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Abstract

Purpose: We present a method to remove the temperature measurement errors due to the movement of the ultrasound
applicator during MRI-guided high-intensity focused ultrasound (MRgHIFU) treatment.

Methods: MR thermometry, based on proton resonance frequency (PRF) shift, can provide high accuracy and temporal
resolution of MR temperature imaging for tumour treatment by MRgHIFU. However, the challenge is that the movement
of the ultrasound applicator causes temperature measurement errors due to the magnetic susceptibility of the applicator.
In a clinical environment the applicator has to be moved to cover the whole tumour volume, even in the case of a phased
array ultrasound applicator. With conventional PRF shift-based phase mapping method, a reference image must be
repetitively acquired as the ultrasound applicator is repositioned and tissue cooling down time must be inserted before a new
reference scan. Therefore, the treatment workflow becomes complex and time consuming. In this paper we propose
a method to reduce temperature measurement error by compensating the ultrasound applicator susceptibility through a
pre-measured or calculated magnetic field distribution of the applicator.

Results: The large temperature measurement error shown around the ultrasound focal region can be significantly reduced by
compensating the ultrasound applicator-induced delta magnetic field. Accurate temperature maps can be obtained when the
ultrasound applicator is repositioned without repetitively acquiring new reference images.

Conclusions: The reference image can be repetitively used for the temperature imaging when the ultrasound applicator is
repositioned. Therefore, the treatment workflow is simplified resulting in a reduction in total treatment time.

Keywords: MR thermometry, focused ultrasound, susceptibility, HIFU

Introduction

In recent years, magnetic resonance imaging
(MRI)-guided high intensity focused ultrasound
(MRgHIFU) treatment has been employed clinically
in the treatment of uterine fibroids and has been
approved by the US Food and Drug Administration
(FDA). Treatments of other body organs such as
liver, bone, breast, prostate and head have been
reported by many researchers [1-9]. The advantage

of employing MRI is that it can provide real-time
thermal dose monitoring as well as anatomical
images during treatment [10]. It also provides
contrast-enhanced images for evaluating treatment
effectiveness after the treatment [11]. MR thermo-
metry can provide temperature information that
indicates the ‘thermal dose’ delivered to a tumour:.
This thermal dose is one of the most important
factors to influence the efficacy of the treatment.
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It measures the time integral over an exponential
function of temperature and expresses as equivalent
minutes at a reference temperature of 43°C [12].
When thermal dose reaches the 240 equivalent
minutes threshold, the tumour tissue can be com-
pletely necrosed [13, 14]. Therefore, MRgHIFU
can increase the effectiveness of HIFU treatment and
reduce the treatment time, avoiding insufficient
treatment as well as over treatment.

Among several MR thermometry methods, the
PREF shift-based phase mapping method can provide
high temperature accuracy and temporal resolution
[15]. The relationship between proton resonance
frequency and temperature was discovered by
Hindman when he studied molecular interaction
[16]. Ishihara [17] first applied the PRF shift-based
method to magnetic resonance imaging. Due to its
high imaging speed and temperature accuracy, the
PRF shift-based MR temperature imaging method
was widely adopted in MRgHIFU treatment. With
this method, one MR phase image is acquired before
the treatment as a reference, and the following
MR phase images are acquired during the treatment.
By subtracting the following MR phase images from
the reference phase image, temperature maps can be
computed.

However, this method is significantly biased by the
variations of the magnetic field during the treatment
due to the movements of the ultrasound applicator.
All phase changes in the images are assumed to be
from temperature changes. The variations of mag-
netic field between the reference and temperature
scans are translated to errors in the temperature
maps. During the MRgHIFU treatment, the ultra-
sound applicator is moved mechanically so that the
ultrasound focus can cover the whole tumour volume
for ablation in the case of a single fixed focus
applicator and also in the case of a phased array
applicator. Due to the difference in magnetic sus-
ceptibility of the wultrasound applicator and the
surrounding de-gassed water, the local magnetic
field will change when the ultrasound applicator
moves to different positions. In the conventional
PRF shift-based phase mapping method, in order
to avoid temperature measurement errors induced
by the ultrasound applicator, the reference phase
image has to be repetitively acquired when the
applicator is moved to a new position. This brings
two major problems to the MRgHIFU treatment.

