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Magnetic Resonance Imaging Monitoring of Thermal Lesions
Produced by Focused Ultrasound
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Background: The main goal of the study was to find the magnetic resonance imaging (MRI) parameters that optimize contrast between
tissue and thermal lesions produced by focused ultrasound (FUS) using T1-weighted (T1-W) and T2-weighted (T2-W) fast spin echo (FSE)
sequences. Methods: FUS sonications were performed in ex vivo porcine tissue using a single-element FUS transducer of 2.6 MHz in 1.5
and 3 T MRI scanners. The difference in relaxation times as well as the impact of critical MRI parameters on the resultant contrast-to-noise
ratio (CNR) between coagulated and normal tissues were assessed. Discrete and overlapping lesions were inflicted in tissue with simultaneous
acquisition of T2-W FSE images. Results: FUS lesions are characterized by lower relaxation times than intact porcine tissue. CNR values
above 80 were sufficient for proper lesion visualization. For T1-W imaging, repetition time values close to 1500 ms were considered optimum
for obtaining sufficiently high CNR at the minimum time cost. Echo time values close to 50 ms offered the maximum lesion contrast in T2-W
FSE imaging. Monitoring of acute FUS lesions during grid sonications was performed successfully. Lesions appeared as hypointense spots with
excellent contrast from surrounding tissue. Conclusion: MRI monitoring of signal intensity changes during FUS sonication in grid patterns
using optimized sequence parameters can provide useful information about lesion progression and the success of ablation. This preliminary
study demonstrated the feasibility of the proposed monitoring method in ex vivo porcine tissue and should be supported by in vivo studies to
assess its clinical potential.
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INTRODUCTION among soft tissues and its ability to monitor tissue temperature
noninvasively contributed to developing safe and efficient
thermal ablation applications that were more easily adopted
into clinical practice.’®! Nowadays, there exists a wide
range of MRI contrast mechanisms for postsonication lesion
assessment and temperature estimation methods, among which
MR thermometry based on the proton resonance frequency
shift method is predominantly utilized for the intraprocedural
monitoring of ablation therapy.!*

In the last decades, the adoption of thermal ablation modalities
has been rapid, enabling safe and efficient delivery of thermal
energy to deep-seated body targets.!'?! This is achieved in a
minimally invasive manner with the use of radiofrequency
ablation (RFA), microwave ablation (MWA), and laser
interstitial thermal therapy (LITT) or in a noninvasive
manner using thermal focused ultrasound (FUS).'?! While
these modalities have been characterized by remarkable
developments, such as the introduction of image guidance ~ The benefits of MRI have been exploited in the context of
and robotics,*# the establishment of methods for monitoring ~ MWA and RFA for treatment planning and postablation lesion

ablation lesions has fallen behind.
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assessment.’'1 As an example regarding treatment planning,

MRI was employed in the process of US-guided MWA of
hepatocellular carcinoma at challenging locations to facilitate
tumor selection based on specific safety criteria.l'!! Regarding
posttreatment evaluation, it is worth noting that late gadolinium
enhancement (LGE) MRI has been proven a feasible method
for visualizing RFA-induced lesions and has already been
translated in the clinical setting for assessing lesion creation
and ablation gaps in atrial thermal ablation.*!"

As early as the 1990s, T2-weighted (T2-W) MR sequences
were proven to provide excellent contrast between FUS lesions
and the surrounding intact tissue in excised and in vivo animal
tissue,['>' and they are still considered among the standard
methods for determining the extent of ablation lesions. In
the same period, Hynynen ef al.l'"¥ reported that the size
of lesions inflicted in rabbit thigh muscle as visualized on
T2-W images matched well the size estimated after tissue
excision by caliper measurements and hematoxylin and eosin
examination. Another important observation made was that
contrast-enhanced T2-W fast spin echo (FSE) imaging showed
signal enhancement only in normal tissue and not in lesions.!?!
This phenomenon was also reported a few years later for rabbit
skeletal muscle,!'® rabbit brain,!'” and synovial tissue!'®! and is
considered to be attributed to vascular disruption.

