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Real-Time Method for Motion-Compensated MR
Thermometry and MRgHIFU Treatment in

Abdominal Organs
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Purpose: Magnetic resonance-guided high-intensity focused
ultrasound is considered to be a promising treatment for
localized cancer in abdominal organs such as liver, pan-
creas, or kidney. Abdominal motion, anatomical arrange-
ment, and required sustained sonication are the main
challenges.

Methods: MR acquisition consisted of thermometry performed
with segmented gradient-recalled echo echo-planar imaging,
and a segment-based one-dimensional MR navigator parallel
to the main axis of motion to track the organ motion. This
tracking information was used in real-time for: (i) prospective
motion correction of MR thermometry and (ii) HIFU focal point
position lock-on target. Ex vivo experiments were performed
on a sheep liver and a turkey pectoral muscle using a motion
demonstrator, while in vivo experiments were conducted on
two sheep liver.

Results: Prospective motion correction of MR thermometry
yielded good signal-to-noise ratio (range, 25 to 35) and low
geometric distortion due to the use of segmented EPI. HIFU
focal point lock-on target yielded isotropic in-plane thermal
build-up. The feasibility of in vivo intercostal liver treatment
was demonstrated in sheep.

Conclusion: The presented method demonstrated in moving
phantoms and breathing sheep accurate motion-
compensated MR thermometry and precise HIFU focal point
lock-on target using only real-time pencil-beam navigator
tracking information, making it applicable without any pre-
treatment data acquisition or organ motion modeling. Magn
Reson Med 72:1087-1095, 2014. © 2013 Wiley Periodicals,
Inc.
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INTRODUCTION

Magnetic resonance-guided high-intensity focused ultra-
sound (MRgHIFU) is considered a promising approach
for noninvasive and spatio-temporal controlled tissue
ablation (1,2). Its applicability to the clinical field has
been demonstrated primarily in the treatment of uterine
fibroids (3,4), breast cancer (5), and prostate cancer (6),
while ultrasound-triggered local drug delivery was
under investigation in vivo (7). Treatment of organs
located in the upper abdomen could benefit from this
technology, but significant improvement of the clinical
treatment method is required. Respiratory and other
physiological motion makes treatment difficult, because
MR thermometry (MRT) is affected by organ motion,
and it also requires continuous correction of the HIFU
focal point position, while the rib cage reduces the
available acoustic window hindering effectiveness of
tissue ablation. Prevention of collateral heating and
thermal coagulation of ribs and their surrounding tissue
has to be considered in cases when upper abdominal
organs are to be treated by HIFU. Rib sparing proce-
dures have been reported in the past (8,9), while in Sal-
omir et al (10) a dedicated MR-guided positioning
method of specific reflective strips for acoustic masking
of the ribs has been suggested. Although respiratory
gated treatment approaches have been reported (11,12),
sustained sonication is still preferred due to the high
perfusion rates of organs such as liver and kidney,
increased treatment duration for gated approach, and
differing breath-hold positions of different gating
windows.