1. To ablate a certain volume of tumour, the
ultrasound focus will be moved many times to
cover the whole treatment volume, hundreds or
even thousands of steps in the case of a large
tumour. Since the ultrasound focus is a few
mm across the transverse direction, and up to
tens of mm in the axial direction, the effective

volume of |ultrasound focus is about
100 ~500mm> compared to a medium-sized
tumour of ~80 cm’. With each applicator move-
ment the acquisition of a new reference phase
image is necessary, resulting in a treatment
process that is very complex and time consuming.
2. The ablated region must be fully cooled down
before a new reference phase image is acquired.
In the PRF shift-based method, the temperature
of a reference phase image is assumed to be
known, typically 37°C for the human body.
If the ablated region is not fully cooled down
when a new reference phase image is acquired,
the calculated temperature map from the phase
difference between the reference and temperature
scans will deviate from the real temperature
in this region. As the tissue cooling down time
may vary from around one minute to several
minutes, the total treatment time is quite long.
A long treatment time of several hours for large
tumours could be clinically unacceptable.

A method of self-reference was proposed by Viola
Rieke [18] based on the PRF shift method, in which
a reference phase image in the heated region is
estimated by polynomial fitting and extrapolating
from the non-heated region. By using the self-
reference method, temperature measurement errors
caused by the inter-scan magnetic field variations
can be intrinsically avoided. A good result can be
obtained using this method when the tissue struc-
ture of the heated region is simple and uniform.
However, in a clinical environment, regions to be
treated generally show complex structures; often the
phase is not continuous in the non-heated region,
especially at the boundaries between different
tissues, e.g. water and fat, blood vessel, etc. The
extrapolated phase image for reference could be
completely fault. It is very difficult to obtain an
accurate reference image for general cases. The
clinical application of the self-reference method is
limited to regions inside an organ with uniform
tissue [19].

In this paper we propose a method to eliminate
temperature measurement errors caused by ultra-
sound applicator susceptibility. A calculated or
pre-measured delta magnetic field induced by the
ultrasound applicator is employed to compensate
for the field variations due to repositioning of the
applicator. The reference image can be repetitively
used when the ultrasound applicator changes posi-
tion, thus reducing the intensively repetitive process
of acquiring new reference images. Our proposed
method effectively reduces temperature measure-
ment errors, and the treatment workflow of
MRgHIFU can be optimised, resulting in a reduc-
tion in total treatment time.
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Methods
Principle

An MR gradient echo sequence is used to measure
phase images for both reference scans and temper-
ature scans. Due to local temperature changes in
the tissue, the proton resonance frequency is shifted
accordingly, and the frequency changes can be
measured in MR phase images. Temperature
changes AT can be calculated as:

Ag

AT =——F——
y-Bo-a-Tg

(1)
where y is the gyromagnetic ratio (2.675 x 10%rad/s/
Tesla for protons), By is the main static magnetic field
strength, 7% is the echo time, « is a temperature-
dependent coefficient, (typically —0.01 ppm/°C for
tissues [20]), and A¢ is the phase changes between the
reference scan and temperature scan.

Ap = o1 — ¢r (2)

where the phase image ¢ is acquired as a reference
before the HIFU heating and ¢t is acquired during
or after HIFU heating.

The magnetic field of an ideal MRI system is
homogeneous with the field strength of B, within
the imaging volume. Practically, a small inherent
inhomogeneous field contribution AB. is present,
so the real magnetic field B is also:

B(x,y, Z) =B, + ABc(x:y: Z) (3)

In an MRgHIFU environment, due to the mag-
netic susceptibility difference between the ultrasound
applicator and its surrounding de-gassed water,
the ultrasound applicator will induce an additional
magnetic field AB; superposed on the existing
magnetic field. Since there are no non-linear mag-
netic objects such as ferrous material present in the
MRI imaging region, the spatial distribution of
the delta magnetic field AB, is constantly relative
to the coordinate system fixed on the ultrasound
applicator on the condition that the applicator moves
only translationally or rotates along B, direction.
The relationship between the magnet coordination
system and the applicator coordination system is
shown in Figure 1.

