
FULL PAPER

Real-Time Monitoring of Tissue Displacement and
Temperature Changes during MR-Guided High Intensity
Focused Ultrasound

Pierre Bour,1,2,3,4* Fabrice Marquet,1,2,3 Val�ery Ozenne,1,2,3 Solenn Toupin,1,2,3,5

Erik Dumont,4 Jean-François Aubry,6 Matthieu Lepetit-Coiffe,5 and Bruno Quesson1,2,3

Purpose: The therapy endpoint most commonly used in MR-

guided high intensity focused ultrasound is the thermal dose.
Although namely correlated with nonviable tissue, it does not

account for changes in mechanical properties of tissue during
ablation. This study presents a new acquisition sequence for
multislice, subsecond and simultaneous imaging of tissue tem-

perature and displacement during ablation.
Methods: A single-shot echo planar imaging sequence was

implemented using a pair of motion-encoding gradients, with
alternated polarities. A first ultrasound pulse was synchronized
on the second lobe of the motion-encoding gradients and fol-

lowed by continuous sonication to induce a local temperature
increase in ex vivo muscle and in vivo on pig liver. Lastly, the
method was evaluated in the brain of two volunteers to assess

method’s precision.
Results: For thermal doses higher than the lethal threshold,

displacement amplitude was reduced by 21% and 28% at the
focal point in muscle and liver, respectively. Displacement val-
ue remained nearly constant for nonlethal thermal doses val-

ues. The mean standard deviation of temperature and
displacement in the brain of volunteers remained below 0.8 �C
and 2.5 mm.
Conclusion: This new fast imaging sequence provides real-
time measurement of temperature distribution and displace-

ment at the focus during HIFU ablation. Magn Reson Med
000:000–000, 2017. VC 2017 International Society for Mag-
netic Resonance in Medicine.
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INTRODUCTION

MR-guided high intensity focused ultrasound
(MRgHIFU) allows for noninvasive ablation of pathologi-
cal tissue. Current clinical procedures exploit MR images
for target delimitation, online thermometry to define a
therapy end-point during the ablation, and postablation
lesion assessment (1,2). Typically, the principal monitor-
ing parameters are temperature measurement by means
of the proton resonance frequency shift (PRFS) (3) along
with online thermal dose calculations (4).

During treatment, acoustic characteristics of tissue
may change, such as absorption with temperature, tissue
elasticity with protein denaturation (5) or, for example,
in the presence of cavitation, shock wave (6), or boiling
(7). If small bubbles form within the HIFU propagation
cone at the patient’s body surface during sonication, less
acoustic energy is transmitted to the target region, mak-
ing treatment more difficult to achieve. However, local
modifications of tissue characteristics can be exploited
to enhance heating efficiency (8) at the focus and to pro-
tect tissues located beyond the targeted area (9). Specifi-
cally, online rapid monitoring of potential transient
changes of tissue acoustic properties during HIFU soni-
cation simultaneously with temperature imaging, may
help to improve the safety of the procedure, exploit non-
linear effects (e.g., cavitation) of ultrasound for enhanced
heating efficiency and provide additional information on
the outcome of the therapy beside conventional thermal
dose imaging. The imaging sequence should be fast,
allow large spatial coverage and provide a high sonica-
tion duty cycle to avoid a loss in heating efficiency.

MR-acoustic radiation force impulse (ARFI) imaging
encodes the local displacement of soft tissues induced at
the HIFU focal point in the phase image (using a motion-
sensitive encoding gradient, MEG) synchronized with
short duration ultrasound pulses (10,11). MR-ARFI has
been reported to visualize the focal spot location prior to
ablation without inducing thermal effects, to compensate
tissue aberrations relative to ultrasound propagation in
transcranial HIFU ablation (12,13) and to determine the
acoustic pressure for exploiting nonlinear effects of
HIFU to enhance heating efficiency (8).

MR-thermometry and MR-ARFI imaging are comple-
mentary as they are, respectively, sensitive to thermal
and mechanical effects. For example, during ultrasonic
neuromodulation, nerve conduction blocking has been
attributed to a thermal action of ultrasound by some
teams (14), whereas other teams attributed it to action of
radiation pressure (15) or intramembrane cavitation (16).
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Therefore, simultaneous imaging of both temperature
and displacement would help to better understand the
mechanisms underlying this bioeffect for a given experi-
mental situation.

In the present work, we propose a fast implementation
of a simultaneous MR-ARFI-thermometry allowing sub-
second multislice imaging of temperature and displace-
ment during HIFU ablation. An MR-ARFI-thermometry
sequence has already been proposed (17–19) to visualize
focal spot location and to verify the absence of thermal
effect before ablation. However, its current implementa-
tion has a limited sonication duty cycle to induce ther-
mal necrosis and remains too slow to monitor HIFU
ablation. Here, we propose a continuous monitoring of
temperature and displacement during a HIFU treatment
where we preserved a high sonication duty cycle
(> 80%) compatible with thermal ablation energy depo-
sition. Additional data reflecting tissue elasticity modifi-
cations associated with temperature changes were
extracted from displacement measurements.

The method was first evaluated in ex vivo skeletal mus-
cle to demonstrate the benefit and limitations of the tech-
nique. Then, in vivo sonications were performed in the
liver of pigs to illustrate potential of rapid and simulta-
neous temperature and displacement monitoring during
ablation in a clinically relevant application. Finally, in the
perspective of a brain application, a proof of feasibility on
two healthy volunteers was conducted to assess the stabil-
ity of temperature and displacement measurements.