The first report on irregular motion correction in MR-
guided focused ultrasound thermotherapy (13) described
the use of MR navigator echoes, in-plane registration of
the images as post-processing, and redefinition of the ref-
erence phase map following the motion. The MRgHIFU
treatment method, reported in de Senneville et al (14),
was based on fast MR thermometry and advanced image
post-processing to extract organ motion displacement in
real-time. Modeling of organ motion was performed dur-
ing a so-called initial learning phase, while during the
treatment, the motion field of the most similar image
was used retrospectively to correct the focal point posi-
tion. This method required the hypothesis of a periodical
motion, because the focal point position was extrapo-
lated for the next cycle. The delay of estimation was
around 2 s, and thus not negligible, which imposed
restriction of high periodicity of the motion pattern, and
was incapable of handling non-rigid deformations caused
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by intestinal activity or muscle relaxation. In (15), the
previous work was improved by reducing the delay with
predictive filtering, while the out-of-plane motion was
compensated by an one-dimensional (1D) pencil-beam
navigator. In de Senneville et al (16), an optimized prin-
cipal component analysis (PCA)-based motion descriptor
was used to characterize organ motion during treatment.
During a so-called preparative learning step, the PCA was
used to detect spatio-temporal coherences in the organ
motion, which were later used during treatment for the
adjustment of the beam position and the compensation of
motion-related errors in thermal maps. In Holbrook et al
(17), a recent method was reported for focus steering
dedicated to periodic motion, using a retrospective
lookup table of images correlated to the breathing signal
by assuming a regular pattern of respiratory motion.
Although the previous work represents significant pro-
gress toward safe and successful MRgHIFU treatment of
abdominal organs, there are still important issues to be
resolved. Neither of the previous solutions tried to use
any prospective motion correction for improved MR ther-
mometry accuracy, although it meant imaging with heav-
ily T,* weighting and low signal-to-noise ratio (SNR).
Methods for temperature mapping and/or motion com-
pensation requiring acquisition of baselines during the
preparative learning step are incapable of dealing with
aperiodic motion and are prone to significant inaccuracy
after short time (5-10 min) due to the drifting organ
motion (18). The necessity of periodically updating look
up tables may yield workflow drawbacks.

Recently, hybrid ultrasound-MR guided HIFU sonica-
tion was reported in (19,20), using an optical flow track-
ing in wultrasound images to obtain organ motion
information. Although accurate performance of the
method was demonstrated, additional instrumentation
complicates the set-up.

Motion artifacts can be classified in two categories
based on the time scale of motion with respect to the
image acquisition time. Physical displacement of the
spins of an imaging object during the MR image acquisi-
tion causes an intrascan motion artifact, which manifests
itself as blurring and ghosting, which can be surmounted
by accelerating acquisition rate in a trade-off between
acquisition time on one side, and SNR and temperature
accuracy on the other. The interscan motion, the move-
ment of organs during the period between the consecu-
tive slice acquisition, does not affect image quality
directly, but complicates the reconstruction of tempera-
ture map and thermal dose. Non-invasive temperature
measurement based on temperature-sensitive MR proton
resonance frequency (PRF) shift is currently the pre-
ferred method of choice due to its excellent linearity and
near independence of tissue type (21).

Tissue motion is the most challenging problem of PRF
shift-based MRT, and it hinders clinical applications of
MRgHIFU that involve organ motion. A reference-less
MRT method (22,23) uses the phase information from
outside the heated region to estimate the background
phase inside the region of interest, unlike the standard
baseline MRT method which is based on subtraction of
temporal reference phase maps acquired before heating.
The reference-less method is preferable in terms of
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robustness against tissue motion and magnetic perturba-
tions, permitting also interactive repositioning of MR
thermometry slices if required. The benefits of reference-
less and multi-baseline temporal referenced methods can
be obtained with a combined approach (24).

Respiratory induced patterns of organ motion in the
abdomen were quantitatively and qualitatively examined
by varies groups (25,26). Liver motion driven by the dia-
phragm is predominantly along the superior-inferior (S/I,
equivalent cranial-caudal) direction and its largest
extent appertains to regions below the diaphragm. An
intersubject modeling of liver deformation during quasi-
periodic respiratory motion was reported in von Sieben-
thal et al (26). The principal component of liver motion
is along SI direction, enabling a 1D navigator to track it.

Unlike the retrospective motion correction (27), the
prospective motion correction (28) (PMC) is applied
before the acquisition of a complete set of raw image
data. The PMC can be implemented with MR navigator
echoes (29) that are used for tracking organ motion dur-
ing k-space acquisition, and based on this information
subsequent correction of slice position and orientation in
real-time is applied by adjusting MR pulse sequence
acquisition parameters, ensuring steady acquisition in
the anatomy of interest.

Here, a novel MRgHIFU treatment method is pre-
sented, where tracking of the organ motion, carried out
by MR navigator echo originally suggested in (29) and
further refined in Nehrke et al (30), provides real-time
organ position information which is used for HIFU focal
point position correction and PMC of MRT simultane-
ously. To the best of the authors’ knowledge, this is the
first attempt of using near real-time organ motion track-
ing for PMC of MR thermometry and simultaneous HIFU
beam steering requiring neither preparative learning step
nor any organ motion modeling, i.e., prediction of organ
motion. The novel developments reported here, are parts
of a long-term project, and the motion-compensation sys-
tem was added on top of our previously described meth-
odological functionalities.