In the case of the ultrasound applicator only
moving translationally without rotation, the induced
delta magnetic field AB,(x,y,2) for the applicator
at position r=(a,b,c) can be calculated by the
translation of AB,(x',', 2’) induced in the ultrasound
applicator coordinate system:

AB,4 (%, 95 2) = AB,(x — a,y — by 2 — ¢) (4)

In the case of the applicator rotating by 6 degrees
along the direction of B, as well as moving

w oy

z Z

Figure 1. Magnet coordination system xyz and ultra-
sound applicator coordinate system x'y' z’. The direction
of the main static magnetic field is in parallel with the z
axis. The origin of the ultrasound applicator coordinate
system is (a,b,¢) in the magnet coordinate system.
Relations between the applicator coordination system
and the magnet coordination system are: (A) translation,
(B) translation and rotation along z direction.

Body

ultrasound
applicator

Water tank

Figure 2. Diagram of tumour treatment by MRgHIFU.
After finishing the treatment at position 1, the ultrasound
applicator is moved to position 2. The ideal workflow is:
a reference image is acquired at position 1 for temperature
imaging, when the applicator is shifted to position 2,
the reference image can still be used for calculating a
temperature map.

translationally to the position r=(a,b,c), the
induced field is:
ABt(r)(x:y: Z) = ABt(x/>y/> Z/)
X =xcosf+ ysinh — a 5)
vy = —xsinf+ycosd — b
F=z-c
As in Figure 2, where the ultrasound applicator is
at position 1, r; = (x1, 1, 21), the magnetic field can
be expressed as:

Br1 (%53, 2) = By + AB.(x,, 2) + ABt(rI)(xsya z) (6)

Acquisition of a reference MR phase image at this
position, and the phase can be expressed as:

¢or =V B - Tg (7)
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Moving the ultrasound applicator to position 2,
ry = (X5, V2, 22), as in Figure 2, the magnetic field,
changes to:

Brz (2,9, 2) = By + AB.(x, 3, 2) + ABt(rz)(nys z) (8)

At this position the ultrasound applicator transmits
energy to ablate the tumour and an MR phase image
is acquired. The phase image measured at this
position is given by:

gr =7 B,,(1+a-AT)-Tg )

where AT is temperature changes in the tissue.

Subtracting Equation 7 from Equation 9, and
replacing By, and B,, with Equations 6 and 8, AT can
be calculated as:

AT — (o1 — ¢r)
v By, -a-Tg

_ y . [ABt(rz) - ABt(rl)] : TE
y-B, -a-Tg

(10)

The first term is equivalent to the conventional
PRF shift-based phase different mapping method.
The second term is the temperature measurement
bias due to the magnetic field variations caused by
repositioning of the ultrasound applicator.

In practice, B;, in Equation 10 can be well
approximated by B, as the inhomogeneous field
component AB. and the ultrasound applicator-
induced field AB; are both in ppm range. The AB;
induced by the ultrasound applicator susceptibility
in the background field of B, is spatially fixed
in the coordinate system attached to the applicator.
The effect of the ppm level inhomogeneity of B,
on AB; is secondary and can be safely neglected.
The AB; can either be numerically calculated, or
measured in a laboratory setting.

Calculation of the ultrasound applicator-induced
delta magnetic field AB,

The ultrasound applicator-induced delta magnetic
field AB; can be calculated by the numerical com-
putation method if the geometry structure of the
ultrasound applicator is provided and the magnetic
susceptibilities of the employed materials are known.
In this method, the ultrasound applicator is divided
into small volume elements and the magnetic
field induced by each small volume element can be
approximated as that from a magnetic dipole. The
ultrasound applicator-induced field is the sum of the
fields from all the elements. The distant magnetic
field of a magnetic dipole m=M x AV can be
calculated by:

(11

m 3(m- r)r:|
_ s

o
Br) =2
®) 47 [ e

where [y is permeability of the free space, M is
magnetisation of the small volume element, and
r=(x,y,2) represents the vector from the dipole
centre to a field point.

In the case of a clinical MRI system, the uniformity
of the By field within the imaging volume is in ppm
level and the magnet coordinate system is normally
defined with the main static magnetic field B,
pointing in z-axis direction. The distant field of a
magnetic dipole can be calculated by:

_ Mom 3xz
x 47 (xZ +y2 +ZZ)5/2
Hom 3yz

B, =

4 (x% + % + 22)°/2 (12)

_ Mom 227 — 5% —y?
T 4w (2 92+ 222

where the dipole’s centre is at the origin of the
coordinate system.