Contrast-enhanced T1-weighted (T1-W) FSE imaging also
allowed accurate lesion assessment following FUS ablation in
rabbit skeletal muscle!'® and brain,["” synovial tissue,!'* as well
as in the clinical setting,?” where the predicted size was well
correlated with the histological lesion size. While both T2-W
FSE and contrast-enhanced T1-W FSE sequences are currently
considered gold standard for assessing the extent of FUS
damage, it seems that in early studies, T1-W FSE sequences
were more frequently employed for MR thermometry rather
than lesion assessment due to the superior T2-W FSE contrast
between intact and damaged tissues reported in numerous
studies at the time.[?"! Later, it was clarified that the selection
of proper sequence in terms of optimizing lesion contrast and
delineation highly depends on the specific tissue characteristics.
This has been demonstrated in a study by Damianou et al.,”?
who performed FUS ablations below and above the boiling
level in freshly excised lamb and in vivo rabbit tissue. Both
T1-W and T2-W FSE imaging were suggested by authors for
accurately visualizing ablation lesions in the kidney and liver,
whereas for boiling lesions, the T2-W sequence was considered
optimal. TI-W FSE imaging was proposed as the optimal
sequence for detecting brain lesions of either kind. This was
supported by another study where T2-W FSE images showed
higher anatomical resolution in the brain compared to T1-W
FSE images, but the latter ones offered better contrast between
lesion and brain tissue.*”

Lesion discrimination can be further optimized by selecting
proper imaging parameters. For these two basic sequences,
T1-W and T2-W FSE, the effect of the repetition time (TR) and
echo time (TE) on the resultant contrast-to-noise ratio (CNR)

was investigated in excised lamb brain, with authors suggesting
the use of TR values above 500 ms and TE values in the range
of 40-60 ms for optimized contrast.”*! Another example is a
study concerning MR characterization of acute RFA lesions,?*
where TI relaxation times in the range of 500-600 ms were
deemed to offer adequate visualization of RFA-induced lesions
on LGE images.

Intraoperative monitoring of thermal ablation procedures is
critical in deciding whether heating should be continued or
modified depending on the desired therapeutic outcome. Lesion
monitoring is typically carried out utilizing thermosensitive
sequences that allow precise monitoring of temperature
evolution for controlled coagulative necrosis.["*! There is
though a limited literature on the intraprocedural monitoring
of signal and contrast changes in the region of interest (ROI)
and how these correlate with histological tissue damage and
lesion formation.

Bremer et al.”** investigated the efficacy of nonenhanced MRI
to accurately monitor lesion size during LITT in pig liver
compared to histological size assessment. For this purpose,
T1-W turbo fast low-angle shot (FLASH) images were
acquired at 1-min interval, revealing a stable reduction in the
standardized signal intensity (SI) in the center and periphery
of the lesion during LITT, which was partially recovered
throughout the cooling period. Furthermore, the SI in the
lesion center was found to decrease with increasing deposited
laser energy. The employed sequence highly overestimated
the lesion size both during and immediately after ablation,
whereas after tissue cooling, the visualized damaged area was
more accurately associated with the real necrotic area, most
probably owing to the absence of temperature-dependent SI
fluctuations.**

Vergara et al.’”) developed a novel system for navigating
electrophysiology catheters to ablate atrial tissue under
real-time guidance in a 3T MR scanner with the assistance
of dedicated MR sequences,?”! whose performance was
tested in pigs. Multiple T2-W half-Fourier single-shot turbo
spin echo scans were taken during RFA in the myocardium
allowing visualization of lesion progression over time.
Tissue enhancement observed during and a few minutes after
sonication was associated with heat-induced tissue edema and
injury, simultaneously providing evidence of lesion creation,
which was then confirmed by LGE imaging. As discussed
by the authors, the specific sequence tends to overstate the
size of the lesion during tissue coagulation by displaying the
surrounding edema.?”)

Another study in the content of electrophysiology aimed
to establish MRI techniques for intraprocedural lesion
visualization. In a study,® catheter RFA of myocardial
tissues was performed in minipigs. The performance of
several MR sequences, including nonenhanced T2-W and
contrast-enhanced T1-W gradient echo (GRE), T2-W turbo
spin echo (TSE), and FLASH sequences, was tested in terms
of acute lesion assessment. The authors proposed nonenhanced
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T2-W imaging techniques as beneficial for intraprocedural
lesion monitoring because they can be used repeatedly without
delays related to the administration of contrast agents. Notably,
T2-W images revealed a constant lesion size for the first few
hours after RFA.[#

Clinical results on intraprocedural lesion monitoring during
MWA of liver malignancies under MRI guidance ina 1.5 T
scanner were reported by Lin et al.?! Specifically, a series of
T2-W fat-suppressed fast-recovery FSE images were acquired
every 35 s during ablation to monitor tissue effects, with the
results showing a gradual SI decrease in the tumor.