METHODS
MR Thermometry

All experiments were performed on a 3 Tesla (T) whole-
body MRI clinical scanner (MAGNETOM Trio - A TIM
System, Siemens Medical Solutions, Erlangen, Germany).

Real-time PRF shift-based MR thermometry based on
RF-spoiled lipid-suppressed, using 1-2-1 binomial
frequency-selective RF pulse, segmented gradient-
recalled echo (GRE) echo-planar imaging (EPI), was
modified to acquire a 1D MR navigator echo (pencil-
beam navigator) before each segment of k-space (pulse
sequence principle, navigator profiles and a navigator
histogram are shown on Fig. 1). Flow compensation was
available in the sequence (nulling the first moment of
the gradient). MRT slice position was readjusted, facili-
tating motion correction on a segment-per-segment basis
using the real-time feedback prospective motion correc-
tion (PACE) method, available on the clinical Siemens
scanner, based on the tissue displacement information
measured by the MR navigator echo. Note that the
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FIG. 1. a: Comprehensive system architecture diagram for the motion-compensated MRgHIFU treatment. Standard subsystems are
shown as white background boxes, while custom built ones are represented with shaded background boxes. Time delays for data
acquisition, calculation and transfer inside the system are indicated. Pulse sequence diagram of principle is shown inside the MR sys-
tem providing details of real-time navigator feedback functionality, which communicates the tracking information for HIFU focal point
position correction and PMC of MRT. (RT FB, real-time feedback; Skt., socket; Nav., navigator; Im. Excit., image excitation). b: Naviga-
tor profiles with real-time extraction of motion information. ¢: Histogram of the tracked feature positions along the direction of the

navigator.

motion correction sampling time is equal to TR and thus
much shorter than the temporal resolution of MR ther-
mometry. This approach achieved the intrascan motion
correction. For future compatibility with more complex
correction of the motion, the 1D navigator feedback data
was converted into full 3D spatial coordinates of the
scanner reference system, knowing the orientation vector
of that user-defined navigator (e.g., parallel to the Oz-
axis of the scanner). For the current implementation, the
vector’s coordinates perpendicular to the SI direction
were zero-filled when sent to the HIFU beamformer.
These spatial coordinates were fed in real-time to a
HIFU system to adapt focal point position accordingly,
as shown on Figure 1la, which also provides detailed
information on system architecture and latencies. The
following acquisition parameters were used for MR ther-
mometry: echo time/repetition time (TE/TR) = 8.69/80
ms, EPI factor = 9, slice thickness = 5 mm, in-plane

resolution = 1.5 x 1.5 mm* ex vivo and 1.88 x 1.88
mm? in vivo, readout bandwidth 700 Hz/pixel, recon-
structed image matrix = 128 x 128, acquisition time per
slice = 1.04 s.

The pencil-beam navigator was used for slice tracking
of MR thermometry. It comprised of a 2D spatially selec-
tive echo-planar RF pulse, used to excite a pencil-beam-
shaped column, followed by a gradient echo. The acqui-
sition duration of the pencil-beam navigator was approx-
imately 20 ms, while the navigator volume was a
rectangular column with dimensions of (5 to 10) x (5 to
10) x 180 mm. Note that the TR parameter provided
above, also includes the duration of the navigator. Exem-
plary navigator profiles and a histogram of motion track-
ing ex vivo are shown on Figure 1b and 1c, respectively.