METHODS

All experiments were performed using a 1.5T MR scan-
ner (Magnetom Avanto, Siemens, Erlangen, Germany)
with an MR-compatible HIFU platform (Image-guided
Therapy SA, Pessac, France). A 256-elements phase array
transducer (focal length 13 cm, aperture 13 cm, 1 MHz
operating frequency) was used. Each element was driven
independently for both amplitude and phase from a pro-
grammable generator and associated workstation (Ther-
moguideTM software, Image Guided Therapy Sa, Pessac,
France). The transducer was embedded in a custom-built
bed allowing 2D displacement along the horizontal X–Z
plane using two MR compatible piezo motors.

A single-shot echo planar imaging (EPI) sequence was
modified to insert a bipolar MEG before the echo train
(Fig. 1a). The MEG direction was set parallel to the acous-
tic propagation axis to encode longitudinal tissue dis-
placement induced by HIFU pulses, with adjustable
duration (D) and amplitude (A, maximal value of 25 mT/
m). The polarities of the MEG were alternated during suc-
cessive dynamic acquisitions to encode displacement into
the phase image with either a positive or negative contri-
bution. An analogic synchronization pulse (TTL) was gen-
erated by the MR sequence and sent to the trigger input
of the HIFU generator. Its timing (d) could be adjusted rel-
ative to the beginning of the second lobe of the MEG.
This delay influences the apparent displacement that
MEG could encode in the phase image, depending on the
tissue displacement time-constant. The HIFU sonication
was divided into two independent shots with amplitudes
noted SARFI and STHERMO, respectively. SARFI overlapped

the second lobe of MEG to encode ARFI displacement,

whereas STHERMO was applied during the rest of the time

sequence except during the first lobe of the MEG, result-

ing in a large HIFU duty cycle. The duration of the SARFI

pulse was controlled from the ThermoguideTM console

and an additional adjustable delay t (see Figure 1a) was

set before the first lobe of the MEG to allow for tissue

mechanical relaxation after STHERMO was stopped.

Image Reconstruction & Pipeline

Raw MR data were streamed in real-time to the open

source Gadgetron (20) framework for image reconstruc-

tion. The reconstruction process included EPI (ghost cor-

rection using three acquisition lines of central k-space

line) and parallel image reconstruction with Grappa

acceleration (factor¼ 2). Magnitude and phase images

were transferred by TCP/IP to ThermoguideTM for online

computation and display of temperature images and dis-

placement maps using a customized software.
For each slice the pipeline: (i) computed the temporal

standard deviation in each pixel from phase data over

the first 10 acquisitions in the time series; (ii) automati-

cally generated an image mask to exclude pixels with a

phase standard deviation higher than 0.5 rad; (iii) per-

formed a temporal phase unwrap of phase data over the

computed mask.

Computation of Temperature and Displacement

With the proposed sequence, both displacement (D) and

temperature (T) were encoded into the phase image.

Therefore, a second order finite development of the

phase w led to the following equation:

w ¼ wref þ aT:T þ aD:Dþ bT:T
2 þ bD:D

2 þ u:D:T [1]

with (aT,aD,bT,bD,u) constants and wref a reference phase
Anterior works (3,12) have shown that the phase varia-

tion induced by temperature or displacement taken inde-

pendently was linear, thus bT and bD can be considered

negligible in a first approach. In Equation [1],

aT¼g.a.TE.B0 and aD¼ g.A.D, where g¼ 267.51 106

rad.s�1.T�1 was the gyromagnetic ratio, a¼ -

0.0094 ppm.�C�1 (21) the PRFS constant, TE the echo

time, B0¼ 1.5T the static magnetic induction, D was the

duration of the MEG, and A its amplitude.
Assuming that u, the coefficient of second-order mixed

partial derivatives of temperature and displacement, can

be neglected, Equation [1] became:

w ¼ wref þ aT:Tþ aD:D: [2]

The sequence described in this manuscript used an alter-

nating MEG (A ¼ ð�1ÞijAj where i was the dynamic acqui-

sition number in the time series and aD ¼ ð�1Þi:g:jAj:D).

Therefore, the average temperature �Ti and displacement �Di

on two successive dynamic acquisition was computed by

summing and subtracting two consecutive phase images:

ðwþi � wþrefÞ þ ðw
�
i�1 � w�refÞ ¼ g:a:TE:B0:ðTi þ Ti�1Þ

þ ð�1Þi:g:jAj:D:ðDi � Di�1Þ
[3]
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ðwþi � wþrefÞ � ðw
�
i�1 � w�refÞ ¼ ð�1Þi:g:jAj:D:ðDi þ Di�1Þ

þ g:a:TE:B0:ðTi � Ti�1Þ [4]

�Ti ¼
Ti þ Ti�1

2
¼
ðwþi � wþrefÞ þ ðw�i�1 � w�refÞ

2:g:a:TE:B0
� eT [5]

�Di ¼
Di þ Di�1

2
¼ ð�1Þi

ðwþi � wþrefÞ � ðw�i�1 � w�refÞ
2:g:jAj:D � eD [6]

From Equations [5] and [6], the errors in temperature
ðeTÞ and displacement ðeDÞ were proportional to the tem-
poral derivatives of displacement and temperature
curves, respectively:

eT ¼
aD

2:aT
ðDi � Di�1Þ [7]

and

eD ¼
aT

2:aD
ðTi � Ti�1Þ [8]

eT and eD led to artifact at the onset and offset of HIFU
sonication where the temperature and displacement
derivatives were maximum.

