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REVIEW ARTICLE

MR Thermometry during Transcranial MR Imaging—Guided
Focused Ultrasound Procedures: A Review

Raghav R. Mattay, ““Kisoo Kim, ““’Lubdha Shah, ““'Bhavya Shah, ““'Leo Sugrue, Fatima Safoora, "*'Eugene Ozhinsky, and

Kazim H. Narsinh
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ABSTRACT

SUMMARY: Interest in transcranial MR imaging—guided focused ultrasound procedures has recently grown. These incisionless proce-
dures enable precise focal ablation of brain tissue using real-time monitoring by MR thermometry. This article will provide an
updated review on clinically applicable technical underpinnings and considerations of proton resonance frequency MR thermome-
try, the most common clinically used MR thermometry sequence.

ABBREVIATIONS: CEM43 = cumulative equivalent minutes at 43°C; 2DFT = 2D Cartesian Fourier transform; GRE = gradient recalled-echo; HIFU = high-in-
tensity focused ultrasound; LIFU = low-intensity focused ultrasound; MRgFUS = MR imaging—guided focused ultrasound; MRT = MR thermometry; NPV = non-

perfused volume; PRF = proton resonance frequency

Transcranial MR imaging-guided focused ultrasound (MRgFUS)
is an incisionless technique to precisely deliver energy
through an intact skull for the treatment of a wide range of neu-
rologic disorders, because the technique is minimally invasive
and has a rapid recovery time.'* MRgFUS is most commonly
used to ablate brain tissue in a targeted fashion.” The FDA
cleared MRgFUS for ablation of the ventralis intermediate nu-
cleus of the thalamus to treat essential tremor in 2016° and,
more recently, for the globus pallidus interna for treatment of
advanced Parkinson disease.” Currently, the FDA-cleared sys-
tem for transcranial MRgFUS is the ExAblate Neuro system
(Insightec). The Insightec ExAblate Neuro system can be used
with 2 different frequency transducers, referred to colloquially
as high-intensity focused ultrasound (HIFU) and low-intensity
focused ultrasound (LIFU). Operating at 650kHz, the HIFU
transducer enables precise ablation of brain tissue, while the
LIFU transducer, operating low-intensity pulsed ultrasound at a
frequency of 220 kHz, enables neuromodulation, BBB disruption,
and acoustic activation of drug agents. Transcranial MRgFUS
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systems have shown potential in clinical trials for treating trigem-
inal neuralgia (HIFU),? disrupting the BBB (LIFU),>1° activating
sonodynamic therapy (LIFU),'" or treating obsessive-compulsive
disorders (LIFU)."? Because HIFU causes thermal ablation, MR
thermometry (MRT) is of the utmost importance. Depending on
the clinical indication and location of the target, LIFU can be
used with or without MRT. Laser interstitial therapy, a minimally
invasive neurologic surgery using a laser on a probe, can also
thermally ablate tissue, also requiring MRT for intraprocedural
guidance.

Most of the current HIFU target structures are in the subcorti-
cal brain surrounded by critical fiber tracts."” In the treatment of
essential tremor, the ventralis intermediate nucleus abuts the cor-
ticospinal tract laterally. Submillimetric errors in localization can
result in complications such as gait imbalance or hemiplegia. The
ventralis caudalis and medial lemniscus, located in proximity
posteriorly, pose a potential risk of unintended heating that could
lead to sensory abnormalities such as paresthesia, including the
dreaded complication of anesthesia dolorosa (we will use the
Hassler classification of thalamic nuclei for this article). HIFU
ablation in the brain typically requires “align” (or “test”) sonica-
tions to raise focal zone temperatures above 40°C and “verify” (or
“stun”) sonications to raise focal zone temperatures to approxi-
mately 50-52°C. The align sonications allow submillimetric trian-
gulation and correction of the focal zone, while verify sonications
produce a reversible physiologic effect allowing assessment of
treatment response and adverse effects before the final ablative
sonications that raise focal zone temperatures above 55°C. In gen-
eral, with increasing temperatures, the exposure time needed to
reach the ablation threshold drops exponentially. LIFU induces
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they remain detectable (for comparison,
the resonance frequency of a proton at
1.5T is 63.87 MHz).

