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ABSTRACT

Purpose: Test objects for High Intensity Focused Ultrasound (HIFU) are required for the standardiza-
tion and definition of treatment, Quality Assurance (QA), comparison of results between centers and
calibration of devices. This study describes a HIFU test object which provides temperature measure-
ment as a function of time, in a reference material compatible with Magnetic Resonance (MR)
and ultrasound.

Materials and methods: T-Type fine wire thermocouples were used as sensors and 5 correction meth-
ods for viscous heating artifacts were assessed. The phantom was tested in a MR-HIFU Philips
Sonalleve device over a period of 12 months, demonstrating stability and validity to evaluate the per-
formance of the device.

Results: The study furnished useful information regarding the MR-HIFU sessions and highlighted
potential limitations of the existing QA and monitoring methods. The importance of temperature mon-
itoring along the whole acoustic path was demonstrated as MR Thermometry readings differed in the
three MR plane views (coronal, sagittal, transverse), in particular when the focus was near a soft-tis-
sue/bone interface, where there can be an MR signal loss with significant temperature and thermal
dose underestimation (138% variation between the three plane views).

Conclusions: The test object was easy to use and has potential as a valid tool for training, QA,
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research and development for MR guided HIFU and potentially ultrasound guided devices.

Introduction

High Intensity Focused Ultrasound (HIFU) thermal ablation
has been explored as a therapeutic treatment modality for
many years and has gained rapid clinical acceptance due to
its noninvasive nature [1,2]. High acoustic intensity (/¢
>1000 Wem™2) is delivered using a focused transducer to a
targeted area of a few mm? volume, with the aim of destroy-
ing unwanted tissue (e.g., cancer) whilst avoiding damage to
surrounding areas. A large fraction of the acoustic energy is
absorbed by the tissue resulting in a temperature increase.
The tissue temperature within the focal region rises above
56°C within seconds, causing coagulative necrosis of tar-
geted tissue [3].

The procedure is generally performed under diagnostic
ultrasound (USgHIFU) or Magnetic Resonance (MRgHIFU)
real-time guidance and monitoring. Currently, the Focused
Ultrasound Foundation [4] estimates that there are more
than 55 manufacturers of HIFU devices used for 136 different
clinical indications, performed in 665 research and 585 treat-
ment sites around the world. A number of clinical MRgHIFU
and USgHIFU devices have received FDA approval and/or CE

marking (ExAblate Neuro, Exablate Body System and
Exablate Prostate, InSightec, Haifa, Israel; Sonalleve MR-HIFU
and Tulsa Pro, Profound Medical, Mississauga, Canada;
Sonablate, Sonacare Medical, North Carolina, USA; Echopulse,
Theraclion, Malakoff, France; Focal One, Edap TMS, Dauphine,
France; JC, JC200 and JC200D, Haifumedical, Chonggqing,
China) for several noninvasive thermal therapy treatments
including uterine fibroids [5], bone metastases [6,7], essential
tremor [8], Parkinson’s disease [9], breast fibroadenoma [10]
and prostate cancer [11].

As the use of HIFU becomes more widespread and clinic-
ally accepted, there is an increasing need to standardize how
delivery of the therapy is described and reported [12].
Standardization and definition of protocols are essential to
promote the use of the technology, develop Quality Control
and calibration guidelines, compare the results between cen-
ters, assess device performance, optimize exposure parame-
ters, and ensure a successful treatment outcome. Research,
development, and commercial availability of appropriate test
objects play a key role to support all these activities.
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Standards for the measurement and reporting of ultra-
sound fields in water (i.e., local pressures, local intensities,
beam-shape) are available [13-20] and methods for acoustic
field characterization of clinical MRgHIFU systems have been
described in the literature [21]. However, there is a need to
describe the ultrasound field in a medium other than water
in order to quantify dose quantities (such as amount of
energy deposited over the length of the treatment) and to
define quantities related to treatment efficacy (clinical out-
comes). No single accepted dosimetric parameter exists for
HIFU treatments [22]. However, where the primary mechan-
ism of the induced biological effect is thermal, it is accept-
able to describe the treatment in terms of “thermal dose”
[23]. Consequently, two of the most important parameters
are the estimation of temperature rise related to acoustic
exposure and exposure time. A HIFU test object for thermal
therapy represents a device that allows accurate quantifica-
tion of temperature as a function of time, in a reference
material. Tissue mimicking materials based on agar, gelatin,
PVA hydrogel, condensed milk, carrageenan and polyacryl-
amide recipes are commonly used in ultrasound and MRI
imaging [24,25]. These materials have been combined with
thermally sensitive materials such as bovine serum albumin
(BSA) [26], egg-white [27], thermochromic inks [28-31], for
temperature assessment in HIFU applications. Although these
may provide useful information on temperature spatial distri-
bution and system targeting accuracy, these materials do not
typically provide quantification of absolute temperatures or
temperature variation as a function of time as only threshold
temperatures are indicated. Fiber-optic thermometry probes
have been recommended for measurements in Magnetic
Resonance environments [32], however these are very expen-
sive and fragile.

