicated. During sonication, the temperature was monitored with a 2D dual flip 
angle multi-echo gradient echo sequence, allowing for PRFS based relative and referenced 
temperature measurements in the gel and T1-based temperature measurements in fat. The 
PRFS-based measurement in the gel was corrected by minimizing the discrepancy between 
the observed 2D temperature profile and the profile predicted by a 3D thermal model. The 
HIFU sonications of breast fat resulted in a magnetic field disturbance which completely 
disappeared after cooling. For the correction method, the 5th to 95th percentile interval of 
the PRFS-thermometry error in the gel decreased from 3.8 °C before correction to 2.0 – 2.3 
°C after correction. This study showed the effects of magnetic susceptibility changes induced 
by heating of breast fatty tissue samples. The resultant errors could be reduced by the use of 
a model-based correction procedure.

In chapter 3 the effect of the aqueous and fatty tissue magnetic susceptibility distribution 
on absolute and relative temperature measurements as obtained directly from the water/fat 
frequency difference was investigated. Absolute thermometry was investigated using spherical 
phantoms filled with (macroscopically heterogeneous) pork and (more homogeneous) 
margarine, which were scanned in three orthogonal orientations. To evaluate relative fat 
referencing, multi-gradient echo scans were acquired before and after heating pork tissue by 
high intensity focused ultrasound (HIFU). Simulations were performed to estimate the errors 
that can be expected in human breast tissue. The sphere experiment showed susceptibility-
related errors of 8.4 °C and 0.2 °C for pork and margarine, respectively. For relative fat 
referencing measurements, fat showed pronounced phase changes of opposite polarity to 
aqueous tissue. The apparent mean temperature for a numerical breast model (assumed to be 
at 37 °C) was 47.2 ± 21.6 °C. Simulations of relative fat referencing for a HIFU sonication 
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(ΔT = 29.7 °C) gave a maximum temperature error of 6.6 °C compared to 2.5 °C without fat 
referencing. Variations in the observed frequency difference between water and fat are largely 
due to variations in the water/fat spatial distribution. This effect may lead to considerable 
errors in absolute MR thermometry. Additionally, fat referencing may exacerbate rather than 
correct for PRFS-temperature measurement errors.

During MR-guided high-intensity focused ultrasound (HIFU) therapy, ultrasound 
absorption in the near field represents a safety risk and limits efficient energy deposition at 
the target. In chapter 4 the feasibility of using T2 mapping to monitor the temperature change 
in subcutaneous adipose tissue layers was investigated. The T2 temperature dependence and 
reversibility was determined for fresh adipose porcine samples. The accuracy was evaluated 
by comparing T2-based temperature measurements with probe readings in an ex vivo HIFU 
experiment. The in vivo feasibility of T2-based thermometry was studied during HIFU 
ablations in the liver in pigs and of uterine fibroids in human patients. T2 changed linearly and 
reversibly with temperature with an average coefficient of 5.2 ± 0.1 ms/°C. For the ex vivo 
HIFU experiment, the difference between the T2-based temperature change and the probe 
temperature was < 0.9 °C. All in vivo experiments showed temperature-related T2 changes 
in the near field directly after sonications. As expected, considerable inter-subject variations 
in the cooling times were measured in the in vivo porcine experiments. The reversibility and 
linearity of the T2-temperature dependence of adipose tissue allows for the monitoring of the 
temperature in the subcutaneous adipose tissue layers.

In chapter 5 the T1 and T2 temperature dependence of female human breast adipose 
tissue at 1.5T was investigated in order to evaluate the applicability of relaxation-based MR 
thermometry for temperature monitoring in fat during thermal therapy in the breast. Relaxation 
times T1, T2, and T2TSE (apparent T2 measured using a turbo spin echo readout sequence) were 
measured in seven fresh adipose breast samples for temperatures from 25 to 65 °C. Spectral 
water suppression was used to reduce the influence of residual water signal. The temperature 
dependence of the relaxation times was characterized. The expected maximum temperature 
measurement errors based on average calibration lines were calculated. Additionally, the 
heating-cooling reversibility was investigated for two samples. The T1 and T2TSE temperature 
(T) dependence could be well fit with an exponential function of 1/T. A linear relationship 
between T2 and temperature was found. The temperature coefficients (mean ± inter-sample 
standard deviation) of T1 and T2TSE increased from 25 °C (T1 = 5.35 ± 0.08 ms/°C, T2TSE 
= 3.82 ± 0.06 ms/°C) to 65 °C (T1 = 9.50 ± 0.16 ms/°C, T2TSE = 7.99 ± 0.38 ms/°C). The 
temperature coefficient of T2 was 0.90±0.03 ms/°C. The temperature-induced changes in the 
relaxation times were found to be reversible after heating to 65 °C. Given the small inter-
sample variation of the temperature coefficients, relaxation-based MR thermometry appears 
feasible in breast adipose tissue.
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CHAPTER 8
7. Summary

Nederlandse Samenvatting
Het doel van het onderzoek beschreven in dit proefschrift was om MR thermometrie 
in vethoudende weefsels toe te passen en te verbeteren. Deze thermometrie methoden 
zijn onderzocht met het doel in gedachten om deze te gebruiken in MR-geleide HIFU 
behandelingen van tumoren in de borst en lever.