The electron cloud of a hydrogen
atom intrinsically shields the proton
within the nucleus from the surround-
ing magnetic field. While hydrogen
atoms in individual water molecules
are strongly linked through covalent
bonds to their associated oxygen
atoms, they also experience weaker

attraction to the oxygen atoms of

neighboring water molecules through

FIG 1. PRFis dependent on temperature. The By, field denotes the direction of the magnetic field
and thus the spins of the hydrogen protons (H). An increase in temperature leads to less hydro-
gen bonding and higher electron shielding of protons, making them less susceptible to the By

field and decreasing their resonant frequency.

physiologic and biologic effects without an appreciable increase
in temperature (eg, <0.1°C) within the target region, while avoid-
ing tissue damage and microbleeding.'* Real-time and nonin-
vasive MRT is critical to achieve precise and controlled
transcranial focused ultrasound treatments.

MRT comprises a set of thermal-sensitive MR imaging pa-
rameters, such as proton resonance frequency (PRF) shift, T1
and T2 relaxation times, diffusion, proton density, and mag-
netization transfer.'"> Some of these methodologies could be
useful in nonaqueous tissues such as breast or bone but are
less than optimal for clinical intracranial applications because
they often require longer acquisition times to obtain an
adequate SNR. A recent review discusses MRT in cerebrovas-
cular disease as a versatile tool for diagnosis, prognostication,
and monitoring treatment response.'® For MRgFUS, PRF
thermometry is the mainstay for current clinical applications
due to fast acquisition times and high temperature sensitivity
within aqueous tissues. Several factors can influence the opti-
mal measurement of temperature change in the target tissue
using PRF, including heterogeneous heat deposition at the
focal zone, tissue properties, tissue inhomogeneity, the pres-
ence of increased susceptibility, timing of the acquisition, and
motion artifacts. The consideration of these factors is impera-
tive to ensure the successful implementation of transcranial
MRgFUS applications.

This review aims to provide a basic introduction to PRF
thermometry and to discuss factors that influence temperature
measurements in transcranial MRgFUS applications for both
physicians and scientists wishing to further develop the safety
and efficacy of this exciting emerging technology.

PRF Thermometry

Within the By, magnetic field, hydrogen protons in water and fat
precess around their axis at their resonant frequencies according
to their gyromagnetic ratio. Temperature variations in tissue cause
changes in the angular frequency of the proton precession. For
hydrogen nuclei, which comprise a single proton, temperature
effects result in frequency shifts less than a few 100 Hz at 1.5T, but
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hydrogen bonding. Hydrogen bond-
ing causes some of the electron clouds
of hydrogen to be pulled away by the
electrophilic oxygen atom, resulting
in deshielding the hydrogen protons.
With this deshielding, protons within
water molecules experience a stronger local magnetic field.
The local magnetic field can be addressed as follows:

Bluc(T) -

Equation 1 (1 —=s(T)+ x(T)Bo,

Equation 2 s(T) = aT,

where T is a temperature, s(T) is the shielding constant of
water molecules, y(T) is the magnetic susceptibility of tissue,
By is the strength of the main MR imaging magnetic field, and
« is the temperature coefficient of the water proton, approxi-
mately 0.01 ppm/°C (the coefficient ranges from —0.00739 to
—0.0135 ppm/°C).' 7'

Increasing the temperature of tissue disrupts hydrogen
bonding within water molecules, improving the shielding of
hydrogen protons. In contrast, in aqueous tissues, the tempera-
ture-dependent magnetic susceptibility of tissue y(T) can be
negligible because it is much smaller than effects due to changes
in the shielding of hydrogen protons.

Equation 3 ®(T) = yBip(T),

where w is the Larmor angular frequency and 1y is the gyromag-
netic ratio of the hydrogen nuclei (267.522 x 10°rad/s/T).
Hydrogen nuclei in water at higher temperatures have lower cor-
responding resonant frequencies due to decreased hydrogen
bonding (Fig 1). PRF thermometry relies on these changes in res-
onance frequency in hydrogen nuclei within water'” in response
to local changes in tissue temperature. For example, in a 1.5T
magnetic field, an increase of 1°C would result in a decrease in
the PRF of 0.6387 Hz."” Hence, temperature changes result in
local resonant frequency variations. The measured temperature
change is relative and is based on the assumption that the refer-
ence body temperature is 37°C.