In an MRgHIFU environment, the ultrasound
applicator is submerged in de-gassed water. Thus,
the magnetic moment m is the result of subtracting
the magnetic moment of water from the magnetic
moment of the applicator material:

m=—m, —m, = (M, — M) x AV (13)

Here, m,, m,, are the magnetic moment of a small
volume of the applicator material and the de-gassed
water respectively. M, and M,, are the magnetisation
for the applicator material and water respectively.
Let xm, and xm, represent the magnetic susceptibil-
ities of the small volume of applicator material and
the de-gassed water respectively.

For a non-ferromagnetic medium with magnetic
susceptibility x., the magnetisation M can be

T o

calculated by:
B
M:—(Xm> (14)
B = (1 + xm)H #o \1+ Xm

M=B_H }
Therefore the magnetic moment m is:

m=(M, - M) x AV

_ E ( Xm,  Xmy
o\l + xm, 1+ xm,

) x AV (15)

Both xm, and xm, are much smaller than 1, at the
ppm level, so that Equation 15 can be further
simplified for calculation as:

B
m=(M, - My) X AV = —(xm, — Xm,) X AV
H“o
(16)

The ultrasound applicator-induced delta magnetic
field can be obtained by summing the induced
field components from all the small volume ele-
ments. Since the ultrasound applicator-induced
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Ceramic layer
Air gap

Plastic tray

Figure 3. A simplified ultrasound applicator model
was used for calculating the delta magnetic field. The
model was divided into 2mm x 2mm x 2 mm-sized
volume elements. For each volume element we assumed
that only one kind of material was contained.

magnetic field is at the ppm level of the main static
magnetic field in an MRI environment, the second-
ary induced field interference between small volume
elements can be neglected during the calculation.

A simplified ultrasound applicator model was
used for calculating the delta magnetic field; the
ultrasound applicator was modelled from a ceramic
layer, an air gap and a plastic tray as shown
in Figure 3. The size of the applicator model is
180mm in diameter and 150 mm in focal length.
The applicator model was divided into 2mm X
2mm x 2mm small volume elements. For each
small volume element we assume that it is composed
entirely of a single material.

Measurement of the ultrasound applicator-induced
delta magnetic field AB,

In a static magnetic field, when the ultrasound
applicator is placed in a water tank the local magnetic
field will change due to the susceptibility difference
between the applicator and the water. The variation
of the magnetic field AB; can be measured by an
MR imaging method. Figure 4 shows a measurement
of the delta magnetic field AB; by subtracting the
MR phase images acquired with and without the
ultrasound applicator in a water tank.
The following steps describe the measurement:

1. A non-magnetic water tank made of plastic is
positioned inside the MR scanner. The ultra-
sound applicator and its supporting frame are
put into the water tank. The applicator should
be positioned in the same direction as it is in
practical use, and the water level is recorded.

2. Acquisition of an MR phase image ¢; with a
gradient echo sequence and a fixed parameter
setting, e.g. Tr/Tg =50 ms/15 ms.

3. While the water tank is kept in the same position
inside the magnetic bore, the ultrasound applica-
tor and its supporting frame are taken out
from the water tank. Afterwards water is refilled
until the water level reaches the same height as
recorded in step 1.

Water tank
(with constant water level, BU
positioned in the magnet centre)

B - - - ————————
____________

...................

Figure 4. Diagram for measuring the delta magnetic
field induced by the ultrasound applicator. A water tank
was positioned in the magnet centre. MR phase images
were acquired with and without ultrasound applicator
in the water tank while keeping the water level constant
for both measurements.

4. The same sequence as in step 2 is run with
identical parameters to acquire a phase image ¢,.

5. The ultrasound applicator-induced delta mag-
netic field AB; can be calculated as:

AB; = (g1 — ¢2)/(y - Tr)

Deuvices

All imaging experiments were performed on a
1.5T superconducting magnetic MRI scanner
(MAGNETOM Symphony 1.5T, Siemens
Healthcare, Erlangen, Germany). A laboratory
custom-built focused ultrasound system was used
for the experiments. The system consists of a fixed
focus ultrasound applicator (150 mm in focal length,
frequency 1.1 MHz and focal size 3 mm x 3 mm X
15mm), a computer-controlled applicator position-
ing system and a single channel radio-frequency
amplifier system.