In the case of thermal FUS, ultrasonic waves are strongly
concentrated resulting in a focal point in the order of a few
mm, thus rapidly raising the local tissue temperature to ablative
levels without harming nearby tissues.?” Since the ROI is
typically in the order of centimeters, multiple adjacent lesions
should be produced to ablate the full ROI volume. Accordingly,
remote navigation of the FUS transducer is required for thermal
applications in the MRI setting and is achieved with the use
of MRI-compatible robotics.[*3!-3]

According to the literature, T1-W and T2-W FSE imaging were
mostly employed before FUS ablation for ROI definition and
treatment planning and postablation for assessing FUS-induced
tissue damage.®*?2%) Furthermore, they were employed in
numerous studies involving the use of tissue-mimicking
phantoms and freshly excised animal tissue in the effort to
investigate the effect of acoustic energy and grid parameters
in the formation of discrete and overlapping lesions, as
well as how the selected imaging parameters affect lesion
visualization.?>?* Despite the widespread use of these imaging
sequences in MRI-guided FUS studies, their performance
was not well investigated in the context of intraoperative
lesion monitoring, which may refer to visualization and/or
quantification of progressive changes in the SI of the exposed
ROI over time and also to real-time monitoring of lesions’
formation according to the desired pattern.

Although intraoperative T1-W and T2-W MRI were proven
less effective in predicting the therapeutic outcome in terms
of the final size of thermal lesions and the extent of tissue
necrosis,*”! such monitoring could be beneficial in providing
early indication of successful tissue ablation and whether
the location of inflicted lesions coincides with the planned
ablation patterns, and may also reveal other useful information,
such as off-target heat accumulation or insufficient target
heating, which are likely to contribute in optimizing the
therapeutic outcome and preventing adverse events by enabling
intraprocedural alteration of the treatment parameters.

The main goal of the current study was to provide insights on
the topic of intraoperative lesion monitoring by presenting
indicative results of a series of MRI-guided ablation
experiments carried out in freshly excised pork tissue.
Multiple sonications in sequential patterns were planned
on a custom-made dedicated software and executed by an

MRI-compatible robotic system featuring a single-element
spherically FUS transducer with a central frequency of 2.6
MHz." The T1 and T2 relaxation times of the pork tissue and
coagulation lesion were estimated in a 3 T MRI scanner. The
impact of critical imaging parameters on the resultant CNR
between coagulated and intact tissues was then investigated
to optimize lesion discrimination on T2-W FSE images. Both
discrete and overlapping lesions were inflicted in pork tissue
samples with simultaneous acquisition of T2-W images at a
specific rate to enable visualization of the heated area and
assessment of lesion progression with time. Following MRI
assessment, the tissue was dissected to confirm successful
lesion formation and assess how it is correlated with the
CNR changes observed intraoperatively, as well as to obtain
quantitative information of the real extent of tissue damage
by caliper measurements.

MareriaLs AND METHODS

This is a preliminary study designed to examine the feasibility
of the proposed method of monitoring the progression of FUS
lesions by MRI in ex vivo porcine tissue. No human or animal
participants were involved. Therefore, no informed consent or
ethical approval was necessary.

Focused ultrasound ablation of ex vivo porcine tissue
FUS was generated by a spherically focused ultrasonic
transducer (Piezo Hannas Tech Co. Ltd., Wuhan, China) with a
nominal frequency of 2.6 MHz, a diameter of 50 mm, a radius of
curvature of 65 mm, and an acoustic efficiency of 30%, which
was utilized over the course of all experiments. The transducer
was mounted on an MRI-compatible computer-controlled
positioning system with 4 degrees of freedom driven by
piezoelectric motors, which is detailed described elsewhere,"!
and was supplied by an RF amplifier (AG1016, AG Series
Amplifier, T and C Power Conversion, Inc., Rochester, US).

All the experiments were carried out in a General Electric (GE)
1.5 T MRI scanner (GE Signa HD16, GE Healthcare,
Chicago, Illinois, United States), as well as in a Siemens 3 T
scanner (Magnetom Vida, Siemens Healthineers, Erlangen,
Germany). As shown in the photo of Figure la, the FUS
positioning system was seated on the MRI table and connected
to the electronic driving system placed outside of the room
through shielded cables. The top cover of the device includes
an acoustic opening above the working space of the FUS
transducer, to which the porcine tissue sample was fixed.
The distance between the bottom surface of the tissue sample
and the transducer was adjusted at 35 mm resulting in a focal
depth of 30 mm. Degassed, deionized water was poured inside
the container until it reached the bottom surface of the tissue
sample to achieve efficient ultrasonic coupling. Multichannel
body coils (12-channel body coil, Signa 1.5T, GE Healthcare
Coils, Aurora, Ohio, USA, and 18-channel body coil, Siemens
Healthineers) were utilized for image acquisition. In each case,
the coil was attached to a rigid plastic structure at some distance
from the tissue surface to improve the signal by preventing
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Figure 1: (a) The robotic device positioned on the magnetic resonance
imaging (MRI) table with the piece of raw porcine meat mounted on
the acoustic opening for ablation experiments in the MRI setting. (b)
Axial T2-weighted fast spin echo image (repetition time = 2500 ms,
echo time = 90 ms, flip angle = 90°, echo train length = 60, pixel
bandwidth = 0.50 Hz/pixel, number of averages = 2, matrix size = 192 x 128,
and field of view = 260 mm x 260 mm x 10 mm) of the setup showing the
concept of tissue sample placement above the focused ultrasound transducer