Thermal dose was computed from temperature images
using the Sapareto and Dewey (22,23) algorithm with a
threshold for the lethal thermal dose (LTD) of 240 min at
43 �C. For in vivo experiments, the rectal temperature
measured by an optical probe served as the reference
temperature for thermometry.

Ex Vivo Experiments

Ex vivo validation was performed on 10 fresh ex vivo
pig muscle samples. A Plexiglas tank filled with deion-
ized water was thermo-regulated at 37 �C. The sample
was positioned inside the water tank in a plastic box on
top of the ultrasound transducer. Millar membranes
(50 mm thick, smaller than 1/30 of the ultrasonic wave-
length) were glued to the base of the plastic box and
water tank to ensure ultrasound wave propagation from
the transducer toward the sample. Two six-element MR
coils were positioned laterally to the Plexiglas tank and

FIG. 1. Description of the MR-ARFI-
thermometry method. a: Schematic

of the single-shot echo planar imag-
ing MR-ARFI-thermometry sequence
integrating MEG (in blue) with alter-

nating polarities (wþ and w�) to
encode both temperature and ARFI

displacement in the phase of the
reconstructed MR image. Black
arrows show zero k-space lines

used for EPI phase correction. Ultra-
sound sonications (SARFI) and

(STHERMO) are represented in the
bottom line. The TTL arrow indi-
cates the timing of the output syn-

chronization signal from the MR
acquisition sequence used for trig-
gering the (SARFI) pulse of the HIFU

generator. d and D (see the Methods
section for details) represent the

adjustable offset of the TTL signal
relative to the beginning of the sec-
ond lobe of the MEG gradient and

the duration of this lobe, respective-
ly. Images on the right display repre-

sentative phase images for
alternative MEG polarities, with the
focal spot location indicated by

arrows. b: 2D balanced-SSFP
images acquired in sagittal (left) and

coronal (right) orientations in vivo on
a pig for localization of HIFU trans-
ducer, targeting of the beam into

the liver and positioning of the
acquisition slices for the sequence
presented in (a). Yellow lines repre-

sent the three slices, centered on
the HIFU focal location. The ultra-

sound cone is represented on the
sagittal slice. The white horizontal
scale indicated on each image rep-

resents 2 cm.
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an additional single loop coil (19 cm in diameter) was
positioned on top of the plastic box containing the mus-
cle sample.

Animal Preparation

In vivo validation was performed on the liver of three
pigs (Large White x Landrace, �40 kg). The protocol was
approved by the local Animal Research Ethics Commit-
tee “CEEA50” according to the European rules for animal
experimentation. After premedication of pigs with keta-
mine (20 mg.kg�1) and acepromazine (1 mg.kg�1) by an
intramuscular injection, the induction of anesthesia was
realized with intravenous (IV) bolus of ketamine
(15 mg.kg�1) and midazolam (1.5 mg.kg�1). This step was
followed by intubation, ventilation and shaving of the
thoraco-abdominal region. Depilatory cream (Veet, Reck-
itt Benckiser, Slough, UK) was used to remove residual
hair in the sonicated area. The animal was placed in the
prone position on the MR-HIFU platform to avoid trans-
costal sonication. Figure 1b shows the animal position-
ing with respect to the HIFU transducer. The animal was
assisted for ventilation (AESTIVIA, General Electric,
Fairfield, CA) and maintained under general anesthesia
with continuous IV injection of ketamine and midazolam
(40 mg.kg�1.h�1 and 2 mg.kg�1.h�1, respectively).

ECG and arterial pressure were recorded during the
procedure. MR data was acquired using two 16-element
antennas positioned laterally to the thorax and a 19 cm
loop coil was positioned underneath the animal on top
of the HIFU device. After completion of the treatment,
the animal was euthanized with an IV injection of Dole-
thal (Vetoquinol, Lure, France), until complete cardiac
arrest was attested from the ECG trace. The liver was
extracted surgically for gross pathology examination.

Experimental Protocol

The procedure followed these steps:

1. Localization of the organs relative to the transducer
position using a 2D multi-slice balanced-SSFP
sequence: FOV¼250� 250 mm2, TR/TE/FA¼ 486
ms/1.36 ms/80 �, 1� 1� 3 mm3 voxel size, with a
bandwidth of 1495 Hz per pixel. 40 slices on each
orientation centered at the focus were acquired.
From this stack of images, a target region was
defined on the planning console of the HIFU con-
trol software.

2. Optimization of the Experimental Parameters. The
apparent displacement derived from MR phase
image may be influenced by experimental choices
of d (delay related to time for tissue to reach a
steady state during SARFI) and t (delay postsonica-
tion STHERMO to let tissue relax toward its initial
position before encoding next displacement with
SARFI). Thus, a preliminary batch of experiments
was conducted in ex vivo muscle to optimize these
parameters. The proposed sequence was ran with
the following acquisition parameters: one coronal
slice with fat saturation, FOV¼ 92� 147 mm2, TR/
TE/FA¼ 800 ms/29 ms/45 �, voxel size¼
2.1� 2.1� 5 mm3, with a bandwidth of 1500 Hz per

pixel, Grappa acceleration (factor¼2), A¼ 25 mT/
m, D¼ 5.3 ms.

