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Proton resonance frequency shift-based MR thermometry
(MRT) is hampered by temporal magnetic field changes. Tem-
poral changes in the magnetic susceptibility distribution lead
to nonlocal field changes and are, therefore, a possible source
of errors. The magnetic volume susceptibility of tissue is tem-
perature dependent. For water-like tissues, this dependency is
in the order of 0.002 ppm/�C. For fat, it is in the same order of
magnitude as the temperature dependence of the proton elec-
tron screening constant of water (0.01 ppm/�C). For this reason,
proton resonance frequency shift-based MR thermometry in
fatty tissues, like the human breast, is expected to be prone to
errors. We aimed to quantify the influence of the temperature
dependence of the susceptibility on proton resonance fre-
quency shift-based MR thermometry. Heating experiments
were performed in a controlled phantom set-up to show the
impact of temperature-induced susceptibility changes on
actual proton resonance frequency shift-based temperature
maps. To study the implications for a clinical case, simulations
were performed in a 3D breast model. Temperature errors were
quantified by computation of magnetic field changes in the
glandular tissue, resulting from susceptibility changes in a ther-
mally heated region. The results of the experiments and simula-
tions showed that the temperature-induced susceptibility
changes of water and fat lead to significant errors in proton
resonance frequency shift-based MR thermometry. Magn
Reson Med 64:1360–1372, 2010.VC 2010 Wiley-Liss, Inc.
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Next to excellent soft-tissue contrast, MRI also offers
methods to acquire temperature maps, which allow for
monitoring and guiding of thermal interventions. Proton
resonance frequency shift (PRFS)-based MR thermometry
(MRT) is the most commonly used temperature monitor-
ing technique. It is based on the temperature dependence
of the proton resonance frequency (PRF) of protons in
water molecules and is thus applicable in water-contain-
ing tissues. The technique does not work for protons in
fat molecules and for this reason adequate fat suppres-

sion is essential for accurate thermometry in tissues con-

taining both water and fat.
PRFS-based MRT is hampered by temporal field

changes. In the application of this technique, the contri-
bution of field changes, which originate from tempera-
ture-induced magnetic volume susceptibility changes, is
commonly ignored. This disregards the fact that the mag-
netic volume susceptibility x (which will hereinafter be
referred to as ‘‘susceptibility’’) of water and water-con-
taining tissue is temperature dependent (1,2). Several
studies have suggested that this may lead to PRFS-based
temperature errors in water and water-containing tissues
(1–4). This has been shown for water (3) and brain tissue
(2), which both have a temperature dependent suscepti-
bility in the order of dx/dT ¼ 0.002 ppm/�C.

In tissues containing both water and fat, more con-

siderable susceptibility-related problems may occur.

For fat tissue, the temperature dependence of the sus-

ceptibility has been reported to be dxfat/dT ¼ 0.0094

ppm/�C (1) and dxfat/dT ¼ 0.00804 ppm/�C (2).

Changes in the susceptibility distribution lead to mag-

netic field changes, which occur not only locally at

the site of the susceptibility change, but also arise

nonlocally in the surroundings of the susceptibility

change. Consequently, in tissues containing both water

and fat, e.g., the human breast, the PRF in the water-

containing glandular tissue is also affected by tempera-

ture-induced susceptibility changes in the surrounding

fat tissue. This may hamper PRFS-based temperature

measurements in composite tissues. To date, no atten-

tion has been paid to the quantification of this effect,

in spite of the fact that it may be significant and that

its influence on PRFS-based MRT is not eliminated by

fat-suppression techniques.
In this study, we aimed to quantify the influence of

the temperature dependence of the susceptibility of
water and fat on PRFS-based MR temperature maps, both
experimentally and theoretically. First, controlled water-
fat phantom heating experiments were conducted to
demonstrate the occurrence of temperature-induced sus-
ceptibility-related temperature errors in actual PRFS-
based MR temperature maps. To study the implications
for a clinical case, simulations were performed to predict
the errors in PRFS-based measurements during a thermal
therapy procedure in human tissue. For this we used a
model of the female breast, as thermal ablation of breast
tumors is an emerging minimally invasive therapeutic
intervention. Breast tumors originate in glandular tissue
and are mostly surrounded by fat. Susceptibility-related
temperature errors are, therefore, expected to occur when
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PRFS-based MRT is used to monitor a thermal procedure
in the breast. Temperature errors in the glandular tissue
were quantified by computation of the magnetic field
changes, resulting from temperature-induced susceptibil-
ity changes in a thermally heated region. As the magni-
tude of the temperature errors is determined by the sus-
ceptibility distribution, which is related to the shape of
the anatomy of interest as well as the shape of the heat-
ing pattern, various orientations and sizes of the heated
region were analyzed, to study the impact on the temper-
ature errors.