tissue vibrations due to FUS from being transferred to the
coil.*! Figure 1b is an axial T2-W FSE image of the setup
showing the concept of tissue sample placement above the
FUS transducer and through-water ultrasonic coupling. The
imaging parameters were as follows: TR = 2500 ms, TE =90
ms, flip angle (FA) = 90°, echo train length (ETL) = 60, pixel
bandwidth (pBW) = 0.50 Hz/pixel, number of averages (NEX)
= 2, matrix size = 192 x 128, and field of view (FOV) =
260 mm x 260 mm % 10 mm.

A treatment planning/monitoring software was interfaced with
the amplifier and electronic driving system enabling remote
control of the motion and ultrasonic parameters. The transducer’s
location was registered relative to the target location based on
images obtained at the level of the porcine tissue sample and
transducer, as illustrated in the graphic of Figure 2. Specifically,
the user segments the transducer (lower image) and the center of
the transducer is fused in the tissue image (upper image). Then,
the position of the transducer relative to the tissue is easily found.

Estimation of magnetic resonance relaxation times of
lesion and normal porcine tissue

The difference in relaxation times between coagulated and
intact porcine tissues was investigated in the 3 T scanner.
A piece of raw porcine meat received a single sonication
at electrical power of 225 W (corresponding to an acoustic
power of nearly 68 W) for 120 s at a focal depth of 30 mm,
which resulted in a well-defined lesion. For T1 relaxation time
measurements, images of the tissue sample with the inflicted
lesion were acquired using a GRE sequence with variable
FA. Circular ROIs were defined in the inflicted lesion and
surrounding intact tissue. The mean SI measured in each ROI
was plotted as a function of FA and the data were fitted to the
following formula:**

TR

lI-e ™ |
M, =M, © — |sina (1)
l-cosae ™

where M is the longitudinal magnetization, M, is the
magnetization at thermal equilibrium, a is the excitation flip

_ Porcine
tissue sample

Figure 2: The concept of registering the transducer location relative to
the tissue sample by acquiring parallel coronal images at the level of the
tissue and transducer

angle (herein referred to as FA), TR is the repetition time, and
T1 is the longitudinal relaxation time. The imaging parameters
were as follows: TR =15 ms, TE =2.3 ms, pPBW =275 Hz/pixel,
matrix size = 256 x 256, FOV = 160 mm x 160 mm X 5 mm,
NEX =1, ETL = 1, and FA values ranging from 5° to 26° (step
of 3°).

Images were then acquired using a T2-W SE sequence at
variable TE for T2 relaxation time mapping. For each ROI, the
mean SI was plotted as a function of TE. Following regression
analysis, an exponential trendline was fitted to the plotted data
to calculate the T2 relaxation time based on the following
exponential function:
TE

M, =Me™ @)
describing the recovery of the transverse magnetization
M _following the RF pulse to its initial maximum value of M .
For image acquisition, the following parameters were employed:
TR=2000ms, FA=180°, ETL=10,pBW =202 Hz/pixel, matrix
size=192x 192, FOV =220 mm x 220 mm x 5 mm, NEX =1,
and TE values ranging from 10 to 110 ms (step of 10 ms).

Effect of magnetic resonance parameters on
contrast-to-noise ratio between lesion and normal
porcine tissue

In this experimental part, the contrast between the lesion (68
W acoustic power for 120 s) and the surrounding intact tissue
was calculated as a function of critical MR parameters in the
Siemens 3T MRI scanner for optimizing lesion contrast and
detectability on FSE sequences, alternatively referred to as
TSE by Siemens.

The effect of TE and ETL on the CNR was explored for the
T2-W FSE sequence. Specifically, the ETL was varied from 6
to 129 with a TE equal to 51 ms and the TE was varied from
10 to 154 ms for a contrast ETL of 60, while in both cases, the
TR was set at 2000 ms. For the T1-W FSE sequence, variable
ETL of 6-129 at a constant TR of 2000 ms and variable TR
values of 700-2500 ms at a constant ETL of 60 were tested
using a TE of 10 ms. In all cases, the rest imaging parameters
were as follows: FA = 180°, pBW = 150 Hz/pixel, matrix
size = 256 x 256, and FOV = 280 mm x 280 mm X 5 mm.
For comparison purposes, measurements of the CNR
between coagulated and intact porcine tissues as a
function of TE were also conducted in the GE 1.5 T MRI
scanner (TE = 10-150 ms, TR = 2000 ms, FA = 90°,
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ETL = 12, pBW = 81.4 Hz/pixel, matrix size = 224 x 192,
and FOV =260 mm x 260 mm x 4 mm).