Tuning of Delays d and t

A first series of measurements was performed to quantify
the influence of d. For this purpose, STHERMO was set to
0 and displacement and temperature were monitored for
different values of d ranging from 0 to 3 ms in steps of 1
ms. Each condition was ran with 50 repetition times to
compute mean 6 SD values of apparent displacement at
the focus and to plot these values as a function of d. The
value of d leading to the maximal apparent displacement
was considered to be the optimal choice.

A second series of experiments were performed to
measure the optimal value of t, with d previously deter-
mined and [SARFI, STHERMO]¼ [198, 198] W acoustic
power, while reducing t from 50 ms to 10 ms. A sonica-
tion of 5 s was performed for each delay, interleaved
with a cooling period (� 10 s) to avoid excessive
increases in temperature. Mean 6 SD values of apparent
displacement over 10 repetitions were computed and
plotted as a function of t.

3. Calibration of ARFI measurement without heating
(STHERMO¼ 0) allowed to define the practical amplitude
SARFI required to encode displacement and to precisely
locate the focal spot location within the targeted region.
During this step, 3 to 5 shots with incremental SARFI

amplitude were performed. The sequence was ran with
the following parameters: (i) Ex vivo, three coronal slices
with fat saturation, FOV¼ 92�147 mm2, TR/TE/
FA¼ 266 ms/29 ms/45 �, voxel size¼2.1� 2.1� 5 mm3,
with a bandwidth of 1500 Hz per pixel, Grappa accelera-
tion (factor¼ 2), A¼25 mT/m, D¼ 5.3 ms, and d¼ 3 ms
for the MEG; (ii) In vivo, three slices in the coronal plan
with fat saturation and saturation slabs surrounding the
FOV in the phase direction, FOV¼156�170 mm2, TR/
TE/FA¼ 333 ms/28 ms/50 �, 2.3�2.3� 5 mm3 voxel size,
with a bandwidth of 2003 Hz per pixel, Grappa accelera-
tion (factor¼ 2), A¼25 mT/m, D¼ 5.3 ms, and d¼ 3 ms
for the MEG. During sonication, a breath hold of 50 s
was maintained to avoid respiratory motion.

4. Ablation procedure with STHERMO> 0 and SARFI

determined in step 3, using identical MR acquisition
parameters. Temperature and displacement maps were
overlaid in real-time on magnitude images, together with
temporal evolution of temperature, displacement and
thermal dose values in selected pixels located in heated/
non heated regions. Three points of interest were identi-
fied on the displacement curves to quantify the elasticity
contrast: the initial, the maximal and the final value of
displacement. The initial value was determined as the
first measurement of displacement after the artifact at
the onset of HIFU emission.

Volunteer Study

Two healthy volunteers were informed about the proto-
col and consented to be included in the study. They
were included in the protocol to assess the mean stan-
dard deviation of temperature and displacement meas-
urements on the brain with the proposed sequence. The
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protocol was performed using six-element brain array
coils where 10 slices without spacing between slices
were acquired at 1 Hz for 3 min 20 s (200 dynamics
acquisition) with FOV¼156� 170 mm2, TR/TE/FA¼ 100
ms/28 ms/60 �, 1.6�1.6�3 mm3 voxel size, with a band-
width of 1447 Hz per pixel with Grappa acceleration
(factor¼2), A¼25 mT/m, D¼ 5 ms for the MEG. The ori-
entation of MEG was craniocaudal for all slice
orientations.

For temperature data analysis, a spatiotemporal base-
line correction proposed in a previous publication (24)
was performed to correct for phase drift during long
acquisitions. Mean standard deviation of temperature
and displacement images were then computed and ana-
lyzed in a region of interest (ROI) covering the entire
brain and in a smaller ROI corresponding to accessible
regions of the brain from current clinical HIFU devices.
The whole brain ROI was automatically computed on
modulus, averaged over all dynamics, taking into
account pixels with values above 25% of mean maxi-
mum intensity. This was performed on each slice for
each orientation. Displacement and temperature distrubi-
tions were analyzed in a Box and Whisker plot for each
volunteer.

RESULTS

Figure 2a shows the apparent displacement for the pixel
at the focus measured in ex vivo muscle for d¼0, 1, 2,
and 3 ms. The curve displays a progressive increase in
apparent displacement from d¼0 ms (12.3 6 1.4mm)
with a plateau near 30 mm reached for d around 2 to 3
ms. Thus, d was kept at 3 ms for all ex vivo experiments
on muscle. Identical value was used during in vivo for
experiments on pig liver based on previously published
data (18) leading to similar observation with a different
acquisition sequence.

Figure 2b shows the apparent displacement in the pix-
el at the focus after a 5-s sonication interleaved with a
cooling period of 10 s, for different values of t. Similar
values were observed for each experimental condition
with a mean apparent displacement around 30mm, iden-
tical to the values reported in Figure 2a in the absence of
STHERMO. A maximal temperature increase was found
below 7 �C (data not shown), indicative of negligible
accumulated thermal dose and absence of thermal dam-
age. A value of 10 ms after STHERMO was thus considered
sufficient to ensure full relaxation of tissue before next
encoding of SARFI at the following dynamic acquisition
in the time series.

Figure 2c shows sonication performed in ex vivo pig
muscle with simultaneous estimation of temperature and
displacement. Artifacts (orange squares) at the beginning
and completion of the HIFU sonication, resulted from
uncompensated MEG encoding in the iterative subtrac-
tion of phase images (see Eqs. [5] and [6]) at these time
points.