Magnitude and phase images were sent in real-time to
an external computer and used for temperature visualiza-
tion and control of the HIFU platform.
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The temperature elevation profile was calculated on the
external computer based on the reference-less method (for
details, cf. Salomir et al) (23), which exploits mathemati-
cal properties of the magnetic field in a near-
homogeneous medium and reconstructs the background
phase inside the region of interest by solving a 2D Dirich-
let problem based on iterative convolution. This calcula-
tion was performed with a typical ROI diameter of 20 to
25 pixels, requiring less than 50 ms of CPU time, making
the temperature and thermal dose subsequently available
in real-time. The calculation ROI was set larger in motion
non-compensated sonications to encompass the elongated
thermal build-up in the focal plane.

MR-Guided HIFU Platform

The randomized 256-element phased-array transducer
(Imasonic, Besangon, France) was used for the MRgHIFU
experiment with the following characteristics: frequency
range = 974-1049 kHz, natural focal length = 130 mm,
aperture = 140 mm, diameter of each element = 6.6 mm.
The HIFU transducer was driven by a 256-channel beam
former (Image Guided Therapy, Pessac-Bordeaux,
France). Electronic steering of the focal point was per-
formed within -3 dB revolution ellipsoid of axes 30 mm
(Ox), 30 mm (Oz), and 50 mm (Oy) around the natural
focus. The maximum switching rate of the beam-former’s
RF signals to change the focal point position was 20
frames per second. Further details on this device can be
found in Salomir et al (10).

In-house written software enabled treatment planning
and on-line correction of the focal point position during
the treatment to follow organ motion and avoid collateral
damage of the surrounding healthy tissue, using a special
TCP/IP socket which was independent of the socket dedi-
cated to the transfer of reconstructed MR data to the
external PC. The reconstructed magnitude and phase
images were transferred by the standard Siemens mecha-
nism, provided with its “Thermo” work-in-progress (WIP)
package. A single Ethernet cable physically connected the
local network of the MR system to the external PC (i.e.,
the two sockets used different ports). Original image cal-
culation environment (ICE) program, used for the image
reconstruction, was modified to facilitate the communica-
tion of MR navigator data between the MR system and a
client application running on the external computer by
means of the special TCP/IP socket. As soon the navigator
data were available on the MR image calculation com-
puter, the ICE program tried connecting to the external
computer, and when that connection was established the
navigator data was sent though. The navigator information
was transferred to the external PC as absolute coordinates
and the relative displacement was further calculated in
the external PC application relative to the time point
when the sonication started. The client application inter-
preted the navigator information from the MR and
updated on-the-fly the RF delays of the HIFU beam-
former to change the focal point position accordingly.

Description of the Experiments

A dedicated experimental set-up was designed for ex
vivo measurements (see Fig. 2). The equipment was
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FIG. 2. a,b: Ex vivo experimental set-up: 1. Inflating balloon simu-
lating breathing motion with diaphragm-like shape, 2. Water
coupled bath, in which an ex vivo organ was placed, 3. Phantom,
4. Electrical motor used for positioning HIFU platform in two axis.
c: In vivo set-up. Note the HIFU applicator and the MR coll
combination.

placed on the MR bed with the main axis of simulated
organ motion along the direction of the main magnetic
field or along the z-axis. Ex vivo tissue was placed in
water coupled bath, while the inflating balloon simu-
lated a breathing-like motion pattern, mimicking dia-
phragm displacement. The balloon was filled and
drained by a mechanical ventilator (Anesthesia Delivery
Unit (ADU™) Plus Carestation® GE Healthcare, Madi-
son, WI). Sheep liver and a piece of turkey pectoral mus-
cle were alternately used in the experiments. Remote
control of the organ motion amplitude and period was
possible from the outside the scanner room. The typical
period was set in the range of 6 to 10 s.

The simulated tissue motion pattern was nonrigid with
compressional deformation similar to that found in natu-
ral breathing. The nonrigid spatio-temporal rearrangement
of the susceptibility distribution during motion-caused
magnetic field perturbation, requiring the reference-less
PRF shift thermometry to filter out this effect.