There are several methods to estimate the temperature using
the relationship between water proton frequency and temperature.
MRS imaging provides the nuclear magnetic resonance signal spec-
trum, allowing monitoring the frequency peak of the water proton.



ExAblate Neuro Transducer
(220 kHz, 650 kHz)

Focal spot 1.5~3 mm

Temperature

FIG 2. MR imaging thermometry during transcranial focused ultrasound. A, The focal spot of the ExAblate Neuro transducer takes a prolate
ellipsoid shape, measuring approximately 1.5 mm in diameter and 3 mm in length at 650 kHz and approximately 3 mm in diameter and 7 mm in
length at 220 kHz. B, The PRF thermal dose map shows an accumulated thermal dose in light blue, which is based on the CEM43 model. The ther-
mal dose map visualizes the amount of heat deposited into the target tissue, allowing clinicians to optimize treatment parameters and position-
ing while minimizing the risk of normal tissue damage. C, Multiple MRT images are obtained during sonication. In this example, images are
acquired at 11.9 seconds (left panel), 15.3 seconds (middle panel), and 18.8 seconds (right panel) after the sonication has begun, generating images
of tissue temperature at the focal spot according to a user-determined color scale. The time intervals between images will vary depending on
the user-determined settings, such as the addition of presonication baseline phases or changing from multiple- to single-echo thermometry.
The duration of the sonication is often set so that peak temperatures are achieved in sync with the MRT acquisition. The alignment of the focal
spot to the target is best assessed in the phase-encoding direction. D, After sonication, a temperature graph is generated to show average and

maximal temperatures across time within the ROI. Avg indicates average; Max, maximum.

On the basis of spectroscopic imaging, the temperature can be esti-
mated by observing the frequency difference between the water
proton and the reference, such as the tissue lipid® or contrast
agents.”' PRF-based MRS imaging is the sole method capable of
measuring absolute temperature with high accuracy (eg, 0.3°C for
1-mL Voxelszz). Nevertheless, most MRS techniques are limited in
terms of spatial resolution and real-time MR imaging acquisition,
which are necessary for rapid temperature monitoring in transcra-
nial MRgFUS applications. The other approach is to use MR phase
mapping because changes in the temperature can alter the MR res-
onance frequency. In phase mapping-based PRF thermometry,
temperature-induced local frequency variations can be detected
using spoiled gradient recalled-echo (GRE) sequences to acquire
phase maps before and during tissue heating. By subtracting the
baseline phase images from the subsequent phase images acquired
during heating, chemical shift effects that are not temperature-de-
pendent are theoretically removed. Phase differences caused by
field deviations within biologic tissues can be used for estimating
relative changes in temperature as follows:

¢ (T) — ¢(To)
yaByTE

Equation 4 AT =

where AT is the temperature difference relative to the reference
image, ¢ (T) is the current phase image, ¢ (T;) is the reference

phase image, 7y is the gyromagnetic ratio, « is the temperature-
sensitive coefficient, By is the main magnetic field, and TE is the
echo time. The reference phase image (before heating) is sub-
tracted from the current phase image (during heating). Finally,
relative changes in temperature can be calculated.

PRF thermometry allows temperature maps to be acquired in
seconds,'” noting that it has suboptimal performance in adipose
tissue, making it less ideal for body applications of HIFU but
appropriate for transcranial HIFU. Because HIFU generally cre-
ates a focal spot in a prolate ellipsoid shape that is 3-4 mm in di-
ameter and 4-5mm in height23 (Fig 2), the PRF sequence
resolution must have an in-plane resolution of at least 1-2 mm
and a section thickness maximum of 3 mm.?* In general, clinical
imaging systems have a temperature precision of approximately
1°-2°C* and are typically acquired during ablation,”® with the
most important image acquired after the sonication peak.
Specifically, for the transcranial HIFU Insightec ExAblate
Neuro system using a body coil for receive and transmit and a
gradient-echo sequence (FOV = 280mm; frequency = 256;
phase = 128; section thickness =3mm; matrix = 256 X 256),
the spatial resolution is 1.09 x 1.09 x 3 mm and the temporal
resolution is ~3.5 seconds per dynamic image with a total ac-
quisition of <1 minute for each sonication. Currently a stand-
ard diagnostic head imaging coil cannot be used with the
Insightec ExAblate Neuro device. Also, current MRT used for
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FIG 3. Sources of error in MR imaging thermometry. A, Temperature
maps during HIFU heating using different spatial resolutions (left to
right: 2 X 2 x 3mm?> 1 x 1x 3 mm?, 01 x 0.1 x 0.1 mm? simulation).
This experiment showed that imaging with a spatial resolution of 1.0 x
1.0 x 3.0 mm? or higher with slices oriented perpendicular to the
beam path resulted in the best accuracy of temperature measure-
ment (figure reproduced from Todd et al** with permission). B,
Temporal SD (std) of PRF temperature maps overlaid on sagittal,
coronal, and axial MR images demonstrate errors in temperature
measurement due to motion (eg, B, field drift, cardiac pulsation,
respiratory motion; figure reproduced from Le Ster’?).