Figure 2d displays the computed error in temperature
and displacement (according to Eqs. [7] and [8]) from the
same experiment. The standard deviation of temperature
estimation error before and during sonication were 0.33 �C
and 0.30 �C, respectively. Displacement estimation led to

a standard deviation error of 1.0 mm before sonication and
1.0mm during sonication.

Figure 3 presents typical results of the calibration step
obtained ex vivo and in vivo. The displacement and
associated temperature increase for the pixel located at
the focal spot are displayed for four different acoustic
powers applied to the HIFU transducer (Fig. 2a). The
standard deviation of the displacement measured prior
to sonication was 1.2mm ex vivo and 1.4mm in vivo. Ex
vivo, we measured 6, 12, 19, and 32mm for acoustic pow-
er values of 53, 74, 158, and 198 W, respectively. In
vivo, we measured 9, 15, 21, and 52mm maximal dis-
placement for acoustic power values of 99, 158, 198, and
470 W, respectively. Displacement curves as a function
of acoustic power were fitted with a linear function to
determine the slope (see values on the curves in Figure
3c). Maximal temperature increase during this procedure
was 2.6 6 0.3 �C ex vivo and 2.1 6 0.4 �C in vivo. In Fig-
ure 3b, displacement and temperature maps were over-
laid on magnitude images. Ex vivo and in vivo, the
spatial distribution of the temperature remained local-
ized at the focus and did not exceed 3 �C for the hottest
pixel demonstrating that tissue was not significantly
heated during this procedure.

Figure 4 displays representative results of HIFU abla-
tion for the ex vivo and in vivo experiments with the
proposed MR-ARFI-thermometry monitoring method.
The values of [SARFI, STHERMO] were [198, 128] W acous-
tic for the ex vivo muscle experiment (two minutes soni-
cation) and [470, 470] W in the liver of pig (30-s
sonication). Local temperature increase and displace-
ment were visible in both images (Fig. 4a) at identical
spatial locations. In both cases, the temperature increase
was associated with a decrease in displacement (Fig. 4b).
Maximal temperature increases were 15 6 0.4 �C in the
muscle and 26 6 0.5 �C in the liver, respectively. During
sonication, initial, maximal and final displacement val-
ues were 30 mm, 32 mm, and 23mm in the muscle and
41 mm, 80mm, and 31 mm in the liver.

Figure 5a presents comparative results of representa-
tive experiments including the temperature, cumulative
thermal dose and the displacement curves at the focus.
For both ex vivo and in vivo conditions, two examples
of results of HIFU sonication are displayed with/without
reaching the LTD. When the LTD threshold could not be
reached, the maximal displacement remained nearly con-
stant, whereas it decreased when the LTD was reached.
In some experiments, the displacement at the beginning
of the sonication displayed a progressive increase before
reaching the thermal dose (see Figures 5b,d).

Table 1 summarizes the results for all the sonications.
The maximal variation of the displacement remained
below 5% for all sonications performed with insufficient
accumulated thermal dose (maximal temperature
increase below 16 �C), whereas it displayed a relative
decrease of 21 6 7% (ex vivo) and 28 6 6% (in vivo) for
sonications in which the LTD threshold was reached.

Results on Volunteers

Figure 6 displays results of the temperature and displace-
ment maps obtained on the brain of volunteer #2 with the
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proposed sequence. A volume of 230x160x30 mm3 for
each orientation was acquired every second. In the ROI
covering the whole brain the median of the mean standard
deviation maps of the temperature and displacement in
coronal, sagittal and transversal orientations were 0.7 �C
and 2.5mm, 0.7 �C and 1.8mm, 0.6 �C and 2.2 mm, respec-
tively. In the ROI located in the center of the brain, the
mean standard deviation values of the temperature and
displacement in coronal, sagittal and transversal orienta-
tions were 0.7 �C and 2.4mm, 0.8 �C and 2.1mm, 0.7 �C and
2.2mm, respectively. The box and whisker plots of the dis-
tribution of temperature and displacement values in the
centered ROI showed that 75% of the pixels display a tem-
perature and displacement mean standard deviations
below 1 �C and 3 mm in coronal orientation, 0.9 �C and
2.6mm in sagittal orientation and 0.7 �C and 2.8mm in
transversal orientation, respectively.

DISCUSSION

The hybrid MR-ARFI-thermometry sequence and the asso-

ciated posttreatment allow real-time visualization of tem-

perature and displacement with a repetition time below

100 ms and a spatial resolution of 2.3� 2.3�5 mm3 in

vivo. Note that although the tissue displacement was

encoded into the MR phase image using the MEG, the

computed value of displacement has to be considered as

an apparent displacement, because it is averaged over the

voxel size and that its value may also be affected by sub

optimal choice of d and t. For this purpose, an experimen-

tal approach was proposed to optimize these parameters,

as illustrated in Figure 2.