THEORY

The susceptibility distribution inside and outside an

arbitrarily shaped object depends on the temperature

distribution T(r). From a certain susceptibility distribu-

tion x(r,T(r)) that is placed in a uniform external mag-

netic field B0, the macroscopic magnetic field Bmac can

be derived from Maxwell’s equations in matter. The

PRF at a certain location inside an object is propor-

tional to the magnetic field experienced by the hydro-

gen nuclei at that location, Bnuc. This local magnetic

field Bnuc is a result of screening of the nuclei from the

macroscopic magnetic field in the object, Bmac, by mi-

croscopic current distributions, described by the proton

electron screening constant s(r,T(r)) and the susceptibil-

ity of the object x(r,T(r)), which are both temperature

dependent (1):

Bnucðr;TðrÞÞ

¼ 1� sðr;TðrÞÞ � 2

3
xðr;TðrÞÞ

� �
Bmacðxðr;TðrÞÞÞ ½1�

The macroscopic magnetic field may be approximated
by Bmac ¼ B0 þ O(xB0) in case of nonmagnetic or weakly
magnetic materials like human tissues (|x| < 1), which
leads to:

Bnucðr;TðrÞÞ ffi Bmacðxðr;TðrÞÞÞ

� sðr;TðrÞÞ þ 2

3
xðr;TðrÞÞ

� �
B0 ½2�

In PRFS-based MRT, temperature-induced field
changes in Bnuc are extracted from the phase difference
Du between successive gradient echo MR images,
acquired at temperatures T and Tref, respectively:

Du ¼ u� uref ¼ �gTE Bnucðr;TðrÞÞ � Bnucðr;TrefðrÞÞð Þ

¼ �gTE DBmac � Dsþ 2

3
Dx

� �
B0

� �
½3�

with g the gyromagnetic ratio, TE the echo time, DBmac

¼ Bmac(x(r,T(r))) � Bmac(xref(r,Tref(r))) and Ds and Dx
being the temperature-induced changes in the proton
electron screening constant and susceptibility, respec-
tively. Note the minus sign that indicates clockwise
rotation in a right-handed Cartesian coordinate system.
The temperature change, which is measured with

PRFS-based MRT, DTPRFS, is computed from the phase
difference, using:

DTPRFS ¼ Du
agB0TE

½4�

Here, it is commonly assumed that the only tempera-
ture dependency that needs to be taken into account in
the proportionality constant a is that of the proton elec-
tron screening constant of water, swater, with a ¼
dswater/dT ¼ 0.01 ppm/�C (5). In literature on PRFS-
based MRT, this definition for a is not strictly used and
negative values for a occur. In some papers, the s in
Eq. 1 is erroneously referred to as the chemical shift, and
a is thus referred to as the temperature dependence of
the chemical shift. This is regardless of the fact that the
chemical shift, d, is defined as d[ppm] ¼ (sref � s)�106,
with sref the screening constant of a reference molecule.
To put it accurately: with increasing temperature, the
electron screening of water increases, and the chemical
shift decreases (thus ddwater/dT ¼ �0.01 ppm/�C). Here,
the strict derivation for a based on the electron screening
constant is used. In the ideal situation, in which the
assumption regarding swater as the only temperature
dependent parameter holds, the temperature change is
given by:

DTideal ¼ Ds

a
½5�

However, as shown in Eq. 3, reality differs from the
ideal situation in the sense that the temperature depend-
ence of the susceptibility distribution also plays a role.
When the actually measured phase change (Eq. 3) is sub-
stituted in Eq. 4, this yields:

DTPRFS ¼ � 1

a

DBmac

B0
� Ds� 2

3
Dx

� �
½6�

The difference between the measured temperature
change DTPRFS and the ideal temperature change DTideal

gives the temperature error eT:

eT ¼ � 1

a

DBmac

B0DT
� 2

3

Dx

DT

� �
½7�

Equation 7 shows that the temperature error eT is sub-
ject to changes in Bmac and x. The macroscopic field in
itself also depends on changes in the susceptibility dis-
tribution, which means that temperature errors are
induced by local (x) and nonlocal (Bmac) susceptibility
changes.

The contributions of temperature-induced susceptibil-
ity changes to the PRF are usually ignored in PRFS-
based MRT. This is a problematic approach, for two rea-
sons. First, by neglecting the local susceptibility changes
of the water-containing tissue, temperature errors occur
(3), even though the temperature dependence of the sus-
ceptibility of water is small: dxwater/dT ¼ 0.00199 ppm/
�C (2). Second, changes in x(r,T(r)) alter the macroscopic
field Bmac, which affects the PRF, and hence the meas-
ured temperature, of all water protons that experience
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this field change. Temperature measurements in water-
containing tissue may, therefore, be corrupted by nonlo-
cal field effects due to susceptibility changes in the sur-
roundings of the tissue. This raises a realistic problem in
tissues where fat is present, e.g., breast tissue, because
the temperature dependence of the susceptibility of fat,
xfat, is reported to be in the same order of magnitude as
the temperature dependence of the proton electron
screening constant of water (dxfat/dT ¼ 0.0094 ppm/�C
(1) and dxfat/dT ¼ 0.00804 ppm/�C (2)). Consequently,
temperature-induced susceptibility changes of fat in the
surroundings of a tumor may affect the magnetic field
experienced by the water protons within the tumor.