Test objects offer advantages over biological tissues
(human or animal) as they are stable, reproducible and well
characterized. Test objects enable repeat experiments and
comparative studies to be carried out without ethical issues.
For these reasons, test objects and phantoms have historic-
ally played a fundamental role with wide applications for
Quality Assurance, training, R&D, testing and validation of
innovative medical techniques. Development of appropriate
test objects is expected to play a crucial role in validating
the performance of existing HIFU devices, highlighting bene-
fits and potential issues, and offering a tool supporting cor-
rective actions. This can have a positive impact on improving
and promoting the technology, accelerating its clinical
acceptance worldwide. The ideal phantom or test object
should be cost-effective, portable, user-friendly, non-hazard-
ous, MR-compatible, have well-characterized tissue-like
acoustic (absorption, attenuation, speed of sound and non-
linearity parameter) and thermal (thermal diffusivity, specific
heat capacity and thermal conductivity) properties that
remain stable over time.

In this study, a test object has been manufactured with
cost-effective components and used for a period of
12 months to assess the performance of a Sonalleve MR-HIFU
device (Philips/Profound Medical, Mississauga, Canada). The
MRgHIFU system is CE marked for palliative treatment of

bone metastases and thermal ablation of uterine fibroids.
The test object embeds bone-mimic inserts within soft tis-
sue-mimic material to test both therapeutic modalities. To
the authors’ best knowledge there are no previous phantom
studies comparing MRI thermometry of a clinical MRgHIFU
system with thermocouple measurements. The aim of the
study was to validate the phantom, assess the MRgHIFU
device performance in a clinical environment, and provide
training for the clinical staff, in order to underpin confidence
in the performance of the technology.

Materials and methods
Phantom construction

The test object consists of a cuboid block with a base of
130mm square and a height of 200 mm. Base dimensions
are chosen to be compatible with the diameter of the HIFU
transducer of the Sonalleve, while height is chosen to minim-
ize reflection from the air interface. The structure is manufac-
tured in PMMA (Perspex™) and spirit levels and 8 nylon
screws are placed on the phantom sides to aid positioning
and alignment. Four T-type (copper-constantan) thermocou-
ples (TC1, TC2, TC3 and TC4) are embedded at clinically rele-
vant positions to monitor temperature rise during HIFU
exposure. The thermocouples have a junction of 75um to
minimize artifacts [33-35] arising from the interaction with
the 1.2 MHz HIFU beam. T-Type (copper-constantan) thermo-
couples were preferred to other models because they do not
generate artifacts in MR imaging [36]. TC1 is fixed to a 12 um
Mylar film (Goodfellow Cambridge Ltd, UK), placed at a
height of 55mm from the entry face and a distance of
10mm from the bone. The Mylar film, widely used as an
acoustic window for acoustic measurements [37], minimizes
reflection and absorption while providing a support for the
positioning of the sensor. The bone mimic is 3D printed in
VeroWhitePlus™ with an Object500 Connex1™ 3D printer
(Stratasys Ltd, Minnesota, USA). VeroWhitePlus™ has been
used in previous studies as a bone mimic material [29,30].
The bone mimic has a disk shape with a thickness of 2 mm,
to reproduce typical flat bones affected by metastases, such
as ilium, spine, and scapula. TC2 and TC3 are fixed with a
tape on the two sides of the bone mimic disk, front and rear
respectively with respect to the orientation of the HIFU trans-
ducer. TC4 is fixed to a plastic support at a height of
150 mm and is used as reference. The agar-based soft Tissue
Mimicking Material (TMM), prepared according to Annex DD
of IEC 60601-2-37, is gently poured through a removable
window cut from one of the lateral PMMA surfaces of the
phantom structure. 3D printed tools and slots engraved into
the phantom internal surfaces help to identify thermocouple
positioning in 3D space during MR imaging. Scaffolding
(before pouring the TMM) and a CAD model of the test
object are shown in Figure 1(ab), respectively. Relevant
acoustic and thermal properties of tissues and materials of
interest for the development of the test object are listed in
Table 1.
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Figure 1. (a) Scaffolding of the test object prior to filling with IEC agar-based TMM (left) and the (b) CAD model (right). Thermocouples (TC1, TC2, TC3 and TC4),
positioning tools and the 3 D printed bone mimic disk are visible in the left image (a).

Table 1. Relevant physical properties of materials and tissues for the development of the phantom.

Density Speed of sound  Acoustic attenuation at  Thermal diffusivity Volumetric heat Thermal conductivity
Material (kg m~3) (ms™h 1.2MHz (dB cm™") (mm® s capacity (MJ K™' m©) Wm™K
2Bone Mimic — VeroWhitePlus™  1117-1180 2443 +4 45+05 0.105+0.01 1.61+0.16 0.169 £0.02
?lEC-agar based TMM 1040-1050 1540 £2 0.6%0.1 0.154£0.01 3.95+£0.39 0.61+0.06
BSoft tissue 1055 1575 0.6-2.24 0.150 3.55 0.525
“Bone cortical 1900+ 133 3514 +£420 5.6%0.56 - 1.31+£0.29 0.32+0.03
“Bone cancellous 1178+ 149 2117 £288 5.1+£0.51 - 2.274+0.23 0.31+£0.03

@Acoustic properties measured at the National Physical Laboratory (Teddington, United Kingdom) using standard methods (37); Thermal properties measured
with a TEMPOS thermal properties meter (METER Group, Inc. USA) equipped with a SH-3 probe.