In our experimental conditions the error in the estima-

tion of temperature and displacement (see equation [7]
and [8]) were j aD

2aT
j ¼0.16 �C.mm�1 and j aT

2aD
j ¼ 1.5mm.�C�1

FIG. 2. Sequence parameter optimi-
zation, representative results in ex

vivo muscle and errors in tempera-
ture and displacement measure-
ment. a: Mean 6 SD of tissue

apparent displacement at the focus
as a function of d, using [SARFI,

STHERMO]¼ [198, 0] W. Curves were
computed from 50 independent
measurements. A plateau of �30mm

is reached at d¼2-3 ms. b: Mean 6

SD of tissue apparent displacement

at the focus as a function of t, using
[SARFI, STHERMO]¼ [198, 198] W. For
these experiments, d was set to 3

ms and curves were computed from
10 independent measurements con-
sisting of 5 s sonication duration

interleaved with a 10 s cooling peri-
od. A mean displacement of around

30mm (identical to the value
reported in (a) when STHERMO¼0) is
observed whatever the value of t.

Maximal temperature remained
below 7 �C (not shown). c: Repre-

sentative result of temperature and
displacement curves obtained in ex
vivo pig muscle with the proposed

sequence. Sonication duration was
120 s, with d¼3 ms, t¼10 ms and

[SARFI, STHERMO]¼ [198, 128] W.
Orange squares represent artifacts
in temperature and displacement

estimates resulting from the data
processing (see Eqs. [5] and [6]),
when ultrasound is turned on and

off, respectively. d: Computation of
the error in temperature and dis-

placement using Equations [7] and
[8], from the experimental data plot-
ted in (c). Standard deviation of

temperature and displacement are
0.33 �C and 1.0 mm before sonica-

tion and 0.30 �C and 1.0 mm during
sonication (excluding times points
when ultrasound is turned on/off),

respectively.
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ex vivo, and j aD

2aT
j ¼ 0.17 �C.mm�1 and j aT

2aD
j ¼1.5 mm.�C �1

in vivo, respectively. The standard deviation of the error
in temperature and displacement estimates (see Figure
2d) showed similar values before and during sonication.
These values depended on the experimental noise in
phase images and on the proposed processing method.
The latter contribution can be minimized by rapid sam-
pling to avoid important variations of temperature and
displacement between successive measurements (see
Eqs. [7] and [8]). This justifies the use of a rapid imaging
sequence based on a single-shot EPI acquisition. In vivo
on the liver of pig, only a limited period of acquisition
was available (50 s) due to apnea. The ablation process
was required to be quicker (30 s) than for sonications
performed in ex vivo muscle. Hence, signal-to-noise
ratios of temperature and displacement curves were low-
er than for the results obtained in ex vivo muscle.

However, with the proposed MEG combination of
parameters (D¼ 5.3 ms and A¼ 25 mT/m), the displace-
ment sensitivity was 14.1 mm.rad�1 and standard devia-
tion of temperature and displacement measurements
were found to be sufficient for visualizing the focal spot
ex vivo in skeletal muscle and in vivo in pig livers.

In the proposed method, the loss in sonication duty
cycle was limited (� 15%) and corresponded to the dead

time at the beginning of the sequence to allow the tissue
to mechanically relax toward its initial position before
the next ARFI displacement encoding. Results obtained
during this study indicate that energy deposition under
these experimental conditions was sufficient to create
thermal lesions in muscle and liver and to quantify
simultaneously tissue mechanical changes at the focal
point through apparent displacement variations, temper-
ature distribution in the heated area and thermal dose
evolution. Although the principle of simultaneous
measurement of displacement and temperature has
already been reported (17,18), it remained limited to the
assessment of temperature increase during focal spot
localization, without adjunction of a second HIFU pulse
dedicated to thermal ablation. Moreover, these acquisi-
tion sequences were segmented EPI, which required sev-
eral repetitions to reconstruct one image. Mougenot et al
(17) reported an improvement of 41% in temperature
and displacement measurements without alternating
MEG polarity, but using a variable trigger delay for soni-
cation, synchronized alternatively on the first or second
lobe of MEG. Such a method may also be implemented
with a single-shot EPI. Although voxel size reported in
Mougenot et al. (17) and Auboiroux et al (18) was
smaller in the liver using a segmented EPI acquisition

FIG. 3. Representative results of the

calibration step (STHERMO¼0) from
ex vivo and in vivo experiments. a:
Temporal evolution of displacement

(blue curve) and temperature (red
curve) in the pixel located at the

HIFU focal point. Four sonications
were performed with SARFI of 53,
74, 158 and 198 W ex vivo and 99,

158, 198 and 470 W in vivo, respec-
tively. Orange squares represent
artifacts in temperature and dis-

placement estimates resulting from
the data processing (see Eqs. [5]

and [6]), when ultrasound is turned
on and off, respectively. b: Corre-
sponding temperature and displace-

ment images overlaid on magnitude
images for the fourth HIFU shot.

Temperature and displacement
scales are indicated on each graph.
Horizontal white bar on temperature

images represent 1 cm. c: Plots of
displacement measured at the focus

as a function of SARFI for both
experiments displayed in (a). Contin-
uous lines represent the result of

the linear fit of both curves, with
slope and R2 values indicated on
each curve.
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sequence with respiratory gating at 3T, the spatial resolu-
tion in this study was considered sufficient to monitor
temperature and displacement changes during HIFU son-
ication. Displacement amplitudes found ex vivo on pig
muscle (�40 mm) are in agreement with those from Mou-
genot et al (17). Auboiroux et al (18) reported from in
vivo pig liver, a lower displacement (less than 15 mm)
during a transcostal sonication, whereby a significant
portion of acoustic power was absorbed by the rib cage.

In our experimental conditions, displacement estima-
tions were higher. However, Figures 3b,c showed a linear
relationship between displacement and acoustic power
in the range of acoustic powers used in this study. Thus,
induction of nonlinear effects that could interfere with
displacement measurement is unlikely under these
experimental conditions.