Phantom experiment

A 240-mm diameter spherical water phantom was
put on the HIFU water tank with a plastic support
frame as shown in Figure 5A. No HIFU energy
was transmitted during the phantom experiments,
therefore any temperature changes shown on the
temperature maps could be considered as errors.
The ultrasound applicator was shifted along y and z
directions at 10mm intervals respectively. For
each movement an MR phase image (gradient
echo-based sequence, Tgr/Tg=50/15ms, field of
view (FOV)=384mm, slice thickness=5mm,
pixel size=2mm x 2mm and image matrix—=
192 x 192) was acquired for the offline calculation
of the temperature maps. The phantom was put into
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(A)

Water phantom

Ultrasound
applicator

Water tank

100mm x 60mm rectangular
region for evaluation

(B)

Porcine muscle

Plastic film

Ultrasound
applicator

Water tank

Figure 5. Experimental set-up. (A) Phantom: a 240-mm diameter spherical water phantom was put on the water tank.
(B) Ex vivo: a block of porcine muscle was put inside a container with a plastic film beneath it through which ultrasound

energy can penetrate freely.

the water tank partially so that the whole acoustic
path of the ultrasound applicator could be shown
on the images.

A 100 mm x 60 mm rectangular region of interest,
which was centred on the ultrasound focal region,
was selected for the image evaluation. To investigate
the correlation between the temperature measure-
ment errors and the shifts in the applicator’s
positions, for each applicator position the following
measurements of the distribution of the absolute
temperature measurement errors were made — mean,
median, maximum and the 95th percentile. We
define the applicator free shift range (AFSR) to
indicate the ultrasound applicator’s maximum shift
range in which the 95th percentile of the temperature
measurement error is less than 1°C in the rectangular
evaluation region. Therefore, the AFSR can directly
reflect the capability of the applicator’s shift range
using the same reference phase image.

Ex vivo experiment

A block of porcine muscle was positioned inside
a plastic container suspended from a thin plastic
film beneath it as shown in Figure 5B. Acoustic
energy can penetrate the plastic film freely. Both
the HIFU water tank and the meat container were
filled with de-gassed water. An MR phase image was
acquired before the HIFU heating as a reference.
Then the ultrasound applicator was shifted in the y—z
plane to ablate 10 points including the point where
the reference image was acquired. The positions
of the 10 points were: (v, 2) — (0,0), (0,40), (0,80),
(0,20), (0,60), (20,0), (20,40), (20,80), (20,20),
(20,60), which were relative to the reference position

in mm during a time sequence of HIFU heating.
For each applicator position, 400 W of ultrasound
power was applied for 2s to heat the porcine
muscle and an MR phase image was acquired to
calculate the temperature map. The MR temperature
sequence is gradient echo-based with the parameters:
Tr/Tg=50/15ms, FOV=384mm, pixel size=
2mm X 2mm, slice thickness=5mm, and image
matrix = 192 x 192.

Results and discussion
Ultrasound applicaror-induced delta magnetic field

The ultrasound applicator-induced delta magnetic
field was measured as shown in Figure 6A with
an image plane orientated through the centre of the
ultrasound focus. A low pass filter was applied to
reduce the image noise. In Figure 6A, on both sides
of the ultrasound applicator, black-and-white stripes
(discontinuities) can be observed, which can be
explained by a large local magnetic field induced
near the ultrasound applicator so that the measured
phase was wrapped around. These errors do not
impact on the practical use as it is located far away
from the ultrasound focal region. The calculated
applicator-induced delta field is shown in Figure 6B.
The field distribution is smoother and noise free
compared with the measured field.

Phantom experiment

Without the ultrasound applicator delta magnetic
field compensation, the temperature measurement
error in a 100 mm x 60 mm rectangular evaluation
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03

-0.1

-0.2

-0.3ppm

Figure 6. Ultrasound applicator-induced delta magnetic fields. The direction of the static main magnetic field B, is
indicated by the arrow. The fields are shown (A) from a measurement, (B) by calculation. The magnetic field varies between
—0.0l1ppm to 0.4ppm from the focal region to the applicator surface. Phase wraparound can be observed around
the applicator due to large magnetic field variations in A; however, it can be neglected during the temperature error
compensation as those areas are far away from the ultrasound focal region.

region was increased as the distance of the applicator
shifted. This can be observed in both y and =z
direction as shown in Figures 7 and Figure 8
respectively. The susceptibility bias from the ultra-
sound applicator was much more pronounced for
shifts in the y direction. The corresponding temper-
ature measurement errors increased dramatically
with shifts of the applicator in terms of both the
affected area of the image and the magnitude of the
temperature measurement errors.