In hoofdstuk 2 wordt de gevoeligheid van proton resonance frequency shift 
(PRFS) thermometrie voor susceptibiliteitsveranderingen veroorzaakt door verhitting 
gedemonstreerd en een modelgebaseerde correctie procedure gepresenteerd en geëvalueerd. 
Om de theoretisch verwachte temperatuur-geïnduceerde effecten te laten zien, werd 
de magnetisch veldverstoringen tijdens HIFU sonicaties van borstvetmonsters met een 
driedimensionale (3D) gradiënt echo sequentie gemeten. Om de correctieprocedure te 
evalueren, werden fantoom experimenten uitgevoerd waarbij een raakvlak van ethyleenglycol 
gel en vet werd gesoniceered. Tijdens de sonicatie werd een 2D dubbele-fliphoek multi-
echo gradiënt echo pulssequentie toegepast, waardoor op de PRFS gebaseerde relatieve en 
referentietemperatuurmetingen in de gel en op T1 gebaseerde temperatuurmetingen in vet 
kon werden gedaan. De op PRFS gebaseerde metingen in de gel werd gecorrigeerd door het 
verschil tussen het waargenomen 2D temperatuurprofiel en het profiel voorspeld door een 
3D thermisch model te minimaliseren. De HIFU sonicaties in borstvet resulteerde in een 
verstoring van het magnetisch veld die verdween na afkoeling. De breedte van het interval 
van 5e tot de 95e percentiel van de verdeling van PRFS-thermometriefouten in de gel daalde 
van 3.8 °C voor de correctie naar 2.0 - 2.3 °C na correctie. Deze studie toonde de effecten 
aan van magnetische susceptibiliteitveranderingen bij het verwarmen van borstvetweefsel 
met HIFU. De resulterende fouten kunnen worden verminderd door het gebruik van een 
modelgebaseerde correctieprocedure.

In hoofdstuk 3 werd het effect van de distributie van de magnetische susceptibiliteit 
van waterhoudend weefsel en vetweefsel op absolute en relatieve temperatuurmetingen, 
rechtstreeks verkregen uit het water/vet frequentieverschil, onderzocht. Absolute 
thermometrie werd onderzocht met behulp van bolfantomen gevuld met (macroscopisch 
heterogeen) varkensvlees en (homogenere) margarine, die in drie orthogonale richtingen 
werden gescand. Om relatieve thermometrie met vet als referentie te evalueren, werden 
multi-gradiënt echo scans geacquireerd voor en na het verwarmen van varkensvlees met 
HIFU. Simulaties werden uitgevoerd om de verwachte fouten in menselijk borstweefsel af te 
schatten. Het bolexperiment toonde susceptibiliteits-gerelateerde fouten van respectievelijk 
8.4 °C en 0.2 °C voor varkensvlees en margarine. De relatieve temperatuurmetingen toonde 
duidelijke faseveranderingen van tegengestelde polariteit in vet en in waterig weefsel. De 
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schijnbare gemiddelde temperatuur van een numeriek borstmodel (met een veronderstelde 
temperatuur van 37 °C) was 47.2 ± 21.6 °C. Simulaties van relatieve temperatuurmetingen 
voor een HIFU sonicatie (ΔT = 29.7 °C) gaf een maximale temperatuurfout van 6.6 °C in 
vergelijking met 2.5 °C zonder gebruik te maken van vet als referentie. Variaties in het 
waargenomen frequentieverschil tussen water en vet zijn grotendeels te wijten aan variaties 
in de ruimtelijke verdeling van water en vet. Dit effect kan leiden tot aanzienlijke fouten in 
absolute MR thermometrie. Daarnaast kan het gebruik van vet als referentie meetfouten in 
PRFS-thermometrie gerelateerd aan susceptibiliteit groter maken.