The proposed faster implementation enables acquisition
of several slices in a subsecond temporal resolution, cali-

bration of SARFI with negligible acoustic energy deposition
(attested by absence of heating, see Figure 3) and provides
full flexibility on the balance between displacement sensi-
tivity and acoustic energy deposition for ablation. In the
present work, sonication of SARFI during the ablation pro-
cedure could have been maintained before and after
STHERMO> 0 for continuous monitoring of displacement
but this was not implemented for practical reasons. Our
results are in agreement with recent studies on elasticity

monitoring during HIFU ablation using either ultrasound
shear wave imaging (SWI) (25) or harmonic motion imag-
ing (26). Hou et al (27) observed a decrease of displace-
ment and Arnal et al (25) observed an increase of shear
modulus for temperatures higher than 55 �C.

The overall decrease of displacement found in this
study could be attributed to increased shear modulus

during tissue denaturation (qualitative elasticity con-
trast). Another driving factor of focal displacement
change is the potential variation of attenuation with tem-
perature. A previous study (28) reported that attenuation
is increasing with temperature (51% attenuation increase
for temperature increase from 37 �C to 65 �C), which
would result in an apparent increase of displacement at
the focal point. Such an increase in displacement could
be observed at the beginning of thermal accumulation

and before reaching the lethal thermal dose on Figures
5b,d for in vivo and ex vivo experiments. Values are con-
sistent with the linear slope reported by Arnal et al (25)
below 50 �C, using shear wave imaging.

Such an increase in displacement may also be attributed
to rapid boiling at the focus that would locally modify tis-
sue stiffness, as reported by Khokhlova et al (29) and Elbes
et al (7). However, Khoklova et al reported that boiling can
occur in a few milliseconds although the increase in dis-

placement observed in Figure 5 lasts several seconds.
Moreover, as already mentioned above, nonlinear effects
are unlikely to occur in our experiments. Addition of
backscattered ultrasound signal measurement during soni-
cation to monitor nonlinear ultrasound effects may pro-
vide additional information. Qualitative gross pathology
observations of the tissue was performed to verify the
presence of thermal lesion, but no inference of lesion
extent based on displacement variation has been made in

this study that focuses on presenting a new MR acquisi-
tion method. Further studies could encompass mapping
displacement variation using beam steering capabilities of
the HIFU probe then correlating measured lesion extent
with postablation imaging.

This single-shot EPI ARFI-thermometry sequence
allows rapid focal spot localization using only two HIFU

FIG. 4. Results of representative ex
vivo and in vivo experiments during

HIFU sonication (STHERMO>0). a:
Temperature (top row) and displace-
ment (bottom row) maps overlaid to

magnitude images obtained at the
beginning (left column) and at the

end (right column) of the HIFU soni-
cation, in ex vivo muscle and in vivo
in the liver of one pig. Color bars

indicate temperature and displace-
ment scales and the white horizontal

bar on temperature images repre-
sent 1 cm. b: Temporal evolution of
the temperature and displacement

in the hottest pixel. HIFU sonication
lasted 2 min for ex vivo muscle
experiment with [SARFI, STHERMO] of

[198, 128] W. For in vivo experiment
on the liver of a pig performed

under apnea, the sonication dura-
tion was 30 s with [SARFI, STHERMO]
of [470, 470] W. Orange squares

represent artifacts in temperature
and displacement estimates result-

ing from the data processing (see
Eqs. [5] and [6]), when ultrasound is
turned on and off, respectively.
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pulses, as the first measurement correspond to the arti-
fact at the onset of HIFU sonication. However, the result-

ing energy deposition remains limited, as illustrated by

negligible temperature increases observed in Figure 3. As

such, it may provide a safer way to identify the effective

sonication beam’s location in the targeted area than the
usual methods relying on the observation of local tem-

perature increase during pre-intervention sonication per-

formed at low energy.
MRgHIFU brain therapies are increasingly used for new

clinical applications and may benefit from improved tem-

poral and spatial quantitative monitoring, as current mon-
itoring methods are restricted to a single slice with limited

spatial resolution and temporal update (30–32). Using our

sequence with 10 slices per second and taking advantage

of the higher signal-to-noise ratio and the longer T2* in
the brain, the spatial resolution of the temperature and

displacement images were improved, with a resulting

voxel dimension (1.6� 1.6� 3 mm3) in the same range as

the focal spot dimension of current clinical HIFU devices.

On Figure 6c, the mean standard variation of displace-
ment was below 2.5mm. Experiments performed in ex

vivo human skull (33) showed displacements over 20mm

using phase aberration corrections methods.
Although direct comparison of displacement on in

vivo and ex vivo brain tissue must be taken with care,

our results in terms of standard deviation of displace-
ment in the brain open promising perspectives for the

application of this method for clinical treatment. Thus,

mechanical changes associated with temperature

FIG. 5. Examples of temporal evolution of
displacement (D), temperature (T) and

accumulated thermal dose (TD) for sonica-
tions performed ex vivo (muscle) and in
vivo (pig liver). For each graph, temperature

(red), displacement (blue) and thermal dose
(green) curves are plotted as a function of

time. Top row shows representative results
obtained on the muscle and bottom row
shows representative results in the liver of

pig. Graphs in the left column display
results where the thermal dose (TD) did not

reach the lethal value (LTD), and graphs in
the right column display results where the
lethal thermal dose was reached

(TD>LTD). Orange squares represent arti-
facts in temperature and displacement esti-
mates resulting from the data processing

(see Eqs. [5] and [6]), when ultrasound is
turned on and off, respectively. a: Example

of a sonication in muscle resulting in insuf-
ficient heating to reach the lethal thermal
dose (TD<LTD). b: Example of a sonica-

tion in muscle resulting in sufficient heating
to reach the lethal thermal dose (TD>LTD).

c: Example of a sonication in pig liver
resulting in insufficient heating to reach the
lethal thermal dose (TD<LTD). d: Example

of a sonication in pig liver resulting in suffi-
cient heating to reach the lethal thermal

dose (TD>LTD).