In Tables I and II, the mean, median, maximum
and the 95th percentile of the absolute temperature
measurement errors were calculated for the applica-
tor shift in y and z directions respectively. As shown
in Figure 9, without compensating the applicator-
induced delta magnetic field, the temperature
measurement error at the 95th percentile increased
rapidly with the applicator shifting from the reference
position, while the temperature measurement error
is kept at a moderate value when employing the
compensation.

For this ultrasound applicator which was used for
the experiments, the AFSR in z direction was 20 mm
without compensation and 70 mm with compensa-
tion method based on the pre-measured field or
calculated field. In y direction, the AFSR is <10 mm
without compensation, 20mm and 50mm with
compensation by pre-measured field and by the
calculated field respectively.

Ex vivo experiment

Ex vivo experiments were done with porcine muscle.
Because the HIFU heating was performed in a time
sequence (1.5min intervals) for the 10 points, the
heat diffused out of the heated points and they were
not fully cooled down when the temperature image
was acquired for the next HIFU heating. The delta
temperature map calculated by the conventional PRF

shift-based method is shown in Figure 10A. Large
temperature measurement errors can be found when
the applicator was shifted away from the reference
position; see the areas indicated by the arrows
in Figure 10A.

As can be seen in Figure 10B, the temperature
errors were significantly reduced by applying the
correction using the pre-measured applicator-
induced delta magnetic field. The temperature in
the ultrasound focal region and the heated points was
shown clearly and accurately. The large temperature
measurement errors due to the shifts in the applicator
position in Figure 10A were eliminated.

To obtain an accurate temperature map it is
important to keep the water level constant when the
applicator is shifted from the reference position,
otherwise the magnetic susceptibility difference
between water and air will induce additional phase
offsets that might be misinterpreted as a temperature
change around the water—air boundary. In our
experimental design, the variation of the water level
was controlled within 1 mm when the applicator was
moved across the water tank.

By translational shifting or rotating along B,
direction, the applicator focus can cover most
tumours in a clinical treatment. However, in the
special case when the applicator doesn’t rotate along
B, direction during HIFU treatment, the spatial
distribution of the ultrasound applicator-induced
delta magnetic field will change in the applicator
coordination system. The new spatial distribution
of the applicator-induced delta magnetic field cannot
be obtained by simply translating and rotating
the pre-measured or calculated delta field. In such
a case it is necessary to acquire a new reference
image.

In the perspective of using this method in an
in vivo setting, continually monitoring temperature
for point by point HIFU ablation can be realised
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Ultrasound applicator was shifted along the y direction
::]ﬂ 'u'

shift: 70 80 (mm)

Figure 7. Temperature error map within a 100 mm x 60 mm rectangular evaluation region. The ultrasound focus was
located at the centre of the rectangle. The ultrasound applicator was shifted along the y direction. (A) Conventional PRF
shift-based method without the applicator delta field compensation. (B) Compensation with the pre-measured applicator
delta field. (C) Compensation with the calculated applicator delta field.

Ultrasound applicator was shifted along the z direction

(A)
(B)

©

shift: 10

80 (mm)

Figure 8. Temperature error map within a 100 mm x 60 mm rectangular evaluation region. The ultrasound focus was
located at the centre of the rectangle. The ultrasound applicator was shifted along the z direction. (A) Conventional PRF
shift-based method without the applicator delta field compensation. (B) Compensation with the pre-measured applicator
delta field. (C) Compensation with the calculated applicator delta field.

Table I. Quantitative temperature error measurement for applicator shifts in y direction.

Uncompensated Compensated with measured field Compensated with calculated field

Shift (mm) Mean Median P95 Max Mean Median P95 Max Mean Median P95 Max

10 0.42 0.35 1.01 1.61 0.30 0.19 0.71 1.19 0.29 0.17 0.65 1.46
20 0.83 0.68 2.12 295 0.40 0.32 0.89 1.43 0.38 0.31 0.76 1.60
30 1.31 0.97 3.50 4.93 0.49 0.38 1.03 1.46 0.41 0.36 0.83 1.34
40 2.09 1.46 577 7.90 0.59 0.53 1.23 1.95 0.50 0.48 0.97 1.62
50 2.90 1.89 8.51 11.55 0.56 0.39 1.14 2.93 0.46 0.36 0.95 1.89
60 4.50 3.03 12.55 16.38 0.77 0.70 1.42 2.72 0.70 0.65 1.38 2.50
70 6.19 4.06 17.45 24.07 0.81 0.62 1.66 4.31 0.83 0.55 1.51 5.85

80 8.30 5.41 22.77 33.24 1.01 0.44 3.66 14.40 1.21 0.34 1.48 13.47




Temperature measurement error reduction for MRI-guided HIFU treatment

355

Table II. Quantitative temperature error measurement for applicator shifts in z direction.