PICRU rep. 113 [59].

“(38) IT'IS Database for thermal and electromagnetic parameters of biological tissues,” Version 4.0.

Experimental set-up for MR-HIFU sonication

The phantom was tested using a clinical MR-HIFU Sonalleve
system (Philips/Profound Medical, Mississauga, Canada).
Multiple sonication were completed through four different
experimental sessions over a period of 12 months. The phan-
tom was positioned on the MR-HIFU tabletop in contact with
the plastic membrane of the acoustic window, as shown in
Figure 2. A compatible phantom holder was manufactured
to support positioning and alignment, minimizing the weight
imposed on the membrane (thereby avoiding risk of dam-
age). Degassed water was added to avoid potential air
between the membrane and the acoustic window of the
phantom. The receiving MRI coil was placed on top of the
phantom (Figure 2(a)) and the phantom was positioned at
the isocentre of the scanner sliding the Sonalleve HIFU table-
top. Thermocouples were connected to an 8-channel data-
logger USB TC-08 (Pico Technology, Eaton Socon, UK)
through MRI compatible 5m extender cables. The data-log-
ger was kept in the MRI controller room. Sampling rate was
set at 1Hz, which is the fastest rate available for the data-
logger and much longer than the response time of the
75um  T-Type thermocouples (<0.1s). The automatic
Sonalleve QA protocol was run before every experimental
session to verify correct functioning of the device. T1 and
T2-weighted images were acquired with a Philips Achieva 3.0
MR system (Philips, Amsterdam, Netherlands) as used for
treatment planning. MRI images of the phantom and

treatment planning on the Sonalleve console are shown in
Figure 2(b). The TMM provides the MR signal and the T-Type
thermocouples do not introduce significant artifacts in the
image [36]. The positioning markers (engraved slots on the
internal wall and plastic positioning marker on top) helped
to identify the thermocouple position in both transverse and
sagittal MRI planes, while 4 arrow-shaped engravings in the
bone mimic indicated the position in the coronal plane. A
test sonication was run at the beginning of each experimen-
tal session to correct for potential offsets of the device, as
indicated in the MR-HIFU Sonalleve instruction manual. The
position of the focus was assessed before each exposure
(within the resolution of the MR (1.25 x 1.75 x 2.50 mm)) to
confirm correct placement.

An acoustic frequency of 1.2MHz, regular cells of 4mm
diameter and 10mm lengths, exposure time of 16s, and
nominal power ranging from 20W to 60 W were chosen for
all sonication. The sonication were performed on the soft tis-
sue mimicking material, on the bone mimic material, on the
thermocouples and within regions distant from them (but
maintaining the same distance from the transducer), in order
to verify the presence of interference or loss of MR signal. A
test sonication was always performed at the beginning of
the experiment to identify if the heating took place at the
expected location. Whenever needed, the offset of the
device was corrected in Right-Left and Head-Foot directions
in the coronal image and Anterior-Posterior direction in the
sagittal image (as indicated in the instruction manual). MRI
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Figure 2. Experimental set up for the MR-HIFU Sonalleve system — (a) the test object is positioned in contact with the acoustic window and degassed water is
added to minimize potential air gaps. A phantom holder was specifically manufactured to be compatible with the phantom and the Sonalleve system. The holder
allows phantom positioning and alignment. The MRI coil is positioned on top of the phantom for signal acquisition; — (b) positioning tools and engravings on the
bone-mimicking components are visible on the MR image and help identify thermocouple positions in 3D space. The console provides coronal (top-left), sagittal
(top-right), transverse (bottom-left) and near-field views (bottom right) of the phantom. Sonication were performed with treatment cells of 4 mm diameter and

powers ranging from 20 W to 60 W.

Table 2. Summary of the files exported from the Sonalleve MR-HIFU console at the end of each experimental session.

File

Data

Index of the experimental session
Temperature curves

Magnitude and phase maps of the phantom
Thermal dose

Thermal maps

m onNnow

Index of the cells and details such as power, duration, type

Temperature profile during treatment as a function of time

Magnitude and phase maps as a function of time for the three MR plane views and the near field
Thermal dose maps as a function of time for the three MR plane views and the near field
Thermal maps as a function of time for the three MR plane views and the near field

thermometry acquisitions, based on the proton resonance
frequency (PRF) shift method [40], are automatically acquired
in real-time by the device.

MRI thermometry measurements

The Sonalleve MR-HIFU console provides thermal dose and
temperature maps in real-time for each of the MR plane
views and for the near field. It typically provides information
on the coronal, sagittal and transverse MRI plane views,
when it is set-up in “bone metastases” configuration, and on
three coronal planes, at different depths, and the sagittal
plane view, when it is set-up in “uterine fibroids.”