For both sequences, the changes in CNR with varying
matrix sizes and NEX were investigated. Different
matrix sizes of 64 x 64, 96 x 96, 128 x 128, 256 x 256,
and 512 x 512 were tested using a constant NEX of 1.
The NEX was varied from 1 to 4 for a contrast matrix
size of 256 x 256. The rest imaging parameters of the
T1-W FSE sequence were as follows: TE = 10 ms,
TR = 1500 ms, ETL = 60, FA = 180°, pBW = 150 Hz/
pixel, and FOV = 280 mm X 280 mm x 5 mm. For T2-W
FSE imaging, the TE value was changed to 51 ms and the
TR value to 2000 ms.

Circular ROIs of 3 mm in diameter were initially defined for
the lesion, normal tissue, and background noise. These ROIs
were consistently placed at the same anterior-posterior location
to eliminate signal difference due to the drop of signal as one
moves further away from the coil. For the CNR estimation,
the following formula was used:!**

CNR — Slinlacl tissue

O

noise

- SI lesion (3)

The SI was measured as the mean value in the corresponding

ROl and the 5, as the standard deviation from a ROI placed
in air/background noise, where the noise was assumed to follow
a Gaussian distribution.

Lesion monitoring during grid ablation in ex vivo porcine
tissue

The transducer’s location relative to the target was registered
in the MRI coordinates and different sonication patterns were
planned on the relevant software as described previously. The
sonication patterns were executed by the FUS robotic system
under MRI monitoring of lesion formation. Specifically,
an image was acquired immediately after each individual
sonication to visualize lesion progression in discrete and
overlapping patterns.

Regarding experiments in the 1.5 T MRI scanner, grid
sonications with different spatial steps were performed, where
an electrical power of 180 W (acoustical power of 54 W) was
applied to each individual grid spot for a total duration of
120 s. T2-W FSE images were acquired using TR = 2000 ms,
TE=59 ms, FA=90°, ETL=60, pBW =27.1 Hertz/pixel, matrix
size =224 x 192, and FOV =260 mm % 260 mm % 6 mm. The
time delay between successive sonications was set at 60 s to
minimize prefocal heating.*”

Accordingly, in the 3 T scanner, T2-W FSE images were
obtained with TR = 2500 ms, TE = 48 ms, ETL = 60,
FA = 180°, pBW = 50 Hz/pixel, matrix size = 256 x 256,
and FOV =200 mm x 200 mm X 10 mm. Various sonication
patterns were tested using a specific electric power of
150 W (acoustic power of 60 W) while the sonication
time and spatial step were varied. Again a 60-s cooling
time was left between sonications. Postablation, the tissue

samples were dissected to visualize and quantify the extent
of necrosis in planes parallel and perpendicular to the FUS
beam direction.

ResuLts

Estimation of magnetic resonance relaxation times of
lesion and normal porcine tissue

The T1 and T2 relaxation times calculated for the lesion and
normal porcine tissue are summarized in Table 1. The FUS
lesion is characterized by lower relaxation times than the
intact tissue, which is considered to be attributed to changes
in the water content of coagulated tissue. The difference in
these properties between coagulated and intact tissues allowed
the assessment of lesion formation by T1-W and T2-W FSE
imaging.

Effect of magnetic resonance parameters on
contrast-to-noise ratio between lesion and normal
porcine tissue

Figures 3 and 4 show the T1-W FSE CNR between
lesion (created using 68 W acoustic power and 120-s sonication
time) and surrounding intact porcine tissue as well as the ratio of
the CNR to the acquisition time plotted against the ETL and TR,
respectively. ETL values up to 60 provided CNR higher than 80
allowing proper lesion discrimination [Figure 3]. ETL values
in the range of 35-60 resulted in the highest CNR/acquisition
time. Considering the importance of minimizing imaging time,
an ETL value around 60 was considered optimum.

As shown in the graph of Figure 4, the CNR/acquisition time
reached its maximum value and remained almost constant

Table 1: The mean value and standard deviation of the
T1 and T2 relaxation times of the lesion and normal
porcine tissue at 3 T

Tissue T1+8D (ms) T2+8D (ms)
Lesion 738+46 43+3
Porcine tissue 1158+58 5042

SD: Standard deviation
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Figure 3: Plots of the contrast-to-noise ratio (CNR) between lesion
and normal tissue and CNR/acquisition time of T1-W fast spin echo
images (repetition time = 2000 ms, echo time = 10 ms, flip angle = 180°,
pixel bandwidth = 150 Hz/pixel, matrix size = 256 x 256, and field of
view = 280 mm x 280 mm x 5 mm) versus echo train length (6-129) at3 T
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for TR values in the range of 1500-2000 while the CNR was
increased from 90 to 120. Although the TR 0f 2500 ms may be
considered ideal in terms of maximizing contrast, one should
alternatively select a value close to 1500 that still provides
good CNR (>80) at the minimum time cost possible.