The performance of the new motion tracking method
was compared in this study with “ground truth”
approach, namely, the well known respiratory gated son-
ication and MR thermometry. This comparison took
advantage of the periodic motion patterns generated by
the mechanical ventilator. A “start” trigger was sent to
the MR system and to the HIFU beam former when the
applied air over-pressure fell below 15% of the peak
value, while a “stop” trigger was sent to the HIFU beam
former when the over-pressure rose above 25% of the
peak value.
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A standard Siemens single loop receiver coil (11 cm
diameter) was used for MR signal acquisition for ex vivo
experiments, while for in vivo experiments, two phased-
array coils wrapped around the animal were combined
(see Fig. 2c¢). A standard four-channel flex large coil (Sie-
mens Medical Solutions, Erlangen, Germany) was placed
on top of the abdomen, and a dedicated interventional
three-channel coil (Clinical MR Solutions, Brookfield,
WI, USA) with 14 x 16 cm?® aperture, enabling HIFU
beam propagation, was placed under the animal. The
scanner built-in adaptive coil combine algorithm was
used. The pencil-beam navigator tracked the diaphragm
motion in the close proximity of the MRT slice.

Independent single-point sonications of the sheep liver
in vivo were performed intercostally in two animals
(both female, mean weight = 25-35 kg). Ethical approval
was granted by the Geneva University Institutional Ani-
mal Care and Use Committee and by the Cantonal Veteri-
nary Authority of Geneva. The animals were intubated
and mechanically ventilated. Anesthesia was maintained
by continuous inhalation of 2% isoflurane (Abbott AG,
Baar, Switzerland). The breathing rate was approxi-
mately 7-10 breaths/min. The pencil beam navigator was
placed parallel to the SI direction, crossing the right half
of the diaphragm and avoiding the proximity of large
blood vessels. A preliminary acquisition was performed
to calibrate the tracking factor between the navigator
measurements and the subsequent applied slice dis-
placements. A tracking factor was considered appropri-
ate if the anatomic structures around the planned
position of the HIFU focus (mainly the blood vessels
within the liver parenchyma) appeared as static in the
motion-compensated GRE-EPI magnitude data. Typically,
a range of tracking factors between 0.5 and 1 was tested
with an incremental step of 0.05. Therefore, a maximum
of 10 scout acquisitions were performed, requiring in
total approximately 10 min. For the in vivo experiments,
the navigator tracked organ motion over the right hemi-
diaphragm, which caused that the targets more distal to
that tracking position required varying correction factors.
A rib protection method, described in (10), was used to
protect against collateral thermal damage. The animals
were awoken after the experiment and followed up for 7
days. Further details on the MRgHIFU protocol in the
sheep liver in vivo can be found in Auboiroux et al (19).

RESULTS
Ex Vivo Experiments

On Figure 3, the need for a reference-less reconstruction
method and the effectiveness of the HIFU focal point
position correction for the ex vivo experiment is demon-
strated. The amplitude of ex vivo muscle motion was 12
mm, while the period was 7.5 s. Every shown case on
Figure 3 was acquired with slice tracking of MR ther-
mometry. The average SNR was approximately 35. The
reference-less MR thermometry method delivered a base-
line stability of 0.4 = 0.1°C.

Although the images were acquired with the motion-
compensated segmented GRE-EPI sequence, inhomogene-
ous magnetic susceptibility field variations due to
motion yielded large phase changes inside the breathing
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FIG. 3. Baseline phase maps of motion-compensated MR ther-
mometry, showing significant difference in the local magnetic field
due to breathing motion. Phase maps are shown at the end of (a)
inspiration (b) expiration. ¢,d: Ex vivo exemplary slice tracking
thermometry images showing significant difference in the thermal
build-up when the HIFU focal point position was motion-
compensated or not. Sonication end point thermal maps are
shown: without focal point position correction (c) and with correc-
tion (d) (FOV = 192 mm). e: Comparison of temporal curves of
temperature elevation in the highest temperature voxel corre-
sponding to the cases (c-d), respectively.

Temp. elevation [deg C]

cycle (see Figs. 3a and 3b). This effect required the use
of a motion-insensitive PRF shift thermometry method.
The reference-less approach was chosen because of the
advantageous workflow (no need to map the space of
events before the treatment) and for future compatibility
with free-breathing condition on patients. Repositioning
of the Dirichlet’s domain was not required with motion-
compensated magnitude data as the tissue motion
appeared motion-less.