The temporal resolution indicated by the instruction man-
ual is 3s whilst the voxel size (spatial resolution) is
2.5 x 2.5 x 7mm. The device allows numerical data from the
treatment to be exported as “.csv” files at the end of the
experimental session. For each sonication, exported files
include information (file a, Table 2) such as power and dur-
ation, temperature as a function of time (file b, Table 2),
magnitude and phase maps (file ¢, Table 2), thermal dose
maps (file d, Table 2) and thermal maps (file 2, Table 2) cal-
culated for each MR plane view. A dedicated MATLAB
(MathWorks, MA, USA) code has been developed to import
the files and analyze the data without interfering with the
clinical workflow. The results provided by the MATLAB soft-
ware have been cross-validated against the Sonalleve MR-

HIFU console. The files exported, for each sonication are
summarized in Table 2.

Peak temperature was recorded from the temperature
curves (file b, Table 2) and from the MR plane view providing
the highest temperature (file e, Table 2). Similarly, the ther-
mal dose was recorded from the thermal dose maps (file d,
Table 2) and calculated following [23] from both the tem-
perature curves (file b, Table 2) and the MR plane view pro-
viding the highest temperature (file e, Table 2).

Thermocouple measurements and treatment of the
viscous heating artifact

The smallest T-Type thermocouples available commercially
were used and positioned in the phantom perpendicular to
the ultrasound beam axis during sonication. To date there is
no universally accepted, rigorous method of quantifying the
viscous heating artifact.

The following different strategies have been used to cor-
rect for the viscous heating artifact:

i. wait a fixed amount of time [34,41-44] from the onset
of the sonication and then analyzing the temperature
rise (“wait and measure” method);

ii. measure temperature rise in TMMs with low and tissue-
like acoustic attenuation under equivalent experimental
condition (“substitution method”; [45]);



iii. identify the point in time at which the temperature rise
becomes linear and the viscous heating negligible
(“second differential” method; [46]);

iv. extrapolate the temperature curve by best-fitting
experimental data from 2s to 12s after the ultrasound
exposure has ceased [47] and process an iterative
curve-fitting on the temperature decay curve to esti-
mate the peak temperature from extrapolating the best-
fit curve.

The “wait and measure,” “second differential” and [47] cor-
rection methods were applied to the thermocouple measure-
ments described in this work. In addition, a single term
(Newton’s law) and a two-term exponential fit were applied
to the temperature decay curve. The first points were itera-
tively removed after the end of the insonation for both
methods in order to extrapolate the peak temperature. Two
thresholds were chosen: for the single-term fit, the points
were iteratively removed until the fit provided a r* > 0.90,
while for the two-term exponential the peak was chosen
when the difference in peak temperature between two con-
secutive iterations fell below 10%. Thermal dose was calcu-
lated, in accordance with [23], from temperature curves with
and without correction methods. For calculations using the
various correction methods, it has been assumed that the
viscous heating artifact contribution starts at the beginning
of the insonation and ends when the acoustic beam is
switched off, providing a constant offset.

Stability of the measurement system

A statistical analysis of the combined system
(phantom + MRgHIFU system) was performed to assess
whether the system was stable over the testing period
(12 months — 4 sessions). The normalized error [48], E,, was
calculated (Equation (1)) to evaluate the equivalence of
results,

(Xsi - Xa)

(V2+Vv2) W

n =

where x; are the quantities to be compared (e.g., X, is the
peak temperature in one of the sessions and x, is the aver-
age of the peak temperature over the four sessions) and V;
the corresponding variations. For any measurement Xxg is
expected to agree with x, to prove stability of the system
over the analyzed period. For normalized errors lower than
and equal one, the samples compared one to another are
considered statistically equivalent and the combined system
can be considered as stable over the 12 months.

Results
MR - thermometry

Multiple sonication were performed over four experimental
sessions carried out on different days (within 12 months).
Peak temperature reached during the treatment had been
recorded from “file b” (Table 2) for each sonication. The
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temperature is relative to a pre-set baseline of 37°C.
Average, standard deviation and variation calculated from
multiple sonication, are reported in Table 3. Relative peak
temperature estimated from MR thermometry thermal maps
differed by 13%-138% (average 65%) when comparing cor-
onal, sagittal and transverse plane view in the “bone meta-
stases” configuration. Similarly, these differed by 22%-103%
(average 52%) when comparing coronal and sagittal views in
the “uterine fibroids” configuration. Average peak tempera-
ture increase, defined as the maximum reading among the
three planes and exported as “file e” (Table 2), standard devi-
ation and variation calculated from multiple sonication are
shown in Table 3.

Thermocouples

Average (°C), standard deviation (°C) and variation (%) for
peak temperatures recorded by the thermocouples (TC1, TC2
and TC3, Figure 1) during the 4 experimental sessions are
reported in Table 3. Different correction methods were
applied to compensate for viscous heating artifact.
Thermocouple variability is always within 25% in soft tissue
mimicking material and increases up to 46% for bone-
mimic exposures.

Thermocouples vs MR thermometry - variability

Multiple sonication were repeated, within a single experi-
mental session. Here, we show the results for an acoustic
power of 40W, although the results are representative of
other acoustic output exposures. For the thermocouple
measurements, the cells were positioned repeatedly target-
ing the thermocouple within the soft tissue (TC1); for MR
thermometry acquisitions, the cells were placed within a
radius of approximately 2cm at the same phantom depth.
Average temperature curves (°C) and standard deviation
(error bar calculated on at least 3 acquisitions) as a function
of time recorded by thermocouples and MR thermometry on
coronal, sagittal and transverse plane are shown in Figure 3.
Temporal resolutions are 1s and 3s for thermocouples and
MR thermometry, respectively.