METHODS

Heating Experiments

To demonstrate the impact of temperature-induced sus-
ceptibility changes on actual PRFS-based MR tempera-
ture maps, controlled phantom heating experiments were
conducted. The phantom consisted of a large circular
container (Ø ¼ 28 cm, height ¼ 8 cm), filled with deion-
ized water, in which a Perspex cylinder (outer radius ¼
22 mm; inner radius ¼ 20 mm; length ¼ 77 mm) was
placed, such that the long axis of the cylinder was
aligned perpendicular to the main magnetic field. This
cylinder contained the fluid of interest, of which the
temperature, and, hence, susceptibility was altered dur-
ing the experiment. Two different fluids were examined:
in the first experiment, the cylinder was filled with the
same deionized water as was used in the outer container.
In the second experiment, the cylinder was filled with
sunflower oil. Sunflower oil was chosen because it con-
veniently allowed for fast exchange between scans, as
will be described below. At the start of both experi-
ments, the temperature of the water in the outer con-
tainer was equal to the temperature of the fluid within
the cylinder (�21�C). For both set-ups, 70 dynamic coro-
nal single slice PRFS-based MRT scans were acquired
through the center of the cylinder. The first 10 PRFS-
based MRT scans were acquired with the whole phan-
tom at constant temperature. The fluid inside the fixed
cylinder was quickly replaced in between scans 10 and
11 with identical, but heated, fluid (accomplished by
placing the fluid in a warm water bath with a constant
temperature of 75�C for 1 h before scanning) using a
large syringe.

The magnitude of the temperature errors is determined
by the susceptibility and temperature distribution. The
phantom set-up was designed such that the temperature
errors in the PRFS-based temperature maps were expected
to appear as a dipole field pattern surrounding the cylin-
der. This is shown by the following equation, which gives
the microscopic field change (DBnuc) caused by suscepti-
bility changes, outside an infinite cylinder (perpendicular
to B0), in a plane perpendicular to the long axis:

DBnuc ¼ Dxe
3

B0 þ Dxe � Dxi
2

R2 ðx2 � z2Þ
ðx2 þ z2Þ2 B0 ½8�

with R the radius of the cylinder and Dxe and Dxi the
susceptibility changes outside and inside the cylinder,

respectively. This equation shows that, for a coronal
PRFS-based temperature map and Dxe ¼ 0, a positive Dxi
leads to positive field offsets in the direction of z (B0),
and to negative field offsets over the x-axis. This corre-
sponds to a temperature underestimation over the z-axis
and a temperature overestimation over the x-axis. To val-
idate the true temperature during all scans at these two
locations, two optical temperature fibers were positioned
at �1.5 mm from the edge of the cylinder. The PRFS-
based temperature was averaged within a region of inter-
est (2 � 2 voxels) at these two locations for all scans.
The temporal behavior of the PRFS-based temperature
changes in the water surrounding the cylinder was then
compared to the temperature as measured with the opti-
cal fibers. A third optical fiber was placed inside the cyl-
inder to monitor the temperature of the heated fluid over
the whole duration of the experiment.

All scans were performed on a 1.5-T whole body MRI
scanner (Achieva, Philips Healthcare, Best, The Nether-
lands), and the following scan parameters were used for
a single slice spoiled gradient echo scan: FOV 300 � 300
mm2; acquired voxel size: 1.875 � 1.875 � 4 mm3; flip
angle a ¼ 30�; number of signal averages ¼ 1; read-out
gradient GR ¼ 11 mT/m; TE ¼ 15 msec and TR ¼
50 msec. Dynamic scan time ¼ 8 sec. Total scan time
(70 dynamics) ¼ 9 min and 21 sec.

Simulation Technique

In PRFS-based MRT, the susceptibility-related field
changes are erroneously interpreted as a temperature-
change. Discrimination between susceptibility-related
field changes and other (e.g., proton electron screening
related) effects is not feasible during a thermal procedure
in vivo. Therefore, simulations were performed to calcu-
late the susceptibility related field changes. To quantify
the influence of susceptibility changes on PRFS-based
MRT, the corresponding, x-related, magnetic field
changes in Bnuc need to be determined:

DBnucðxÞ ¼ DBmac

B0DT
� 2

3

Dx

DT

� �
½9�

It has been indicated by several authors that the use of
the Fourier transform to calculate magnetic field changes
from a given susceptibility distribution is advantageous
(6,7). It is possible to derive a relation between the mag-
netizing field H and the susceptibility distribution x
using the Fourier-based approach (6). However, as the B
field is a direct observable related to the Larmor fre-
quency, whereas the H-field is not a direct observable,
we have chosen to use the relation between the suscepti-
bility distribution x(r,T(r)) and the observable B field
itself. The derivation is shown in Appendix I.

The input for each simulation consisted of two suscep-
tibility distributions, x(r,Tref(r)) and x(r,Tincr(r)), where
Tref(r) is the preheating, starting temperature distribution
and Tincr(r) is the postheating, increased temperature
distribution. Using the Fourier-based technique, the
microscopic field Bnuc was then computed for both the
preheating and postheating susceptibility distribution.
The corresponding field change DBnuc was found by
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subtraction of the preheating from the postheating out-
come, and expressed in ppm using: DBnuc½ppm� ¼
DBnuc½Tesla�
B0½Tesla� � 106. Subsequently, the temperature error was

computed, using Eq. 7. The negative proportionality of
DBnuc(v) and eT is apparent: negative DBnuc(v) values lead
to a temperature overestimation, and positive DBnuc(v)
values lead to a temperature underestimation. We aim to
quantify the errors in temperature measurements that are
related to susceptibility changes and it is therefore that
in our simulations, DBnuc exclusively incorporates tem-
perature-related susceptibility effects, and no proton
electron screening effects.