transcranial HIFU with Insightec equipment can only be
acquired in 2 dimensions and must be acquired in 1 of 3 or-
thogonal planes during sonication.

Thermal Dosimetry

Dosimetry models are used to estimate thermal tissue damage
during HIFU procedures. When the PRF temperature map is
obtained, the cumulative equivalent minutes at 43°C (CEM43)
model can be used to estimate a thermal isoeffect dose through

27,28
the exposure time.

t
Equation 5 CEMA43 = / R®-D gy,
0

where R is the factor depending on temperature range: 0.25
(T < 43°C) and 0.5 (T >43°C). van Rhoon et al*® reported the
challenges in establishing precise thermal thresholds for brain
tissue due to the substantial differences in species, data availabil-
ity, and a lack of such data in humans. However, previous inves-
tigations reported that thermal tissue damage can occur in the
range of 10 CEM43, and a thermal dose as low as 0.1 CEM43
can result in changes in the BBB permeability, metabolism,
CBF, and neural activity.29 Hence, close monitoring and careful
control of the thermal dose are especially helpful to ensure the
safety and efficacy of transcranial HIFU (Fig 2B). Of note, when
performing LIFU for neuromodulation in neuropsychiatric dis-
eases, it is recommended to keep the thermal dose below 0.1
CEM43 to minimize uncontrolled physiologic changes. Thus,
depending on the clinical indication and target, thermometry is
often not used for LIFU.
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Optimization of PRF Thermometry

Trade-Offs. As in other MR imaging, in PRF thermometry there
are trade-offs among spatial resolution, temporal resolution, and
SNR. Todd et al** showed that the spatial resolution needed to
capture nonuniform temperature distributions created by HIFU
(Fig 3A) is highly dependent on the shape of temperature distri-
bution. Low-resolution imaging was sufficient in accurate mea-
surement of a temperature distribution that changes linearly in
space. However, higher spatial resolution is needed when the
temperature distribution is nonlinear, which is often the case in
HIFU, in which the distribution is based on the shape and size of
the focal zone, the heating trajectory, and the ultrasound power
and deposition. Their experiments showed that imaging with a
spatial resolution of 1.0 x 1.0 x 3.0 mm® or higher with slices
oriented perpendicular to beam path resulted in the best accuracy
of temperature measurement. Because the HIFU thermal ablation
lesion at the focal zone is elongated in the craniocaudal direction
(as a prolate ellipsoid), there is inherently less curvature of the
temperature distribution in the direction of the beam, allowing
thicker acquisition slices to be used. Thus, PRF thermometry is
often acquired in the axial plane because small errors in section
prescription on coronal or sagittal imaging may result in missing
the hot spot.

Image SNR

The phase-dependent SNR from these images is proportional
to the PRF change as well as the sequence TE."> As shown in
Equation 2, when the T2* relaxation time of brain tissues is
equal to the TE, the optimal SNR can be achieved.

Equation 6 SNR TEeié_zg.

To perform MRT that has sensitivity on the order of 0.01 ppm, a
high degree of magnetic field homogeneity is required. In stand-
ard 2D Cartesian Fourier transform (2DFT) thermometry, when
all available time in a TR is used for sampling to maximize the
SNR, the result is a long imaging time, which makes the images
more sensitive to off-resonance/local frequency change.