Thermocouples vs MR thermometry - temperature
monitoring at the focal spot

The temperature curves exported at the end of the experi-
mental session (file b, Table 2) indicate the temperature rise
as a function of the time within the treatment cell bounda-
ries of the MR coronal plane view. However, monitoring of
the temperature increase at the focal spot is not enough to
guarantee confidence on the procedure. Peak temperatures
of 46°C, 60°C and 45°C have been recorded by the thermo-
couples placed on the bone surfaces (TC2 and TC3, Figure 1)
when the focus was targeted at TC1 (Figure 1) for 20W,
30W and 40 W exposures, respectively. Peak temperature val-
ues recorded by thermocouples, MR temperature curves (file
b, Table 2), MR thermal maps (file 2, Table 2) on soft tissue
and bone mimic, are shown in Table 4.
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Table 3. Average (°C), standard deviation (°C) and variation (%) of peak relative temperature increase calculated with MR-Thermometry (proton resonance fre-
quency shift method).

MR peak temperature recorded
from temperature curves (file b, Table 2)

MR peak temperature recorded from the plane
view providing the highest temperature increase

Exposure on Number of Input Average Standard Variation Average Standard Variation
soft tissue mimic sonication power (W) peak T (°C) deviation (°C) (%) peak T (°C) deviation (°C) (%)
5 20 4.8 1.1 234 54 1.4 26
7 30 6.8 1.2 18.4 8.5 2.7 32
14 40 8.9 1.1 12.2 12.1 4.0 33
9 50 13.8 5.6 40.6 215 8.9 41
2 60 14.8 1.4 9.3 235 10.9 46
Exposure on Number of Input Average Standard Variation Average Standard Variation
bone mimic sonication power (W) temperature (°C) deviation (°C) (%) temperature (°C) deviation (°C) (%)
1 20 13.0 2.9 224 318 45 14
6 30 15.7 29 18.5 353 6.9 20
1 40 8.8 48.7

Temperature has been recorded from temperature curves (file b, Table 2) and thermal maps (file e, Table 2) exported at the end of each experimental session.

Same experimental session - 40W

Different experimental sessions - 40W

5 —+TC 28 —“+TC
26| i MRTH-Transverse 26 | 1 MRTH-Transverse
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Figure 3. Temperature measurements as a function of time recorded by thermocouples and MR thermometry on the three plane views (coronal, sagittal and trans-
verse) within the same experimental session and on different experimental sessions. Acquisitions were performed sonicating on soft-tissue mimicking material with

an acoustic power of 40 W.

Thermocouples vs MR thermometry - temperature as a
function of input power

Relative peak temperature increase for exposure of the soft
tissue and bone mimic materials is plotted as a function of
input power (W) in Figure 4,5. The plots provide a compari-
son between thermocouple readings, with different methods
to compensate for viscous heating artifacts, and MR therm-
ometry extracted from temperature curves (file b, Table 2)
and calculated from thermal maps (peak between coronal,
sagittal and transverse MR view, file e, Table 2). Values refer
to average (°C) and standard deviation (error bars °C) of
thermocouple with the different correction methods applied
(Table 5) and MR thermometry measurements (Table 3).

Thermocouples vs MR thermometry — thermal dose as a
function of input power

Thermal dose has been calculated from thermocouples and
MR thermometry temperature curves as indicated in
Equation (2) [23]:

CEM43°C =" & R T) )

where CEM43°C is the cumulative number of equivalent
minutes at 43°C, t; is the i-th time interval, R is related to
the temperature dependence of the rate of cell death
(R=0.25 if T<43°C and R=0.5 if T>43°C) and T is the
temperature during the time interval t.

Thermal dose, expressed as CEM43°C on the y-axis in log
scale, has been plotted as a function of input power for both
soft tissue and bone mimic exposures in Figure 6,7. As a
standard reference, reported threshold [3,22,49] for cell ther-
mal damage of 240 CEM43°C is indicated on the plots.

Stability of the measurement system

Assessment of any change in the acoustic properties of the
phantom are difficult as measurements would require
destruction of the phantom. Previous studies [50] demon-
strated the agar-based soft TMM (Annex DD of IEC 60601-2-



Table 4. Average (°C), standard deviation (°C) and variation (%) of peak temperatures recorded by the thermocouples: TC1, thermocouple on soft tissue mimicking material; TC2, front-facing bone surface with regards

to the ultrasound beam source; TC3, rear-facing bone surface with regards to the positioning of the ultrasound beam source.