Uncompensated Compensated with measured field Compensated with calculated field
Shift (mm) Mean Median P95 Max Mean Median P95 Max Mean Median P95 Max
10 0.25 0.21 0.66 1.41 0.24 0.20 0.58 1.11 0.22 0.19 0.55 1.05
20 0.34 0.27 0.890 1.76 0.29 0.25 0.70 1.22 0.25 0.22 0.61 1.22
30 0.41 0.30 1.37  2.40 0.31 0.27 0.76 1.55 0.24 0.21 0.60 1.12
40 0.46 0.31 1.57 2.86 0.33 0.28 0.79 1.57 0.28 0.26 0.67 1.06
50 0.58 0.38 1.90 3.49 0.38 0.34 0.90 1.63 0.35 0.35 0.81 1.37
60 0.66 0.45 2.21 3.6l 0.41 0.36 0.95 1.64 0.39 0.40 0.90 1.40
70 0.71 0.51 2.27  3.79 0.43 0.39 0.96 1.82 0.45 0.48 0.99 1.30
80 0.75 0.54 2.30 3.62 0.47 0.44 1.06 1.77 0.53 0.56 1.12 1.65
Temperature measurement error at the 95th percentile

(A) (B)
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Temperature measurement error at the 95th percentile in the 100 mm x 60 mm evaluation region correlated

to the distance of the ultrasound applicator from the position where the reference image was acquired. Ultrasound applicator

was shifted in (A) y direction and (B) z direction.

without the interruption of repetitively acquiring
reference phase images. This can be a big advantage
to improve the MRgHIFU workflow. Considering
the interference from blood vessels and the interface
of tissues, we cannot expect to remove them by this
method due to phase information contaminated by
these factors. However, the temperature measure-
ment errors are restricted to the blood vessel or tissue
interface locally. If the heating point is not located
at such a region, the measured temperature is still
reliable. Monitoring patient-related movement is
necessary to ensure the accuracy of the MR temper-
ature measurement as well as the precise location

of the treatment. The last point to be considered
practically is the validity of the pre-measured or the
calculated ultrasound applicator-induced magnetic
field. The ultrasound applicator-induced magnetic
field AB; is kept constant in the ultrasound applicator
coordinate system when the applicator is moved
within the homogenous region of the magnet.
Therefore we expect that the temperature measure-
ment errors induced by the ultrasound applicator
susceptibility can be removed. While in the event that
the applicator is shifted to the borders of the magnet
where the magnetic field inhomogeneities increases,
the actual ultrasound applicator-induced delta field
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Figure 10. Ex vivo experiments with porcine muscle. Ten ablations were applied at different ultrasound applicator
positions. The values of y and z indicate the shifts of the applicator from the position where the reference image was
acquired. (A) Delta temperature map without ultrasound applicator delta magnetic field compensation. (B) With ultrasound
applicator delta magnetic field compensation. Images were sorted in a time sequence of HIFU heating with labels 1~10.
The temperature measurement errors in group A, indicated by arrows, were significantly reduced by compensating
the ultrasound applicator-induced delta field in B. The ultrasound foci and the heated region which did not fully cool down

during the sequence can be shown clearly and accurately.

will deviate from the pre-measured or the calculated
field. In this case the temperature measurement error
cannot be completely compensated.

To choose the pre-measured applicator-induced
field or the calculated field for practical use, we
consider using the calculated field when the inner
structure of the applicator and the magnetic suscep-
tibility of applicator materials are precisely known
because it gives better accuracy and does not induce
additional noise, while usually for a commercial
ultrasound applicator, the inner structure and the
magnetic susceptibility of applicator materials cannot
be precisely obtained, therefore the pre-measured
field can be employed. Both the pre-measured field
and calculated field are obtained offline, there is no
difference regarding the time and complexity when
employing them in the temperature monitoring
procedure.