Magnetic Field Inhomogeneity

Magnetic field inhomogeneity can be conceptualized in terms of
external magnetic flux and local magnetic susceptibility. These
sources of error include magnetic field drift and susceptibility

1,32
changes.>"”

Magnetic field drift refers to the change in the mag-
netic field flux due to extrinsic factors such as the flux in the
earth’s own magnetic field and gradient system heating that
occurs when applying large gradients.’”” Magnetic field phase
drifts in clinical scanners while scanning have been reported to
be from 0.01 to 0.06 ppm/min (or 0.6 x 3.6 ppm/h), which could
result in up to approximately 6°C/min of scan time (assuming a
PRE coefficient of —0.008 ppm/°C).”> Depending on the polarity,
these field drifts can result in both over- and underestimation.**
Because the drift is small during acquisition, it can be corrected
with postprocessing using internal or external references such as
aqueous tissue outside the heating zone (as in referenceless ther-
mometry described below) or fat-based tissues (with minimal
phase shift due to heat).”



Susceptibility changes due to inhomogeneity in a patient’s tis-
sues can also greatly affect temperature measurement. Briefly,
susceptibility is caused by paramagnetic, ferromagnetic, or dia-
magnetic substances (ie, Ca®*) and is particularly noticed at the
interface of 2 different substances (eg, between gas and bone).*®
Blood flow parameters also greatly affect magnetic inhomogene-
ity, such as deoxyhemoglobin concentration, blood flow, hemato-
crit, red blood cell integrity, and vessel orientation. Additionally,
other relevant factors that affect homogeneity include molecular
diffusion, pH, and prior contrast use.””

Off-Resonance Sensitivity

The multiecho approach is an effective method for mitigating
off-resonance sensitivity while maintaining SNR. In early multie-
cho 2DFT sequences, temperature was estimated by determining
the slope of the linear fit of the phase versus TEs.*® While multie-
cho sequences were of similar scan length to those of single-echo
gradient images with long TEs, they allowed less aliasing/phase
wrapping (ie, the ability to detect temperature increases of =100°C).
The multiecho approach compared with the single-echo gradi-
ent approach showed less aliasing at sites of bone and fat as
well.*® Furthermore, the multiecho images showed less degra-
dation from motion and greater ability to identify areas with
multiple spectral components. Newer approaches combining
multiple independent temperature estimates can be performed

to optimize temperature SNR.>**°

Electrical Properties

Temperature change in ablated tissue can also lead to change in
the electrical properties of the tissue, causing a constant incre-
mental phase shift per unit change in temperature completely in-
dependent of the TE.*' Increasing temperature leads to an
increase in electrical conductivity, causing more attenuation in
the amplitude of the MR radiofrequency pulses used for imaging
acquisition, affecting the phase and ultimately temperature mea-
surement. This typically affects procedures that heat larger tissue
volumes like deep regional hyperthermia and is less consequential
in ablative procedures like MRgFUS, in which the ablation zone
is smaller and much more focused.

Spatial Sampling: Frequency versus Phase-Encoding
Direction

Chemical shift artifacts are noted on spin-echo anatomic imaging
at the interface between fat and water due to slightly different res-
onant frequencies of hydrogen nuclei within lipid and water
(because there is no deshielding of the hydrogen nuclei in lipid).
These cause a spatial misregistration of the fat and water mole-
cules in the frequency-encoding direction. For standard gradient-
echo sequences and PRF thermometry, the sensitivity of these
distortions is larger in the frequency-encoding than in the phase-
encoding direction.*> This phenomenon should be considered
when performing geometric adjustments in the ExAblate Neuro
system. If a focal spot is generated with an offset between the cur-
rent and planned spot location, the system allows electronic
adjustments to the focal spot. In this process, the frequency direc-
tion can be ignored because MR images may display shifted geo-
metric information, making it unnecessary to consider the

frequency-encoding direction during the adjustment procedure.
Thus, intraoperative thermal measurements only in the phase-
encoding direction are recommended (Fig 2C).