The corresponding results of the ETL and TE effect on
lesion contrast of T2-W FSE images are, respectively,
shown in Figures 5 and 6. From Figure 5, it is observed
that ETL values around 90 resulted in the highest values
of CNR/acquisition time but in a very poor CNR (<80),
which made lesion detectability difficult. On the contrary,
values in the range of 25-60 offered both sufficiently high
CNR (>80) and CNR/acquisition time, with the ETL of 60
considered the ideal in terms of minimizing the acquisition
time.

In Figure 6, the trend of CNR versus TE increases until the
TE of 50 ms and then gradually decreases, clearly suggesting
the TE value of 50 ms as optimum for maximizing CNR. Note
that the acquisition time is not considered in that case since it
is not affected by TE. The corresponding plot for evaluation

- -m - CNR/acquisition time vs. TR ----CNRvs. TR
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Figure 4: Plots of the contrast-to-noise ratio (CNR) between lesion
and normal tissue and CNR/acquisition time of T1-W fast spin echo
images (echo train length = 60, echo time = 10 ms, flip angle = 180°,
pixel bandwidth = 150 Hz/pixel, matrix size = 256 x 256, and field
of view = 280 mm x 280 mm x 5 mm) versus repetition time (700—
2500 ms) at3 T
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Figure 6: Plots of the contrast-to-noise ratio (CNR) between lesion and normal
tissue of T2-weighted fast spin echo images (repetition time = 2000 ms,
echo train length = 60, flip angle = 180°, pixel bandwidth = 150 Hz/pixel,
matrix size = 256 x 256, and field of view = 280 mm x 280 x 5 mm)
versus echo time (10-154 ms) at 1.5 Tand 3 T

at 1.5 T shows a quite similar trend but with a lower increase
rate in the TE range of 20-90 ms and remarkably smaller
CNR values.

The graphs of Figure 7 show the changes in the CNR and
CNR/acquisition time of T2-W FSE images as a function of
NEX. The minimum NEX of | offered CNR much higher
than the minimum suggested value of 80, and thus, the use
of a larger NEX is unnecessary, provided that it results in
longer acquisition times. Similar results were obtained for
the TI-W FSE imaging, suggesting the NEX of 1 as the
optimum.

Finally, concerning the effect of the matrix size, the CNR
decreased from about 740 to 95 with increasing matrix
size from 64 x 64 to 512 x 512 for the T1-W FSE imaging,
whereas the CNR in T2-W images decreased from 880
to 140. The smallest matrix size is preferred in terms of
minimizing the acquisition time, but it provided poor
resolution. On the contrary, the biggest matrix size provided
excellent resolution and sufficiently high CNR (>80) but
at the cost of increased acquisition time. By balancing the
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Figure 5: Plots of the contrast-to-noise ratio (CNR) between lesion and
normal tissue and CNR/acquisition time of T2-weighted fast spin echo
images (repetition time = 2000 ms, echo time = 51 ms, flip angle =
180°, pixel bandwidth = 150 Hz/pixel, matrix size = 256 x 256, and
field of view = 280 mm x 280 mm x 5 mm) versus echo train length
(6-129) at3 T
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Figure 7: Plots of the contrast-to-noise ratio (CNR) between lesion
and normal tissue and CNR/acquisition time of T2-weighted fast spin
echo images (repetition time = 2000 ms, echo time = 51 ms, flip
angle = 180°, pixel bandwidth = 150 Hz/pixel, matrix size = 256 x 256,
and field of view = 280 mm x 280 mm x 5 mm) versus number of
averages (1-4) at3 T
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parameters of CNR and imaging time, the use ofa 256 x 256
matrix size is proposed.

The MR parameters suggested by the current study for
optimizing the CNR between FUS lesions and surrounding tissue
on T1-W and T2-W FSE images also considering the importance
of minimizing the acquisition time are summarized in Table 2.