For numerical accuracy, the computational volume
was taken at least a factor of two larger than the object of
interest for all simulations. The matrix size was 256 �
256 � 256 for all computations.

Simulation of Phantom Experiments

The results from the phantom heating experiment were
compared to the outcome of the Fourier-based simulation
technique. The expected temperature errors around the
cylinder were calculated based on a 3D model of the cy-
lindrical phantom, in which the following susceptibility
values were used for the fluid inside the cylinder:

xwaterðTÞ ¼ �9:05 � 10�6 þ 0:002 � 10�6 � DT ½10�

xoilðTÞ ¼ �8:53 � 10�6 þ 0:0055 � 10�6 � DT ½11�
based on xwater as reported in (8), dxwater/dT from (9),
and with DT the temperature change of the fluid. The
volume susceptibility of sunflower oil was calculated
based on the density (0.919 g/cm3 (10)) and the molar
susceptibility and molar mass of the constituent fatty
acids (10,11) [mole% fatty acid (molar susceptibility
(10�3 cm3/mol), molar mass (g/mol))]: 7% palmitic
(�2.50, 256.42); 63% linoleic (�2.51, 280.45); 25% oleic
(�2.62, 282.46); 5% stearic (�2.77, 284.48). The tempera-
ture dependence of the susceptibility of the oil was com-
puted using a volume thermal expansion coefficient of
0.654�103 (12): dxoil/dT ¼ 0.0055 ppm/�C. The suscepti-
bility of Perspex is reported to be: xPerspex ¼ �9�10�6

(13). The temperature dependence of xPerspex was com-
puted from the linear thermal expansion coefficient
(0.7 mm/m/10�C) and the density of the Perspex (1.2
g/cm3), yielding: dxPerspex/dT ¼ �0.0019 ppm/�C, which
is the same as water. For this reason, the Perspex layer
was not separately modeled but instead was assigned the
same susceptibility properties as the surrounding water.

The temperature error around the cylinder was com-
puted for a range of temperatures of the fluid inside the
cylinder. The optically measured temperature of
the fluid during the experiment was used to correlate the
PRFS-based temperature to the simulated temperature
error. The susceptibility of the water surrounding the
cylinder was kept constant in the simulations.

Susceptibility-Related Temperature Error
Quantification in the Female Breast

To study the implications of the temperature dependence
of the susceptibility on MRT measurements in a realistic

setting, simulations were performed. MR-guided High In-
tensity Focused Ultrasound (MRgHIFU) in the breast was
chosen as a model for the quantification of susceptibility-
induced MR temperature errors. MRgHIFU ablation is a
therapeutic modality of which the potential for the nonin-
vasive treatment of benign and malignant breast tumors
has been shown (14–22). A 3D breast model was used,
based on an anatomical data set of a breast tumor patient.
A high resolution T1w 3D breast MRI scan of a 63-year-
old female breast cancer (invasive ductal carcinoma)
patient was used, to obtain spatial distributions of water
and fat in a realistic geometry. Written informed consent
was obtained from the patient. The tumor (0.7 � 0.7 � 0.7
cm3) was located at 4.8 cm from the mamilla in the upper
outer quadrant of the left breast. The glandular tissue and
tumor tissue of the left breast were semiautomatically seg-
mented using a region growing procedure. Smoothing was
applied using a gaussian kernel (s ¼ 1, kernel size ¼ 7).
Outside the segmented glandular and tumor tissues, it was
assumed that only fat was present.

To simulate the effect of a thermal intervention using
HIFU, a thermal spot was placed in the breast model at
the location of the tumor. A typical shape of the thermal
focus of a focused ultrasound transducer is an ellipsoid.
Multiple thermal spot sizes were modeled. The thermal
spot diameter was varied from 1 mm to 8 mm, in steps
of 1 mm. The length/diameter ratio was kept 2.5 for all
simulated thermal spots. The largest thermal spot had a
diameter of 8 mm and a length of 20 mm. During thermal
ablation procedures in the breast, a maximum tempera-
ture increase of DT ¼ 49.9�C has been reported (20). For
our simulations, we used a more conservative value of
DT ¼ 30�C. In all ellipsoidal thermal spots, a stationary
gaussian temperature distribution was modeled (s ¼ 4,
kernel size ¼ 1=2 � thermal spot diameter) with a maxi-
mum temperature of 67�C (Tref ¼ 37�C, DT ¼ 30�C).

Not only the size of the thermal spot but also the posi-
tion of the HIFU transducer with regard to the patient
affects the shape of the heating pattern, and thus the dis-
tribution of DBnuc, within the patient. In most reports on
MR-guided HIFU of the breast, the transducer was soni-
cating parallel to the anteroposterior axis. In one report,
the transducer was sonicating parallel to the coronal
plane (19). Therefore, all simulations were performed at
three different orthogonal orientations of the thermal
spot with respect to the main magnetic field.