Figure 3c corresponds to continuous HIFU sonication
with a fixed focus position in a piece of moving ex vivo
turkey pectoral muscle (non-motion-compensated soni-
cation and motion-compensated MR thermometry acqui-
sition), while for Figure 3d the focal point position was
steered in real time to lock on tissue motion. It can be
observed from the figure that the in-plane thermal build-
up in the left image is elongated, while the one on the
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right is sharply focused in one spot. The in-plane exten-
sion of the thermal build-up in the left image is around
12 mm, which corresponds well with the pre-set ampli-
tude of motion. The maximum temperature achieved
with the HIFU sonication (36 s, 108 ac W) was around
20°C in the focal spot for the compensated approach,
while only around 10°C for the noncompensated. This
corresponds to a ratio of 2 between the highest tempera-
ture elevations in tissue at equal HIFU energy for the
compensated versus non compensated approach.

The comparative experiments conducted under various
conditions: motion-compensated (new method) or non-
compensated sonication in moving tissue (monitored
with motion-compensated MR thermometry), respiratory
gated sonication and MR thermometry (i.e., “ground
truth” motion compensation) and, respectively, fixed
focus sonication in static tissue (i.e. reference experi-
ment) led to following observations based on four
repeated experiments per method, see Figure 4 for exem-
plary results on ex vivo liver: (i) fixed focus sonication
in moving tissue yielded an elongated thermal build-up,
approximating the histogram of mass-point positions
during the motion cycle. Motion amplitude higher than
10 mm tended to split the lesion into two separate
“satellites” corresponding to the inhalation and exhala-
tion positions; (ii) the new method of motion tracking as
well as the respiratory gating sonication yielded basically
isotropic thermal build-up but the ablation efficiency
was significantly higher for the active motion tracking,
when the duty cycle was near 100%; (iii) the reference
sonication in static conditions confirmed the precise
beam forming without inherent acoustic aberration.
Note, a quantitative correlation ex vivo between cumu-
lated thermal dose (31) (calculated here for a virtual
baseline temperature of 37°C) and thermally decolored
tissue is not meaningful as the two processes rely on
different mechanisms. When considering the thermal
patterns induced by the non-compensated sonication on
Figure 3b (turkey pectoral muscle) and Figure 4b (sheep
liver), differences could be observed, especially accentu-
ated splitting hot spots in the second case, although the
motion amplitude was comparable (12 mm and 14 mm,
respectively). The different elasticity of various tissues
probably yields slightly different patterns of motion dur-
ing the breathing cycle, thus different histograms of
mass-point position in the fixed focus reference frame
and therefore different topology of the heating patterns.

In Vivo Experiments

Both sheep studies yielded similar results. On Figure 5,
two images from one in vivo sheep liver sonication (40 s,
240 ac W) experiment are shown, acquired at the end of
(a) inspiration and (b) expiration. The apparent motion
of the ribs can be observed, although they were static,
due to the use of PMC. The maximum temperature eleva-
tion was found to slightly exceed 10°C. It reached a
steady state regime after approximately 30 s and longer
treatment duration did not increase the temperature. The
HIFU acoustic energy was delivered as a single spot.
MRI follow up and animal necropsy indicated no burn-
ing of the tissue surrounding the ribs or at other abdomi-
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nal interfaces for the actual conditions of sonication
(power, duration, F-number and dynamic steering range).
SNR of the liver MR thermometry images ranged
between 20 and 25. At the given TE and By, this corre-
sponds to approximately 0.5°C intrinsic standard devia-
tion of MR thermometry (32). This is considered
sufficient to enable accurate monitoring of the HIFU son-
ication. The combination of a limited acoustic window
of intercostal sonication with conservative ribs’ protec-
tion, liver perfusion and limited available acoustic power
yielded insufficient temperature elevation to cause irre-
versible tissue damage.