Temperature measurement error analysis during

MRgHIFU treatment

The major sources of temperature measurement
errors when using the PRF shift-based phase map-
ping method are:

1. Signal-to-noise ratio of the acquired phase images
for calculating the temperature map. The noise of
an acquired phase image will reduce the temper-
ature accuracy. Optimising the echo time Tg can
yield an increased phase-contrast-to-noise ratio,
thereby improving the temperature accuracy.
The signal-to-noise ratio of the phase difference
depending on T can be written as:

Tg

SNRyp,  Tg-e 2 (17)

The SNRp4 can be optimised when Ty equals
T; [21].

. Motion. Moving objects will cause local magnetic

field distortions due to susceptibility discontinu-
ities. During an MRgHIFU treatment, the major
motions that may affect the temperature accuracy
include: (1) movements of the body and of the
internal organs of the patient; (2) movement
of the ultrasound applicator and its supporting
frame; (3) turbulence of water during ultrasound
energy transmission; and (4) the fluctuation of the
water level. The temperature measurement errors
caused by the movement of the ultrasound appli-
cator and its supporting frame can be eliminated
by the proposed method. However, reducing
the effect of the patient-related movement is a
big challenge for MR imaging. With the PRF
shift-based phase mapping method, when a
movement of the treated region is detected, the
reference images must be re-acquired. The effect
of water turbulence during ultrasound energy
transmission can be neglected if the treated region
is far away from the skin which is adjacent to the
de-gassed water. When the treated region is very
close to the skin, error caused by water turbulence
cannot be ignored. A gel pad can be inserted
between water and skin to reduce the effect of
water turbulence. Precise water level monitoring
and controlling can be achieved through proper
design of the water tank.

. Phase wraparound in the ultrasound focal region

due to high temperature changes and long echo
time Tg. In Equation 1, A¢ will exceed +m
when there are large temperature changes with
long echo time 7%. Because the four-quadrant
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inverse tangent function is used for phase calcu-
lation, the calculated A¢ will be wrapped around
into [—m, 7] when temperature variation exceeds
the following criterion.

T
AT| > S Bo o T (18)
A phase unwrapping algorithm needs to be emp-
loyed to correct this kind of error. Alternatively,
phase wraparound errors can be avoided by
selecting a shorter echo time in the temperature
imaging sequence, e.g. set Tg=15.7ms or less
if |AT| is less than 50°C for a 1.5T scanner;
however a shorter 7y will adversely decrease
the temperature sensitivity, so that an optimum
between temperature sensitivity and phase wrap-
around errors must be found.

4. Partial volume effects. In the case of different
material components inside a voxel, the MR
signal is the averaged contribution from all the
materials in that voxel. This is called the partial
volume effect. Therefore, the MR temperature
map is the averaged temperature in the voxel.
In order to catch the highest temperature changes
in the ultrasound focal region, the imaging
voxel should be set to less than the size of the
ultrasound focus.

Treatment time

For the ultrasound applicator which was used in our
experiments we made a comparison of total treat-
ment time between the conventional method and
our proposed method. A moderate-sized tumour
with diameter of 60 mm, volume of 120 cm> was
assumed for MRgHIFU treatment. 12 slices with
approximately 250 heating points were planned for
treating the whole tumour volume. Imaging speed
was 3 s per slice (for both the reference scan and the
temperature scan). Tissue cooling down time was
90 s before a new reference scan. And three contin-
uous temperature measurements were applied to
monitor HIFU ablation of one point. Considering
the AFSR of 10mm in y and 20mm in 2z direction
for the convention method, 60 reference scans are
necessary, resulting in a total treatment time of
130 min. This can be reduced to 55min with 12
reference scans by our proposed method. A calcu-
lated ultrasound applicator-induced delta magnetic
field with an AFSR of 50 mm in the y and 70 mm in
the z direction was used for the calculation. The user
operating time is not considered in this calculation.

Conclusion

A method using a calculated or pre-measured delta
magnetic field distribution induced by the ultrasound

applicator is proposed to compensate for the tem-
perature measurement errors due to the applicator’s
susceptibility during an MRgHIFU treatment.
By using this method the reference phase image
can be repetitively used when the ultrasound appli-
cator is repositioned to treat different sub-regions.
Furthermore, the frequency of waiting for the treated
tissue to cool down and repetitively acquiring the
reference images is significantly reduced. Therefore
the complex and time-consuming workflow of
MRgHIFU treatment, based on the PRF shift MR
temperature mapping, is simplified, resulting in a
substantial reduction in total treatment time.
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