The following volume susceptibility values were
retrieved from the literature, and used for the simula-
tions in the breast model:

xglandularðTÞ ¼ �9:05 � 10�6 þ 0:002 � 10�6 � DT ½12�

xfatðTÞ ¼ �7:79 � 10�6 þ 0:0094 � 10�6 � DT ½13�

using xfat as reported in (11) and dxfat/dT from (1). The
susceptibility of the tumor tissue was taken to be equal
to that of the glandular tissue. For both the preheating
breast model (without a thermal spot) and all thermal
therapy models, the 3D susceptibility distribution was
calculated per voxel, using a weighted average of the
local glandular tissue/fat tissue-fraction (Wiedemann’s
law) and the local temperature. Subsequently, the DBnuc
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field was calculated and converted to a 3D temperature
error map. The temperature errors at the location of the
tumor are of particular interest, as they will affect the
thermal dose calculations at the tumor site. To quantify
the range of temperature errors within the tumor, the fol-
lowing steps were taken: first, the tumor was manually
segmented. Then, all voxels from the 3D temperature
error map that were located within this tumor region
were visualized in a histogram (one per thermal spot ori-
entation) for all thermal spot sizes.

RESULTS

Heating Experiments

Figures 1 and 2 display the results of the heating experi-
ments of water and oil, respectively. To visually empha-
size the nonlocal influence of changes in x, the tempera-
ture values inside the cylinder were not shown. In Fig. 1,
the results of the experiment with temperature changes in
water are displayed. The PRFS-based temperature map of
scan number 12 is shown (bottom left). This is the second
scan after administration of the heated water, as scan 11
suffered from minor flow-artifacts in the outer container

due to the movement of the MR table after administration
of the heated fluid. In this temperature map, a dipole-field
pattern can be appreciated around the cylinder: the PRFS-
based temperature is decreased over the z-axis of the cyl-
inder, and increased over the x-axis.

At the top left and bottom right, the PRFS-based tem-
perature profiles over time at two locations around the
cylinder are plotted (dashed lines) together with the
optical fiber data (bold lines). Note that the starting tem-
perature (as measured with the optical fibers) was added
to the PRFS temperature profiles (which measure only
temperature changes). The dipole-behavior is clearly
apparent: after administration of the heated water, the
measured PRFS-based temperature change at location 1
decreased (DT ¼ �2.9�C), whereas at location 2, it
increased (DT ¼ þ2.3�C). The true temperature, meas-
ured with the optical fiber, showed only a slight temper-
ature increase at both locations, of þ0.4�C maximum.

For the heating experiment in sunflower oil, shown in
Fig. 2, this behavior was also observed. The PRFS-based
temperature map of scan number 12 (bottom left) shows a
more pronounced dipole field pattern around the cylinder,
as was expected based on the stronger temperature

FIG. 1. The PRFS-based temperature map of scan number 12 of the water heating experiment is (partially) shown at the bottom left. In
the temperature map, the two regions from which the average temperature over time was taken are indicated by black boxes. At these
two locations, optical fiber temperature measurements were acquired. Per location, the optical temperature is compared to the PRFS-

based temperature in the graphs above and to the right of the temperature map. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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dependence of xfat compared to xwater. The PRFS-based
temperature profiles over time (dashed lines) were com-
pared with the true optical measured temperature (bold
lines) at two locations (top left and bottom right). At loca-
tion 1, the measured PRFS-based temperature decreased
between scan 10 and 11 (DT ¼ �4.3�C), whereas at loca-
tion 2, the PRFS-based temperature increased (DT ¼
þ5.6�C). Again, the true temperature only moderately
increased at both locations (þ0.7�C maximum).

Simulation of Phantom Experiments

In Fig. 3, the outcome of the simulations is compared to
the results for the water (left) and oil (right) heating
experiment. The top row shows the PRFS-based MR tem-
perature maps of scan number 12. The middle row
shows the two corresponding simulated temperature
error maps. The simulations are based on the susceptibil-
ity changes within the cylinder, which were calculated
using Eq. 10, Eq. 11 and the true temperature of the fluid
inside the cylinder, which was measured with the opti-
cal fiber (DT ¼ 40.9�C for the water experiment, and
DT ¼ 47.5�C for the oil experiment).

The bottom row compares the experimental tempera-
ture error with the simulated error over time. The experi-
mental temperature error was calculated by subtraction
of the PRFS-based temperature from the optical fiber
temperature, per location. The simulated temperature
error was found by averaging the calculated eT values
within a region of interest that corresponds to the region
that was used in the experimental analysis (depicted as
the black/gray boxes in the simulated error map). The
simulated results correlate well with the experimental
findings for water. In case of the heated oil experiment,
the simulated temperature error is overall larger at loca-
tion 1 and slightly smaller at location 2. Generally, the
temporal behavior of the measured temperature error cor-
responds to the simulated error.

Susceptibility-Related Temperature Error Quantification in
the Female Breast

Figure 4a shows a single slice of the anatomical T1w 3D
breast MRI scan in which fat tissue is bright and glandu-
lar tissue is dark. Figure 4b shows sections of three or-
thogonal slices taken from the 3D breast model that was

FIG. 2. The PRFS-based temperature map of scan number 12 of the oil heating experiment is (partially) shown at the bottom left. In the
temperature map, the two regions from which the average temperature over time was taken are indicated by black boxes. At these two
locations, optical fiber temperature measurements were acquired. Per location, the optical temperature is compared to the PRFS-based

temperature in the graphs above and to the right of the temperature map. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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computed from the anatomical dataset. In these seg-
mented images, the glandular tissue is depicted bright,
and fat tissue is shown in black. The tumor tissue was
manually segmented in 3D for the quantification of eT
within the tumor and is visualized in this figure by a red
overlay.