Tijdens MR-geleide HIFU therapie, vormt ultrageluidabsorptie in het nabije veld een 
veiligheidsrisico dat efficiënte energie-depositie in het doelgebied beperkt. In hoofdstuk 4 
wordt de haalbaarheid van het gebruik van metingen van de transversale relaxatietijd T2 
om de temperatuursverandering in onderhuids vetweefsel te monitoren onderzocht. De 
temperatuursafhankelijkheid van T2 en de omkeerbaarheid daarvan werd bepaald voor 
monsters van vers varkensvet. De precisie werd geëvalueerd door temperaturen bepaald op 
basis van T2 te vergelijken met metingen uitgevoerd met een gekalibreerde thermometer in een 
ex vivo HIFU experiment. De haalbaarheid in vivo van thermometrie op basis van T2 werd 
bestudeerd tijdens HIFU ablaties in de lever tijdens dierexperimenten in een varkensmodel 
en van uterine myomen in patiënten. T2 veranderde lineair en reversibel met temperatuur 
met een gemiddelde coëfficiënt van 5.2 ± 0.1 ms/°C. In het ex vivo HIFU experiment 
werd een verschil kleiner dan 0.9 °C tussen de T2-gebaseerde temperatuurveranderingen 
en de probe metingen gevonden. Bij alle in vivo experimenten werden direct na sonicaties 
temperatuurgerelateerde T2 veranderingen in het nabije veld gezien. Zoals werd verwacht, 
werden er een aanzienlijke inter-individuele variatie in de karakteristieke afkoeltijd 
gemeten in de in vivo varkensexperimenten. De reversibiliteit en lineariteit van de 
temperatuursafhankelijkheid van T2 van vetweefsel maakt het meten van de temperatuur in 
onderhuids vetweefsel mogelijk.

In hoofdstuk 5 werd de temperatuursafhankelijkheid van de longitudinale relaxatietijd T1  
en van de transversale relaxatietijd T2 van humaan vetweefsel uit de borst bij 1.5 T onderzocht 
om te bepalen of deze parameters te gebruiken zijn voor temperatuursmetingen tijdens 
thermische behandeling in de borst. De relaxatietijden T1, T2 en T2TSE (dat is de schijnbare 
T2, gemeten met een turbo spin-echo sequentie) werden gemeten in zeven verse humane 
borstvet monsters in het temperatuurbereik van 25 - 65 °C. Spectrale wateronderdrukking 
werd gebruikt om de invloed van het signaal afkomstig van water te verminderen. De 
temperatuursafhankelijkheid van de relaxatietijden werden gemodelleerd en de verwachte 
maximale meetfouten in de temperatuur gebaseerd op gemiddelde kalibratielijnen werd 
berekend. Daarnaast werd de verwarming-koeling reversibiliteit onderzocht in twee 
monsters. De relaties tussen zowel T1 als T2TSE en de temperatuur (T) werden goed gefit met 
een exponentiële functie van 1/T. Een lineair verband tussen T2 en de temperatuur werd 
gevonden. De temperatuurscoëfficiënten (gemiddelde ± inter-sample standaarddeviatie) van 
T1 en T2TSE nam toe in het temperatuursbereik van 25 ° C (T1 = 5.35 ± 0.08 ms/°C, T2TSE 
= 3.82 ± 0.06 ms/°C) tot 65 °C (T1 = 9.50 ± 0.16 ms/°C, T2TSE = 7.99 ± 0.38 ms/°C). De 
temperatuurcoëfficiënt van T2 was 0.90 ± 0.03 ms/°C. De door temperatuurveranderingen 
veroorzaakte veranderingen in de relaxatietijden bleken reversibel te zijn na verwarmen tot 
65 °C. Gezien de kleine variatie tussen de monsters van de temperatuurcoëfficiënten, lijkt op 
relaxatie gebaseerde MR thermometrie haalbaar te zijn in borstvet weefsel.
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List of abbreviations

CTMM   Center for Translational Molecular Medicine
EG   Ethylene glycol
FOV   Field of view
HIFU   High Intensity Focused Ultrasound
mac   Macroscopic
meas/cor  Measured/corrected
MRI   Magnetic Resonance Imaging
NSA   Number of signal averages
nuc   Nuclear
obj   Object
ppm   parts per million
PRESS   Point resolved spectroscopy
PRFS   Proton resonance frequency shift
ref   Reference
RF   Radio frequency
ROI   Region of interest
SD   Standard deviation
SNR   Signal to noise ratio
SPGR   Spoiled gradient echo
SPIR(-WS)  Spectral presaturation with inversion recovery 
   (-Water suppression)
ST   Slice thickness
suc   Susceptibility 
TE   Echo time
TR   Repetition time
TSE   Turbo spin echo
US   Ultrasound
VOLTA   Volumetric thermal ablation project 
w/f   Water/fat
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