DISCUSSION

Two fundamental issues of MRgHIFU treatment have
been addressed in the presented work, namely the real-
time control of acoustic energy targeting and motion cor-
rection of MR thermometry. The MR thermometry devel-
opments are not restricted to MRgHIFU, but are
applicable to any other thermal therapy in abdomen
(e.g., LITT or RFA).

Here, the monitoring of HIFU ablation was performed
by PRF shift-based MR thermometry implemented by
segmented GRE EPI pulse sequence. Segmented k-space
acquisition was used in the phase-encode direction to
minimize T,* apodization effects on the image. The posi-
tion of the focal point as well as the position of imaging
slice were updated according to the organ displacement
measured by the segment-based MR navigator, and thus
achieving intra- and interscan MR motion compensation.
The treatment described here does not rely on recon-
structed magnitude nor phase MR images, and therefore
potential latency from data reconstruction and export to
the external computer is not involved in the feedback
process. The temporal resolution of the motion correc-
tion was 80 ms, while the readout bandwidth per pixel
was reduced by a factor larger than 2 as compared to the
one suggested in (15). Obtained SNR was larger than 20
in vivo for a voxel volume of 0.017 mL. Because the
motion compensation was applied, the imaged object
appeared motion-less in the image. This allowed easier
implementation of reference-less thermometry, as it was
not necessary to reposition the ROI due to motion.

As the pencil-beam navigator remains the most robust
organ-motion tracking method currently available on
clinical MR systems, it was used for slice tracking of MR
thermometry to provide accurate compensation of tissue
displacement along the SI direction (i.e., principal com-
ponent of motion). The correction factor of motion
between the tracked diaphragm position and the ROI for
sonication in liver was manually adjusted on an individ-
ual basis, aiming to cancel the apparent motion in mag-
nitude GRE-EPI data around the location of the HIFU
focus. While this empirical methodology enabled the
proof of concept in vivo, the adjustment of the correction
factor may be done automatically, e.g., a closed loop
algorithm iteratively changing the tracking factor until
nulling the motion field vectors in the MR thermometry
magnitude image.

By the means of the pencil-beam navigator, the focal
point position could be updated at an effective frame
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PRFS MRT TD > 240CEM43 Gross pathology

FIG. 4. Pictorial comparison
between ex vivo results of
MRgHIFU sonication in moving
tissue. The focal plane is
shown each time. Left column:
MR thermometry (relative val-
ues above the baseline, see
color bar) at the end-point of
sonication. Middle  column:
cumulated thermal dose
exceeding the 240CEMA43
threshold. Right column: gross
pathology and the amplitude of
motion (double head arrow). A
distance scale is provided for
each type of image. When the
reference-less PRF shift calcu-
lation was used for MR ther-
mometry, the double border of
the Dirichlet’s domain is indi-
cated. The sonication parame-
ters are provided in each case
as (power [W], duration [s],
duty cycle [%], motion ampli-
tude [mm]). The following con-
ditions apply: a: Fixed focus
sonication in moving tissue
(192 W, 30 s, 100%, 8 mm). b:
Fixed focus sonication in mov-
ing tissue with larger displace-
ment amplitude (192 W, 30 s,
100%, 14 mm). c: Motion-
compensated sonication using
the new method of tracking
(192 W, 30 s, 100%, 14 mm).
d: Respiratory gated sonication
synchronized to the quiet
phase of exhalation (240 W, 60
s, 33%, 9 mm). e: Static sam-
ple, fixed focus sonication, i.e.,
reference experiment (108 W,
40 s, 100%, 0 mm). In the last
case, the applied energy was
deliberately lower to avoid non-
linear disruption (cavitation,
boiling). Note the essentially
isotropic spot of decoloration
within the tissue for the three
last rows.

rate of 1/TR, here 12.5 Hz. Steering the beam induced a wavelength = 4.2). This effect lowered the effectively
decrease in focal point intensity, here —3 dB at 15 mm delivered average energy, especially for large motion
lateral steering. This condition was due to the relatively —amplitudes. Upon the hardware capability, the instanta-
narrow radiation diagram of each elementary source of neous power may be increased as a function of beam
the phased-array (circular piston with the ratio diameter/ steering to compensate for the mentioned effect.
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FIG. 5. In vivo exemplary thermometry images of sheep liver dur-
ing motion-compensated intercostal HIFU ablation. Apparent
motion of the ribs of approximately 6 mm amplitude can be
observed due to the use of PMC, although the ribs were static in
the laboratory frame. The thermometry images were acquired
within the same breathing cycle at the end of (a) inspiration and
(b) expiration (FOV = 240 mm). Note frame (a) was deliberately
flipped L/R to facilitate the visual comparison of apparent motion
of static structures (e.g., ribs).