Exposure on soft tissue mimic (TC1, Figure 1)

N of

Peak T(°C)
(Two terms exponential)

Peak T(°C)
(single term exponential)

Peak T (°C)
(“second differential”)

Peak T (°C)
(“wait and measure,” 0.55)

Peak T (°C)
(No Correction)

Input
power (W)

Peak T (°C) [47]
10.6 2.3 (21%)
12.9+2.4 (18%)
22.1£2.6 (12%)

Sonication

8.2+1.0 (12%)

10.5+£2.1 (20%)
16.9+0.8 (5%)

(17%)
(16%)

14.7 £2.4 (16%)

6.6+1.5
94+15

(9%)

9.6+ 1.9 (20%)
17.8+1.6 (9%)

7.1£0.6

10.9+2.8 (25%)
14.0£3.0 21%)
22.7£3.5 (15%)

12.0£2.2 (19%)
16.2+3.8 (23%)
248+3.4 (13%)

20
30
40

23.1

229

25.2

339

314

37.7

50

Exposure on bone mimic (TC2, Figure 1)

N of

Peak T(°C)
(Two terms exponential)

Peak T(°C)
(single term exponential)

Peak T (°C)
(“second differential”)

Peak T (°C) [42]

Peak T (°C)
(“wait and measure,” 0.5s)

Peak T (°C)

(No Correction)
28.5+11.6 (40%)

Input
power (W)

Sonication

29.4+11.7 (40%)
56.4+7.2 (13%)

28.8+£10.7 (37%)
53.7+7.2 (13%)

25.8+10.2 (40%)

28.1+£11.2 (40%)
54.0+6.5 (12%)

28.1+£11.3 (40%)

20
30
40

46.2+8.5 (18%)

54.8+6.3 (11%)

56.3+7.0 (12%)

54.8

529

525

53.1

43.0

55.1

Exposure on bone mimic (TC3, Figure 1)

N of

Peak T(°C)
(Two terms exponential)

Peak T(°C)
(Newton'’s law of cooling)

Peak T (°C)
(“second differential”)

Peak T (°C) [42]

Peak T (°C)
(“wait and measure,” 0.5s)

Peak T (°C)
(No Correction)

Input
power (W)

Sonication

333+3.7 (11%)
51.1£23.5 (46%)

32.0+3.3 (10%)
48.0 +£20.5 (42%)

28.3+2.6 (9%)
39.9+15.1 (38%)

32.0+3.7 (12%)
49.4+23.0 (47%)

30.3+2.4 (8%)
46.9+£21.3 (45%)

33.0+3.5 (11%)
50.8 £23.6 (46%)

20
30
40

65.3

62.2

49.6

63.2

63.7

65.6
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37) exhibits great stability in terms of acoustic properties
over 1year.

Relative peak temperature recorded at different time
points, over 12 months, with thermocouples and MR therm-
ometry is plotted in Figure 8. Measurements refer to input
powers of 20, 30 and 40W, and exposures on soft tissue
mimicking material. Typical variability (%), reported for each
input power in Tables 3 and 5, has been added to the data
points. It is important to highlight that although the MR-
HIFU Sonalleve system has a standard phantom that is used
for QA, the acoustic power used for QA is 70W and therefore
a direct comparison is not possible. However, it gives an indi-
cation of variability. For the 4 sessions shown in Figure 8,
Tables 6 and 7 show the normalized errors calculated for
thermocouples (TC) and MR-thermometry (MR-TH) in soft tis-
sues, respectively.

The analysis of normalized error shown in Tables 6 and 7
confirms statistical equivalence of the results with 95% confi-
dence, for all except one value, indicating stability of the
combined system throughout the 12months period. Only
one of the analysis in Table 7 (Session 4) was not statically
equivalent as the E, is above one, possibly due to an under-
estimation of the uncertainty.

Discussion

A cost-effective (total manufacturing cost less than £500) test
object has been developed and tested over a period of a
year using a clinical MR-HIFU Sonalleve system (Philips/
Profound Medical, Mississauga, Canada) and a Philips
Achieva 3.0 MR system (Philips, Amsterdam, Netherlands).
The system was under maintenance contract with Philips
and Profound Medical for the whole duration of the study, it
was regularly serviced and made available for clinical applica-
tions. This study confirmed the stability of the phantom over
a prolonged period of time and demonstrated its validity to
evaluate MRgHIFU performance. Clinicians and medical stu-
dents are fundamental in encouraging the use of HIFU as a
medical treatment. Phantoms offer them the possibility to try
the machine, practice with the software and gain confidence
with the technology. The phantom provides a tool for the
HIFU community, to allow definition of optimal exposure
parameters for effective and safe treatments.

A total of four experimental sessions, spanning 12 months,
were carried out using the developed test object. No time-
dependent drift in performance was observed during the
assessment. Automatic Quality Control and set-up of the sys-
tem was carried out in accordance with manufacturer guid-
ance before each experimental session. Relative peak
temperature increase estimated with MR thermometry dif-
fered by up to 138% (average 65%) between coronal, sagittal
and transverse views in “bone metastases” configuration and
up to 103% (average 52%) in “uterine fibroids” configuration
[51] provided technical guidance for acceptance of clinical
MRgHIFU systems and indicated the coronal scan plane as
the most reliable for measuring temperature evaluation.
However, the coronal scan plane might not be indicated for
“bone metastases” treatments because of potential loss of
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Figure 4. Exposure of soft tissue mimic material — thermocouple measurements in TMM (TC1) with and without correction for viscous heating artifacts, MR therm-
ometry extracted from MR temperature curves (file b, Table 2) and calculated from thermal maps (peak between coronal, sagittal and transverse MR view, file e,
Table 2). Plot refers to average (°C) and standard deviation (error bars °C) as a function of input power (W) for multiple sonication (as indicated in Table 3,5).