The top rows of Figs. 5–7 show the temperature distri-
bution (color-scaled) as induced by a thermal spot with a
diameter of 8 mm (length ¼ 20 mm), with relation to the
glandular tissue (in white), for all three orientations of
the thermal spot (z-axis, x-axis, and y-axis, respectively).
Per figure, sections of three orthogonal slices through the

breast model are displayed. The bottom rows of Figs. 5–7
show the corresponding temperature error maps. These
maps show the distribution of eT in and around the tu-
mor. The figures show that the eT pattern is related to
the orientation of the thermal spot. The maximum tem-
perature error found in glandular tissue in the whole
breast model ranged between: �8.6�C and þ2.6�C (ther-
mal spot along z-axis); �4.9�C and þ6.0�C (thermal spot
along x-axis); �4.0�C and þ6.2�C (thermal spot along
y-axis).

Figure 8 shows the histograms of the eT distribution
within the tumor, for all sizes of the thermal spot

FIG. 3. Experimentally measured temperature change (top row) and simulated temperature error (middle row) are shown for the heating
experiment with water (a) and oil (b). The bottom row shows the experimental and simulated temperature error over time. The experi-
mental temperature error is determined by subtracting the optical temperature from the PRFS-based temperature which was averaged

within a region (black boxes). The simulated temperature error is computed by averaging the simulated values in a region at the same
two locations as were used experimentally (black/gray boxes).
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(indicated by the thermal spot diameter). From the his-
tograms, an evident relation between the orientation of
the thermal spot and the temperature error eT inside
the tumor can be observed. The orientation of thermal
spot in the z direction led to a temperature underesti-
mation of about 4–6�C, whereas the orientation of the
thermal spot in the x or y direction led to an overesti-
mation of 2–3�C. Furthermore, all three histograms
show that the spread in temperature errors increased
with the size of the thermal spot, i.e., susceptibility-
related temperature errors increased when more fat was
heated.

DISCUSSION AND CONCLUSIONS

We have shown both experimentally and theoretically that

temperature-induced susceptibility changes can lead to

changes in the magnetic field, which can introduce signifi-

cant temperature errors in PRFS-based MRT. The experi-

mental results provided proof for the fact that susceptibil-

ity changes affect the PRFS-based MRT method

nonlocally. This was shown in a phantom set-up where

water and oil were locally heated. The PRFS-based tem-

perature around the heated region showed large deviations

when compared to optical fiber measurements. The PRFS-

FIG. 4. a: A single slice of the anatomical T1w 3D breast MRI scan, in which fat tissue (bright) and glandular tissue (dark) is discernible. From

the anatomical dataset, a 3D breast model is computed, containing the distribution of glandular and fat tissue in 3D. b: (parts of) Three orthogo-
nal slices through this breast model, the glandular tissue is depicted bright and fat tissue is shown in black. The tumor tissue is segmented for

quantification purposes and shown in red. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 5. This figure shows three orthogonal (sections of) slices through the temperature distribution as induced by a thermal spot which
is oriented along the z-axis (diameter ¼ 8 mm; length ¼ 20 mm) with relation to the glandular tissue (top row). The corresponding tem-

perature error eT maps are also given (bottom row). The maximum temperature errors found in the glandular tissue ranged between
�8.6�C and þ2.6�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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based measured temperature changes around the cylinder

containing the heated fluid ranged between �2.9�C and

þ2.3�C for water, and between �4.3�C and þ5.6�C for oil,

where the optical temperature showed only a slight tem-

perature increase of þ0.7�C maximum. The employed sim-

ulation technique supported the experimental findings.

FIG. 6. This figure shows three orthogonal (sections of) slices through the temperature distribution as induced by a thermal spot which is ori-

ented along the x-axis (diameter ¼ 8 mm; length ¼ 20 mm) with relation to the glandular tissue (top row). The corresponding temperature error
eT maps are also given (bottom row). The maximum temperature errors found in the glandular tissue ranged between �4.9�C and þ6.0�C.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 7. This figure shows three orthogonal (sections of) slices through the temperature distribution as induced by a thermal spot which is ori-
ented along the y-axis (diameter ¼ 8 mm; length ¼ 20 mm) with relation to the glandular tissue (top row). The corresponding temperature error