In vivo experiments have demonstrated the ability of
MRgHIFU treatment of moving organs, with high spatial
accuracy and a near 100% duty cycle. Neither predictive
modeling of organ motion nor the requirement of map-
ping a motion atlas before the active phase of the treat-
ment was required. The value of the correction factor
between focus and diaphragm motion was set to 0.7. The
challenge of ablation through the rib cage was addressed
by the use of protective reflective strips. Given the liver’s
anatomy of the treated animals, the focal point was posi-
tioned typically 2.5 to 3 cm behind the rib cage, yielding
a significant angular masking effect of the acoustic win-
dow. By scaling the temperature elevation obtained in
our experiments versus the applied power, we estimate
at least twice higher acoustic output would have been
necessary for effective tissue ablation in our study.

Previous studies on MRgHIFU treatment of abdominal
organs (13-17) relied on heavily T,* -weighted MR
images acquired with gradient-recalled echo (GRE)
single-shot echo-planar imaging (ssEPI) sequence dedi-
cated to MR thermometry, which is generally of low con-
trast and limited SNR, and thus sub-optimal for motion
information extraction. Because MR thermometry data,
besides aiming to provide temperature maps, were also
used to track organ motion, the requirement of high tem-
poral resolution inflicted imaging with low SNR and
high geometric distortion. The compulsory pretreatment
data acquisition before thermal treatment renders the
methods inapplicable to aperiodic free-breathing motion
patterns with deep inspiration or expiration phases.

The ballistic accuracy of the MRgHIFU treatment per-
formed in this work was not assessed. The anisotropy
factor of the motion-compensated thermal build-up was
found to be close to 1, and the shape of the decolorized
coagulated tissue specimen in the post-operatory gross
pathology ex vivo was found to be basically circular.
However, positing of the focal point on a true target was
not examined here. Moreover, the delivered energy was
insufficient to induce in vivo thermal lesions in liver
parenchyma. Although only 2 in vivo animal sonications
were performed and evaluated here, our preliminary

Celicanin et al.

results show interesting potential of our robust treatment
method, which could motivate further large scale studies
to prepare clinical translation of the method.

The PRF shift reference-less approach is suitable in the
presence of a large volume of unheated homogeneous tissue
(e.g., liver), which provides spatial reference information.
Its applicability may be challenging in a more complicated
anatomic environment where susceptibility variation, adi-
pose tissue or flow phenomena are present, e.g., prostate,
breast, kidney. An extension to reference-less thermometry
allowing background phase estimation in the presence of
phase discontinuities between aqueous and fatty tissues
was described in Rieke et al (24). That method was based on
a multi-echo sequence and binary water and fat maps gener-
ated using a Dixon reconstruction.

Another limitation of the implemented method was
the lack of automatic feedback control of the temperature
elevation, i.e., no objective function was defined for the
time course of the focal point heating. The engineering
architecture of our solution is readily compatible with
integration of a spatial-temporal temperature controller
that will be addressed in future studies.

Only the SI component of the motion was corrected
for in this study. Although this is, in general, the main
component of the abdominal motion, correcting for the
complete 3D motion may be required in some specific
situations where the spatial accuracy is critical.

CONCLUSIONS

This study demonstrates motion compensation during
MRgHIFU using prospective motion corrected segmented
EPI for thermal mapping and control of the HIFU focal
spot. Accurate focal point lock-on target was achieved in
ex vivo moving phantoms and sheep. The proposed MR
thermometry motion compensation method produced
accurate temperature maps with good SNR and low geo-
metric distortion.
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