Table 5. Peak relative temperature increase (°C) on the thermocouples and MR thermometry recording when beam focus is positioned on TC1 (soft tis-

sue mimic).

Peak T (°C) - MR Peak T (°C) - MRTH
Peak T (°C) - MR soft tissue mimic, bone mimic surface,
Peak T (°C) - TC1 Peak T (°C) - TC2 Peak T (°C) - TC3 temperature curves thermal maps thermal maps
Input power (W) soft tissue mimic bone mimic surface bone mimic surface (file b, Table 2) (file e, Table 2) (file e, Table 2)
20 120 459 43.2 7 7.1 39.9
30 16.2 60.1 36.4 10.2 10.2 43.2
40 24.8 44.6 40.5 123 123 25.4

MR signal at the bone or bone-mimic material surface. This is
demonstrated in Figure 4 where the temperature curves
exported at the end of the experimental session (file b, Table
2), which refers to the temperature rise within the treatment
cell of the MR coronal view, indicate lower temperatures
when compared to MR exported thermal maps (file e, Table 2,
peak temperature between coronal, sagittal and transverse
view) and the thermocouples. Moreover, in the specific case of
138% temperature difference, the sonication was performed at
40W, 1.2 MHz for 165, on the bone mimic in “bone metastases”
configuration. The sagittal and transverse scan planes indicated
peak temperature increases of 48.7°C and 37.8°C, respectively,
while the coronal view recorded a temperature increase of
8.8°C. These results suggest that a better standardization of
the temperature monitoring is required, to ensure the safety of
the patient, the efficacy of the treatment and a more consistent
comparison between patients and centers.

MR variability across multiple experiments ranged from
14% to about 45%. This might be an indication of repeatabil-
ity of measurements for different sessions. However, the vari-
ability is expected to increase further when applied to
patients, as MR thermometry in clinics might be severely
affected by movement [40] and inhomogeneous tissues. To
date, a study of the uncertainty of MR thermometry under
HIFU in a clinical scenario has not been performed.
Thermocouple variability in soft tissue mimicking material
(TC1) was always below 25% across four different experimen-
tal sessions. This demonstrates the stability of the phantom
over a prolonged period and potential suitability for com-
parative and multicentre studies. Variability increases up to

46% when the beam is focused directly on the bone mimic
and large differences may exist between TC2 and TC3.
Different approaches have been explored in the literature for
bone metastases, to determine whether higher temperatures
are achieved focusing the beam in the pre-focal region, dir-
ectly or over the bone surface [6,52]. A small offset of the
focal position may result in large temperature difference on
the bone pre- or post-focal region.

Thermal dose as CEM43°C has been calculated [23] from
thermocouples and MR temperature curves, and extracted
from the thermal dose maps (file d, Table 2). Thermal dose
maps provided by the Sonalleve MR-HIFU console are highly
sensitive to noise and demonstrated high variability/variance
(Figures 5 and 6). As a consequence of the lower tempera-
tures recorded, thermal dose calculated from exported tem-
perature curves (file b, Table 2) suggest that 45W input
power is needed to obtain thermal ablation in soft tissue,
while all the other methods lie in a range between 32 W and
38 W. Similarly, temperature curves (file b, Table 2) indicate
that power inputs between 20W and 40W provide a
CEM43 °C of 240 on bone exposure, while all the other meth-
ods suggest the thermal dose is much higher.

Phantom limitations include the choice of fine-wire thermo-
couples as sensitive elements and their positioning. Fine-wire
thermocouples are widely used to measure temperature in tis-
sue-mimicking materials exposed to ultrasound because of their
fast response, good temperature resolution, low-cost and sim-
plicity [53]. However, from very early stages of their use [33,34]
and later [54] described an artifact affecting the measurements
which results in an overestimation of the heat generated by
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Figure 5. Exposure of bone mimic material - thermocouple measurements on soft tissue (TC1) with and without correction for viscous heating artifacts, MR therm-
ometry extracted from MR temperature curves (file b, Table 2) and calculated from thermal maps (peak between coronal, sagittal and transverse MR view, file e,
Table 2). Plot refers to average (°C) and standard deviation (error bars °C) as a function of input power (W) for multiple sonication (as indicated in Table 3,5).
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Figure 6. Exposures of soft tissue mimic material — thermal dose expressed as CEM43 °C calculated from thermocouple temperature curves with and without cor-
rection for viscous heating artifacts, MR temperature curves (file b, Table 2), MR thermal dose maps (peak between coronal, sagittal and transverse MR view, file d,
Table 2) and MR thermal maps (peak between coronal, sagittal and transverse MR view, file e, Table 2). The log scale on the y-axis and the marker size cover most
of the uncertainty estimates (standard deviation) and for clarity these have not been plotted. Observed variabilities range from 100% to 200% (typical value
~130%) for thermocouples and from 100% to 300% for MR (typical value ~180%). CEM43°C = 240 has been indicated in the plot as standard reference for thermal

damage.