Table 2: Summary of the suggested magnetic resonance
parameters for optimizing contrast-to-noise ratio between
lesion and tissue at the minimum time cost for the
specific parameters employed in the study (3 T)

MR parameter T1-W FSE T2-W FSE
TR (ms) 1500 2000
TE (ms) 10 50
ETL 60 60
NEX 1 1
pBW (Hz/pixel) 150 150
Matrix size 256%256 256%256
FOV (mm?) 280%280 280%280
Slice thickness (mm) 5 5

FSE: Fast spin echo, TR: Repetition time, TE: Echo time, ETL: Echo
train length, NEX: Number of averages, FOV: Field of view, pBW: Pixel
bandwidth, T1-W: T1-weighted, T2-W: T2-weighted, MR: Magnetic
resonance

Lesion monitoring during grid ablation in ex vivo porcine
tissue

An indicative example of lesion monitoring in the 1.5 T MRI
scanner is shown in Figure 8. Figure 8a shows a series of T2-W
FSE images acquired during ablation in a 3 x 3 pattern with a
special step of 10 mm, where the coagulated regions appear as
spots of reduced SI. The acoustical power of 54 W applied for
120 s was sufficient to induce well-defined easily detectable
lesions. Note that the lesion created at the reference location
of the transducer is visible on the left side of all images.
Note also that a circular area of reduced intensity appears
immediately after the first sonication (#1) but not in the next
images, thus revealing heat accumulation in the ROI but no
evidence of lesion formation. Figure 8b is a cross-section photo
of the meat at 10 mm from the sonicated surface. In contrast
to the MRI images, all nine lesions were visible. Tissue was
also dissected vertically to visualize the extent of necrosis in
a plane parallel to the beam direction. Again, all nine lesions
were visible extending 29-32 mm from the tissue top surface,
as shown in Figure 8c-e.

Typical results obtained in the 3T MRI scanner are presented in
Figures 9-11. All lesions were formed using acoustic power of
60 W. Figure 9 shows T2-W FSE images of the porcine tissue

A
Y ‘
- __aaic

e

Figure 8: (a) 2D coronal T2-weighted fast spin echo images (repetition time = 2000 ms, echo time = 59 ms, flip angle = 90°, echo train length = 60,
pixel bandwidth = 27.10 Hertz/pixel, matrix size = 224 x 192, field of view = 260 mm x 260 mm x 6 mm, and number of averages = 2) acquired
during ablationina 3 x 3 pattern (acoustical power of 54 W for 120, 10-mm step, 60-s delay) in the 1.5 T magnetic resonance imaging scanner. (b) The
meat sliced (horizontally) at 10 mm from the sonicated side showing the formed lesions and the reference point lesion. (c-e) Photos of the tissue
sliced vertically to assess the extent of necrosis in a plane parallel to the ultrasonic beam propagation: Lesions 1-3 had a length of 29 mm, lesions

4-6 a length of 30 mm, and lesions 7-9 a length of 32 mm
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Figure 9: 2D coronal T2-weighted fast spin echo images (repetition
time = 2500 ms, echo time = 48 ms, flip angle = 180°, echo train
length = 60, PB = 50 Hz/pixel, matrix size = 256 x 256, and field of
view = 200 mm x 200 mm x 10 mm) acquired during sonication in
a2 x 3 grid (acoustic power of 60 W) using varying sonication times
and spatial step in the 3 T magnetic resonance imaging scanner. The
sonication pattern is presented in the left bottom corner

sample sonicated in a 2 x 3 grid with varying steps of 10 or
15 mm and sonication duration of 10-60 s, revealing the effect
of sonication time on the resultant lesion size and distance
between adjacent lesions. The T2-W FSE images of Figure 10
show the lesion progression for a 3 x 3 grid with a 10-mm
step, where each spot was sonicated for 40 s. With the specific
parameters, discrete lesions were inflicted in tissue. The T2-W
FSE image of Figure 11a shows the overlapping lesion created
by reducing the step to 5 mm while keeping the rest parameters
identical. Figure 11b is a photo of a (horizontal) cross-section
of the tissue sample at 10 mm from the top surface, revealing
a rectangular necrotic area of about 20 mm % 20 mm.

Discussion

The present study provides parameter optimization on MRI
monitoring of lesions produced by high-intensity FUS using
T1-W and T2-W FSE sequences. Such sequences were widely
employed for postsonication lesion assessment but not for
intraprocedural monitoring of lesion progression during
multiple ablations in grid patterns. A series of experiments were
carried out in freshly excised porcine tissue to provide insights
on this topic. Notably, excised porcine tissue is typically
used in preclinical studies because it shares anatomical and
physiological similarities with human tissue. It is considered
a sufficiently representative preclinical model to obtain proof
of concept and optimize newly proposed methodologies and
applications before moving to in vivo studies. Furthermore, ex

Figure 10: 2D coronal T2-weighted fast spin echo images (repetition
time = 2500 ms, echo time = 48 ms, flip angle = 180°, echo train
length = 60, PB = 50 Hz/pixel, matrix size = 256 x 256, and field
of view = 200 mm x 200 mm x 10 mm) acquired during sonication
ina3 x 3 grid (acoustic power of 60 W for 40 s) with a spatial step
of 10 mm (time delay of 60 s) in the 3 T magnetic resonance imaging
scanner. The sonication pattern is presented in the right bottom corner

vivo animal tissue provides a controlled environment to assess
feasibility without other factors (e.g., blood flow and motion
of target) affecting the results.