Table 1

Maximal Temperature, Accumulated Thermal Dose, and Tissue Displacement at the Focus for Experiments Performed In Ex Vivo Pig
Muscles and In Vivo Pig Liversa

Ex vivo pig muscle In vivo pig liver

TD>LTD
N¼11

TD<LTD
N¼3

TD>LTD
N¼8

TD<LTD
N¼2

TD/LTD ratio (mean 6 SD) 60 6 23 0.7 6 0.2 20 6 10 0.5 6 0.3
Maximum temperature increase (�C) 20 6 6 14 6 4 26 6 7 16 6 1

From maximal to final displacement decrease (mm) 21 6 10 4 6 3 35 6 14 3 6 4
From maximal to final relative displacement decrease (%) 30 6 6 3 6 2 39 6 10 5 6 3

From initial to final displacement decrease (mm) 17 6 8 4 6 3 25 6 9 3 6 4
From initial to final relative displacement decrease (%) 21 6 7 3 6 2 28 6 6 5 6 3

aData are sorted as a function of the accumulated thermal dose (TD), depending on whether it reached or not the lethal thermal dose

(LTD) value. The ratio TD/LTD, maximal temperature increase, absolute and relative displacement decreases are reported as mean 6 SD
values. N values indicated on top of each column are the number of sonications for each condition.
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increase during HIFU ablation could be monitored more

precisely. Moreover, current clinical brain therapy MR-

HIFU devices operate at 3T and are equipped with stron-

ger gradients, which could potentially provide better

spatial resolution on both temperature and displacement

images and more accurate measurements, thanks to an

increased signal-to-noise ratio.
Several studies have reported the added value of

exploiting nonlinear acoustic propagation (e.g., cavita-

tion, boiling) to increase heating efficiency at constant

acoustic energy and to protect organs located in the far

field of the HIFU beam (9,34). The present method

would allow rapid calibration of the HIFU power and

slice position for exploiting such effects on the liver, as

suggested by Ramaekers et al (6). In addition, this study

proposed to use a respiratory gated sonication which

overcomes the use of real-time motion compensation

strategies on temperature and displacement images,

although these methods have only been evaluated in pre-

clinical studies where breathing was fully controlled.
The proposed method may still benefit from further

improvements. Particularly, earlier no motion and

susceptibility-related compensation was incorporated in

the treatment pipeline, as the main objective of the study
was to describe a new MR-ARFI-thermometry acquisition
sequence and provide experimental data illustrating the
additional information given by the method for monitor-
ing HIFU ablation in soft tissue. For in vivo experiments
in the liver, displacement of the target relative to the
HIFU probe was suppressed by breath holding. However,
several correction methods for magnitude and phase
images are available to compensate motion and associat-
ed susceptibility artifacts (35) and could be applied to
allow free breathing temperature and displacement imag-
ing on mobile organs, together with real-time locking of
the HIFU beam on the target. In our experiments, the
spatial resolution was experimentally adjusted as a
tradeoff between signal-to-noise ratio, echo train dura-
tion and T2* decay, which resulted in acceptable stan-
dard deviation on both temperature and displacement
measurements.

CONCLUSIONS

This study proposes a new rapid MRI sequence for sub-
second, multi-slice, simultaneous monitoring of displace-
ment at the focus and temperature distribution during

FIG. 6. Standard deviation maps of

temperature and displacement
obtained on one volunteer. a: Cen-

tral slices of the stack of 10 slices
acquired in sagittal (left), transverse
(center) and coronal (right) orienta-

tions. Temperature standard devia-
tion (color code is indicated on the

right) is displayed in the central ROI
(see the Methods section for details)
overlaid on time-averaged magni-

tude images. The contour of the
ROI surrounding the whole brain is

indicated by white pixels on each
slice. b: Displacement standard
deviation (color code is indicated on

the right) in identical ROIs to images
displayed in (a). c: Box and
whiskers plots of temperature and

displacement distributions with
thresholds of 10%, 25% (bottom of

the blue box), median value (hori-
zontal red line), 75% (top of the
blue box) and 90%. On horizontal

axis of each graph, “wb” stands for
whole brain ROI [white contour in

(a)] and “r” for the central ROI [dis-
played in (a)]. Data analysis include
all data from both volunteers. Hori-

zontal white bars on the images
represent 2 cm.
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HIFU ablation in soft tissue, while preserving high duty
cycle for efficient acoustic energy deposition. Changes
on the order of 20% in tissue displacement was observed
during both ex vivo and in vivo MR-HIFU experiments
when lethal thermal dose was reached. The use of such
a metric may thus be explored in future studies to assess
potential tissular modifications during HIFU therapy in
complement to conventional thermal dose imaging.
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