Motion Sensitivity
Current clinical MRT sequences typically use a single baseline to
reconstruct temperature maps so that a single preheating acquisi-
tion is subtracted from a postheating acquisition. This feature has
been shown to work well in phantoms and stationery tissues but
is susceptible to substantial artifacts when motion occurs.
Currently, the Insightec ExAblate Neuro system performs a
motion-detection scan in which areas of high contrast (eg, inter-
face between pia mater/ependyma and CSF) are monitored dur-
ing treatment. If motion is detected, sonication is aborted.
Motion leads to phase errors in the PRF calculation in various
ways (Fig 3B). First, voxel-by-voxel phase subtraction results in a
significant temperature error if there is image misregistration.
Second, susceptibility changes of the magnetic field result in an
additional phase value in the PRF calculation. Third, organ move-
ment during MR image acquisition generates blurring and ghost
artifacts, which may cause temperature bias or uncertainty, even
if those artifacts may not directly affect PRF temperature maps.
While more important in body clinical applications of HIFU due
to the presence of respiratory motion, cardiac motion, and gut
peristalsis, motion also degrades intracranial MRT, especially
when considering that thermal ablative lesions in the thalamus
require submillimetric precision to avoid complications. Head
motion, brain pulsation (due to the effect of the cardiac cycle on
cerebral perfusion®> and CSF flow™), and facial motion (of the

25,45

eyelids, tongue, pharynx, or jaw) can all lead to aliasing arti-
facts and reduced SNR in single baseline imaging.

There are multiple additional methods to acquire thermome-
try, avoiding single baseline artifacts due to periodic and non-

46-48

periodic motion, including multibaseline subtraction and

referenceless® ™!

and hybrid multibaseline/referenceless ther-
mometl’y.52 In multibaseline subtraction, a whole set of baseline
images before heating is acquired over the entire respiratory
and/or cardiac cycle to create a library. After heating, either the
best baseline image of the library or an averaged composite
image is used for baseline subtraction*®>® In referenceless
reconstruction, the baseline image is not used, but instead the
temperature increase in every image is used. This is performed
by estimating the background phase outside the heated region
by fitting an equation/polynomial to the phase (ie, phase-regres-
sion analysis). This polynomial is then extrapolated to the location
of heating, and a phase is estimated, which replaces the traditional
baseline phase when calculated for phase shift and temperature.
With this technique, there is a complete elimination of misregis-
tration of images with the baseline data due to frame-to-frame
motion.”® However, the background phase at tissue interfaces
requires larger polynomial orders to fit in referenceless recon-
struction, potentially increasing the risk of underestimating the
thermal dose.

In intracranial applications of MRgFUS, it is important to
have whole-brain coverage, because it is important for monitor-
ing potential heating of tissue in the near and far field of the ultra-
sound beam. However, it is difficult to apply a low-order
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polynomial to the whole brain, especially in the frontal region
and structures at the base of the brain that are adjacent to air-
filled sinuses and nasal cavities.”> A hybrid reconstruction com-
bining both multibaseline and referenceless acquisitions was
described in detail by Grissom et al>* and is reported to be more
robust to both motion-related artifacts and varying anatomic
configurations in moving organs (liver and heart).

Rieke et al*> compared absolute temperature error and tempo-
ral temperature uncertainty of different reconstruction techni-
ques: single baseline subtraction, multibaseline subtraction (with
30 library images), hybrid single baseline/referenceless recon-
struction, and hybrid multibaseline/referenceless reconstruction.
In patients undergoing transcranial MRgFUS, hybrid reconstruc-
tion yielded only approximately 5% of pixels with >1°C of error.
Hybrid multibaseline/referenceless reconstruction showed little
improvement compared with multibaseline subtraction in the
cases in which volunteers were instructed to be as still as possible;
however, it substantially outperformed traditional multibaseline
reconstruction when nonrepetitive motion was present (tongue
or jaw motion). While hybrid multibaseline/referenceless recon-
struction achieves the best results, it requires a longer time to ac-
quire. A hybrid single-baseline/referenceless reconstruction can
substantially reduce temperature errors and is adequate for meas-
uring temperature within the central brain for the currently
FDA-approved indications for transcranial MRgFUS (essential
tremor and Parkinson disease), targeting nuclei within the thala-
mus and globus pallidus.

Recent technical developments for motion-robust MRT
have been proposed, such as principal component analysis,”*
background field removal methods,” motion correction using
machine learning,sf’ and k-space-based methods.”” However,
most techniques have inherent trade-offs among spatial cover-
age, computational costs, and the accuracy of temperature
measurement.