Table 6. Normalized error for temperature peak measurements in soft tissues
using thermocouples.

Table 7. Normalized error for temperature peak measurements in soft tissues
using MR-Thermometry.

En (TC_20 W) En (TC_30 W) En (TC_40 W)
Session (1)-(Average) 0.34 0.20 0.93
Session (2)-(Average) 0.71 0.01 0.65
Session (3)-(Average) 0.52 0.17 0.12
Session (4)-(Average) 0.72 0.40 0.55

absorption of acoustic energy. This phenomenon, known as the
viscous heating artifact, is due to the relative motion between
the thermocouple and the TMM (or tissue). Friction at the
thermocouple/tissue interface induces extra heating which is
detected by the thermocouple. The magnitude of the extra
heating depends on acoustic frequency and thermocouple size,
material, structure, and orientation [33,34,54], as well as the
properties of the material under test. Additional artifacts, such
as heat conduction [34] and beam reflection [35] have been

En En En

(MRTH_20 W) (MRTH _30 W) (MRTH _40 W)
Session (1)-(Average) 0.61 0.69 0.34
Session (2)-(Average) 0.15 0.31 0.19
Session (3)-(Average) 0.77 0.36 0.41
Session (4)-(Average) 0.56 1.15 0.36

shown to be negligible if the size of the thermocouple junction
approaches 1/20 of the beam wavelength. Thin film sensors,
free from viscous heating artifact, have also been proposed but
these devices have not been commercialized, probably due to
the complexity of the manufacturing and calibration process
[38,55-58]. The use of K-Type thermocouples has been explored
in the early design stage of the phantom. However, this model
created large artifacts in the MR image (results not shown) and
have been discontinued. The smallest size (75um) of T-type
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(copper-constantan) available on the market has been chosen
to minimize interactions with the ultrasound field.

Overall, the phantom proved to be easy to use and pro-
vided useful information regarding the MR guided HIFU session.
It clarified that monitoring of the temperature should be per-
formed not only in the focal region but along the whole acous-
tic path. A modest input power such as 20W focused on soft
tissue may provide a temperature increase of ~8°C within the
focal spot but ~46°C for organs such as lung, bowel or bone,
placed at 10 mm distance beyond the focus. A new version of
the phantom under development will include a thermocouple
positioned a significant distance away from the bone-mimic to
allow sonication with higher power levels while reducing the
risk of melting the tissue mimicking material and permanently
damaging the phantom.

The study also suggests that MR thermometry tends to
underestimate the peak temperature. Temperature curves

exported at the end of the experimental sessions (file b,
Table 2) provide incomplete information and might mislead
the clinician about the outcome of the exposure. Thermal
maps (file d, Table 2) provide temperatures that differ signifi-
cantly among the MR plane views (coronal, sagittal and
transverse) and it is difficult to establish which of the three
the clinician should rely on. A comparison between MR
thermometry and thermocouples is challenging due to the
lack of a rigorous assessment of the uncertainty of the two
measurement methods. However, the underestimation is
unlikely to be completely attributed to viscous heating arti-
facts, as this was also observed when the beam was not dir-
ectly focused on the thermocouple (Table 5). Further
explanations might be linked to the lack of MR signal in
proximity to the bone-mimic or spatial and temporal averag-
ing computed by the PRF-thermometry sequence. Reported
spatial resolution on the Sonalleve is 2.5 x 2.5 x 7mm and



temporal resolution 3s. When a 4mm (diameter) x 10 mm
(length) cell is selected, such as in our experiments, the cell
might be shared with up to a maximum of 9 voxels. It is
understood that spatial averaging is computed, resulting in
overall underestimation of the peak temperature.
Improvement of both spatial and temporal resolution, and
development of volumetric (3D) MRI thermometry sequences
are desirable for more effective treatments.

Conclusion

A cost-effective test object compatible with MR imaging and
High Intensity Focused Ultrasound has been developed and
tested with a MR-HIFU Sonalleve over a prolonged period of
12 months. The system proved to be stable and provided
valuable information on the performance of the MRgHIFU
device. MR thermometry maps of different MRI plane views
(coronal, sagittal and transverse) may differ by more than
100% suggesting that better standardization of temperature
monitoring is required, to ensure safety and efficacy of
the treatment. Temperature monitoring of the focal spot of
the coronal view, which was exported from the device at the
end of each treatment, led to significant temperature under-
estimation when using the bone metastases configuration,
where signal loss due to the bone mimic is likely to happen.
The clinical outcome is strongly related to the thermal dose
delivered to the target region. An underestimation of the
temperature will also lead to an underestimation of the ther-
mal dose. Different methods for the evaluation of viscous
heating artifacts showed variability in both the absolute val-
ues and the shape of the temperature/power curves.
Currently, none of these corrections can be considered a ref-
erence and further investigations are required to identify the
most accurate correction technique.

The phantom also highlighted the need to monitor a
larger portion of the acoustic path rather than just the focal
spot, to ensure that organs at risk, such as bowel or lung, or
simply scar tissue, are not damaged during the treatment.
The test object is suitable for training purposes, definition of
QA protocols and standards, R&D and multi-centre compari-
son of thermal exposures.
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