eT maps are also given (bottom row). The maximum temperature errors found in the glandular tissue ranged between �4.0�C and þ6.2�C.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Simulations were performed to quantify the suscepti-
bility-related temperature errors in a breast tumor during
thermal ablation using HIFU. Breast tumors are situated
in the glandular tissue and are surrounded by fat. During
HIFU ablation in the breast, a margin of at least 10 mm
around the tumor is necessary to ensure thermal coagula-
tion of the whole lesion (17), which inevitably leads to
heating of fat in the surroundings of the tumor. Real-
time thermometry can be used to automatically steer the
HIFU energy deposition during MRgHIFU therapy using
a closed feedback control loop and a volumetric heating
strategy (23). To warrant the safety of this approach, the
acquisition of reliable MR temperature maps is a prereq-
uisite (15,17). The thermal dose, which can be computed
from the temperature evolution over time (24), is also an
important characteristic for the guidance of thermal ther-
apy, since it is a noninvasive measure for tissue necrosis,
and can thus determine the thermal treatment effective-
ness and duration. Over a certain period, for tempera-
tures above 43�C, a temperature increase of 1�C doubles
the thermal dose. As a consequence, temperature errors
of that order may have a major impact on the treatment
guidance. Our simulations showed that for the chosen
anatomy, an ellipsoidal HIFU thermal spot of diameter 8
mm and length 20 mm and a maximum temperature
increase of DT ¼ 30�C led to temperature errors in the
glandular tissue ranging between �8.6�C and þ6.2�C,
depending orientation of the focal spot. The errors
within the tumor were of particular interest and ranged
between �6�C and þ3�C. Errors of this order of magni-
tude may significantly influence the accuracy of thermal
dose calculations during thermal therapy.

The largest diameter of the tumor in this study was
about 0.7 cm in all three dimensions. For larger tumors,
under certain heating conditions, there may be less sus-
ceptibility-related temperature errors in the center of the
tumor than for smaller tumors. However, total coagula-
tion is important also at the tumor boundaries, where
susceptibility-related errors will occur if the tumor is ad-
jacent to heated fat tissue, regardless of the tumor size.

The shape and size of the heated area were shown to
be of influence. An ellipsoidal thermal spot that was
aligned with the z-axis led to temperature underestima-
tions within the tumor, whereas when it was aligned
with the x- or y-axis, it mainly led to a temperature over-
estimation at that location. This is due to the fact that
changing the orientation and shape of the heating pattern
(covering a heterogeneous mixture of aqueous and fatty
tissue) influences the susceptibility distribution and
thereby the temperature errors in the local temperature
inside and outside the thermal spot measured with
PRFS-based MRT. The most frequently used breast HIFU
systems currently use a transducer that sonicates parallel
to the y-axis so that temperatures at the tumor location
are overestimated. Nevertheless, transducers that soni-
cate parallel to the coronal (the x-z) plane are also uti-
lized. In that case, the temperature error is very much
dependent on the angle of sonication within that plane.

We investigated temperature-induced changes in the
susceptibility. However, temperature is not the only
mechanism leading to a change in tissue susceptibility.
For example, the susceptibility may change due to altera-
tions in the balance of oxygenated and deoxygenated
hemoglobin and myoglobin (2,4). Also, changes in tissue
shape and size (e.g., caused by edema) are of possible
influence. The incorporation of susceptibility related
effects in the computation of PRFS-based temperature
maps is not straightforward, due to the unconfined char-
acteristic of the phenomenon.

The influence of susceptibility on PRFS-based MRT is
currently mostly ignored. We have shown that tempera-
ture errors do occur. This may induce erroneous thermal
dose calculations which may have an important influ-
ence on the outcome of the thermal treatment. This effect
is not eliminated when fat suppression techniques are
used. Susceptibility-related temperature errors are not
only related to the shape and orientation of the heating
pattern but also depend on the distribution of water
and fat inside the heated area. The compensation of sus-
ceptibility-related temperature errors is, therefore, not

FIG. 8. Three histograms of the temperature error eT within the tumor, each corresponding to an orientation of the thermal spot. Per his-
togram, eT is given for all sizes of the thermal spot applied (expressed in diameter). The histograms clearly show an increase of temper-
ature error in the tumor with increasing thermal spot size. Also, a remarkable correlation with the thermal spot orientation and eT is

shown. For a thermal spot oriented along the z-axis (left histogram), an underestimation of the temperature is seen, whereas a thermal
spot which is oriented along the x- or y-axis (middle and right histograms) leads to a temperature overestimation. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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straightforward and requires in-depth analysis of each
specific case.

APPENDIX

The following section describes the Fourier-based simula-
tion technique as is used in this article. The magnetic field
distribution, which arises from a known susceptibility dis-
tribution x(r) placed in a homogeneous external magnetic
field, is computed, starting with the general equation:

$� B ¼ m0ðJfree þ $�MÞ ½A1�

in which M is the magnetization vector of the tissue.
Inside the bore of the MRI scanner, there are no primary
current sources, and hence Jfree ¼ 0 inside the bore. As a
result, we have:

$� B ¼ m0$�M ½A2�

Furthermore, the rotation of M may be replaced by an
equivalent current density distribution Jequiv:

$�M ¼ Jequiv ½A3�

Therefore, to calculate B, the equivalent current den-
sity field Jequiv is required. By definition, we have

M ¼ xH ½A4�

Combining Eq. A4 with the general vector equality
$� ðpQÞ ¼ �Q� ð$pÞ þ pð$�QÞ for any scalar p and
vector Q, yields:

$�M ¼ $� ðxHÞ ¼ �H� ð$xÞ þ xð$�HÞ ½A5�

As $�H ¼ Jfree ¼ 0 inside the bore, this reduces to

$�M ¼ $� ðxHÞ ¼ �H� ð$xÞ ½A6�

and hence, using Eq. A3 we have

Jequiv ¼ �H� ð$xÞ ½A7�

In MRI, it is customary to work with the magnetic field
B rather than the auxiliary vector H. As by definition
H ¼ 1

mB, Eq. 8 becomes:

Jequiv ¼ � 1

m
B� ð$xÞ ½A8�

in which the recursive nature becomes apparent: the
presence of a non-zero Jequiv at one point in space affects
the B field (and hence Jequiv) at another point in space.
In the application at hand, however, the values of x are
small (for biological tissues, x values are typically of the
order of magnitude of 10�6), and hence replacing 1

mB by
1
m0
B0 in Eq. A8 results in only a small relative error of

order O(v) in the calculation of Jequiv:

Jequiv ¼ � 1

m0

B0 � ð$xÞð1þOðxÞÞ ½A9�

At this point, we neglect the error of order O(x), and
calculate Jequiv directly from the known B0 and the given
susceptibility distribution x using:

Jequiv ¼ � 1

m0

B0 � ð$xÞ ½A10�

Using these equivalent currents as a substitute for
materials with magnetic susceptibility, the B-field is now
completely determined by only free currents and equiva-
lent currents in a vacuum (m ¼ m0 everywhere):

$� B ¼ m0ðJfree þ JequivÞ ½A11�

For any superposition of current density distributions,
the resulting B-field is the sum of the B-fields from each
separate current density distribution. In the case of Eq.
A11, Jfree ¼ 0 inside the bore; we are only interested in
the B-field arising from Jequiv. Let the B-field arising
from Jequiv be denoted as dB. Once the Jequiv distribution
has been calculated using Eq. A10, the dB field can be
calculated using a vector potential, as is explained
below. In analogy to the general equation !2A ¼ �m0J,
we define Aequiv as the vector potential that arises from
the Jequiv distribution:

r2Aequiv ¼ �m0Jequiv ½A12�

To calculate the Aequiv from Eq. A12, we use a Fourier
technique, as will be explained in more detail further
below. First, however, to indicate how the dB field fol-
lows from the Aequiv field once the Aequiv field is calcu-
lated, we combine the general vector equality
r2Q ¼ �$ð$ �QÞ � $� ð$�QÞ (for any vector Q) with
$�Aequiv ¼ 0 (because the magnetic field is stationary) to
obtain:

r2Aequiv ¼ �$� ð$�AequivÞ ½A13�

In combination with Eq. A12 and $ � dB ¼ l0Jequiv
(Eq. A11) this leads to

dB ¼ $�Aequiv ½A14�

We now focus on calculating Aequiv from the Jequiv dis-
tribution. Solving Eq. A12 yields:

AequivðrÞ ¼ m0

4p

Z
d3j

JequivðnÞ
r� nj j ½A15�

In Eq. A15, the advantages of performing the calcula-
tions in the Fourier-domain are apparent because of the
convolution operator inside the equation. The equation
can be written symbolically as

Ax ¼ m0

4p
Jx 	 G

Ay ¼ m0

4p
Jy 	 G

Az ¼ m0

4p
Jz 	 G

½A16�
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in which

Jequiv ¼ ðJx ; Jy ; JzÞ ½A17�

Aequiv ¼ ðAx ;Ay ;AzÞ ½A18�

Gðr� nÞ ¼ 1

r� nj j ½A19�

Let the following lowercase symbols aequiv(k), db(k),
jequiv(k), y(k) denote the Fourier transforms of Aequiv(r),
dB(r), Jequiv(r), and x(r), respectively. Using the integral:

1

r� nj j ¼
1

p

Z
d3k

e�i2pk�ðr�nÞ

k2
½A20�

we have

gðkÞ ¼ 1

pk2
½A21�

Furthermore, since the Fourier transform of $v(r)
equals �i2pky(k), and since Jequiv(r) ¼ �(1/l0) B0 �
$v(r), and B0 is a constant vector field pointing along the
z-axis (B0 ¼ B0ẑ), we have:

jequivðkÞ ¼
2pB0

m0

ikyuðkÞ
�ikxuðkÞ
0

0
@

1
A ½A22�

and

aequivðkÞ ¼ 1

2p
B0

ikyuðkÞ=k2

�ikxuðkÞ=k2

0

0
@

1
A ½A23�

Furthermore, the Fourier transform of dB ¼ $�Aequiv

(see above) yields db ¼ �2pik � aequiv. Therefore, we
now have::

dbðkÞ ¼ B0

kxkzuðkÞ=k2

kykxuðkÞ=k2

�ðk2
x þ k2

y ÞuðkÞ=k2

0
@

1
A ½A24�

As a result, the desired dB(r) field can now be found
by calculating the inverse Fourier transform of db(k),
which on its turn is calculated from the given y(k) using
Eq. A24:

xðrÞ!F uðkÞ !Eq:A24
dbðkÞ !F

�1

dBðrÞ ½A25�

Note that this calculated dB(r) field is the deviation
from the B0 field and is given in Tesla. The component
of dB(r) along the z-direction is taken. The macroscopic
magnetic field is then given by: Bmac = B0 + dB. The last
step is the computation of the total microscopic field
Bnuc. For our purpose, the changes in the Bnuc field that
are related to temperature-induced susceptibility changes

in the object are of importance. Therefore, in this case,
the electron screening constant term can be excluded
from Eq. 1:

Bnucðr;TðrÞÞ ¼ 1� 2

3
xðr;TðrÞÞ

� �
Bmacðxðr;TðrÞÞÞ ½A26�
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