Coil Use

During transcranial MRgFUS, ultrasound hardware surrounds
the head, occupying the space typically occupied by an MR imag-
ing head coil during diagnostic imaging. Therefore, large-diame-
ter coils such as a body coil are used for MRT acquisition
currently, but these yield markedly lower SNR. Body coils are sin-
gle-channel; therefore, techniques that use multiple receiver
channels such as parallel imaging cannot be currently used.”®
Recently, a 2-channel receive-only head coil was designed specifi-
cally for use in conjunction with the ExAblate Neuro system and
is being offered by Insightec to be used with 3T scanners.>
Unlike a standard head coil, this coil is made integral with the
membranes used in the Insightec machine and is disposable. As
reported, the head coil improved the SNR on T2-weighted images
compared with the volume body coil by 3-4 times. A higher SNR
may have the potential to provide better treatment-planning,
more precise temperature measurements, and ultimately better
clinical results. Development of MRgFUS-compatible coil arrays
that allow parallel imaging is a burgeoning area of research,
because the currently developed MRgFUS coil arrays still have
fewer coils than those used in conventional anatomic or func-

tional parallel imaging (11 versus 32).%°
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Large-Brain-Volume MRT

Typically, PRF MRT is acquired using a spoiled GRE sequence in
which temperature-induced local frequency variations lead to
phase changes in the MR signal. As previously mentioned, the
temperature sensitivity is maximized when the TE is the same as
or closest to the T2* relaxation time within tissues. This required
TE naturally leads to a longer TR in the GRE sequence, leading
to extended total acquisition times and increased susceptibility to
motion. Hence, acceleration strategies should be considered to
improve the temporal resolution when measuring temperature
over a large brain volume.

The Insightec ExAblate Neuro system offers 2 options for
image acquisition: a single-section acquisition using a 2DFT
GRE sequence or multisection acquisition (typically 3-5 slices)
using EPI. While EPI can cover multiple slices, it is often associ-
ated with a lower SNR and susceptibility artifacts, which can
cause spatial shifts in the resulting images. Other acceleration
approaches include spiral and radial readout trajectories, as well
as compressed sensing.®'*> Recently, there has been growing in-
terest in using accelerated imaging techniques to measure tem-
perature over a large brain volume.®*

Future Considerations

Beam Localization without MRT. The MR acoustic radiation
force imaging technique is an emerging method that allows one
to image the location of the focal spot without a small tempera-
ture rise.”>*® A long sonographic impulse (1-20 ms) produces an
acoustic radiation force that can create tissue displacements
locally led by shear wave propagation. This displacement can be
encoded in the phase direction of the MR image using bipolar
motion-sensitizing gradients.°® This step enables accurate spot
localization, evaluation, calibration, and refocusing of the ultra-
sound focal zone without the test sonication that causes a small
temperature rise.

MR Imaging Assessment of Treatment Outcomes

After MRgFUS treatment, the criterion standard assessment of the
ablation zone is to measure nonperfused volume (NPV) using
gadolinium-based contrast-enhanced MR imaging. After gadolin-
ium injection, the region without enhancement characterizes the
NPV, which is associated with the coagulated tissue.®”*® However,
intraprocedural postcontrast NPV assessment is generally not per-
formed due to safety concerns regarding heating of the contrast as
well as potential errors of MRT.*7! In clinical practice, DWT is
obtained postprocedurally to estimate the ablation zone.

Alternatively, the cumulative thermal dose can offer impor-
tant information for tissue response in HIFU treatment. In
MRgFUS treatments for essential tremor, Huang et al’”> demon-
strated that an accumulated thermal dose in the range of 17-240
CEM43 is highly correlated with lesion size measured by T1- and
T2-weighted MR images. This finding may suggest that the cu-
mulative thermal dose can help clinicians determine treatment
end points in the procedure.

Multiple additional MR imaging methods are being developed
and evaluated to detect treatment effects after MRgFUS, includ-
ing T1/T2 mapping, magnetization transfer ratio, amide proton
transfer, and MR elastography.””’*’* A combination of emerging



multiparametric MR imaging techniques may be needed to
obtain a more comprehensive evaluation of tissue-level changes
during and after MRgFUS.

CONCLUSIONS

As enthusiasm for incisionless transcranial MRgFUS continues to
grow for a continually expanding set of indications; work to opti-
mize reconstruction methods, mitigate common artifacts, and
create dedicated coils will further improve PRF MRT for clinical
use. An in-depth understanding of the MRT sequences, including
pitfalls and limitations, will enable avoidance of complications
during MRgFUS procedures by using real-time image guidance.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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