The contrast in TI-W and T2-W FSE images arises from the
variation in the longitudinal (T1) and transverse (T2) relaxation
times among tissues.! It has been previously demonstrated
that the relaxation times of FUS lesions and thus the contrast
between healthy tissue and FUS lesions are strongly affected
by the specific host tissue characteristic.***l Herein, the FUS
lesions were found as expected to possess lower T1 and T2
values than the surrounding nonsonicated porcine tissue at
3 T. This is consistent with what has been found in another
study by Hadjisavvas et al.,* where lower T1 and T2 values
were estimated for thermal lesions in in vivo rabbit kidney,
liver, heart, and brain compared to the corresponding host
tissue. Contrary to these findings, Eranki et al.*"! report
that FUS lesions inflicted in ex vivo porcine liver, kidney,
and cardiac muscle tissues appeared hyperintense in T2-W
images with T2 values noticeably greater than the adjacent,
untreated tissue.*”? However, this appears to be a case of

Journal of Medical Ultrasound | Volume 32 | Issue 4 | October-December 2024 -




Antoniou, ef al.: MRI monitoring of FUS thermal lesions

Figure 11: (a) 2D coronal T2-weighted fast spin echo image (repetition
time = 2500 ms, echo time = 48 ms, flip angle = 180°, echo train
length = 60, PB = 50 Hz/pixel, matrix size = 256 x 256, and field of
view = 200 mm x 200 mm x 10 mm) acquired after sonication in
a3 x 3 grid (acoustic power of 60 W for 40 s) with a spatial step of
5 mm (time delay of 60 s) in the 3 T magnetic resonance imaging scanner.
The red arrow indicates the formed overlapping lesion. The discrete lesion
created with the 10-mm step is also visible on the left side. (b) Photo of
the tissue sample cut horizontally at 10 mm from the sonicated surface

cavitation lesions as confirmed by previous research showing
that thermal lesions produced by FUS appear hypointense in
T2-W FSE images, whereas hyperintensity is associated with
tissue boiling.? Opposite behavior is observed in the case of
T1-W FSE imaging.*? Therefore, the hypointense appearance
of lesions on T2-W FSE images in the current study provides
clear evidence of lesion creation by thermal mechanisms.

The study findings further suggest that the difference in MR
relaxation properties between damaged and intact porcine
tissues allows excellent lesion discrimination using T1-W
and T2-W FSE sequences, provided that appropriate imaging
parameters are employed. In this regard, a series of scans
with varying parameters were performed to assess how the
contrast between ablated and normal tissues is affected. For this
purpose, a piece of porcine meat was sonicated using the 2.6
MHz FUS transducer using 68 W acoustic power for 120 s. The
ETL, TE, and TR were the sequence parameters tested in terms
of the CNR and acquisition time. Overall, higher CNR was
achieved with the T2-W FSE sequence. It was thus concluded
that T2-W FSE imaging is preferred for lesion monitoring in
dead tissue, whereas in the case of live animals, T1-W imaging
may be preferred due to the use of contrast agents.

CNR values above 80 were deemed sufficient for ease of
detectability and proper visualization of FUS lesions. With
the T1-W FSE sequence, CNR values above 80 were achieved
for ETL values of up to 60 [Figure 3], with the value of 60
offering sufficiently high CNR at the minimum time cost (9 s).
Therefore, considering both parameters, an ETL of 60 is
suggested as the optimum.

The corresponding results on the effect of TR [Figure 4] reveal
that the ratio of CNR to the acquisition time in T1-W FSE
imaging begins to increase with increasing TR up to 1500 ms
and then becomes almost flat, while at TR longer than 2000 ms,
it begins to decrease again. On the contrary, the CNR gradually
increases from 20 to 140 as TR increases from 700 to 2500 ms,
attributing to the increase in the SI difference between lesion

and tissue. Notably, this trend is expected to be reversed as the
TR is getting longer and the SI of lesion and tissue is reaching
its maximum value. In general, while TR values close to 2500
ms may be considered ideal in terms of maximizing contrast,
avalue close to 1500 ms constitutes a wiser option in the case
of intraoperative monitoring of lesion progression since it still
provides good CNR (>80) at smaller acquisition time.

Regarding T2-W FSE imaging, the results [Figure 5] confirm
that the use of longer ETL causes CNR decrease. Nevertheless,
when the CNR is divided by the acquisition time, an
increasing trend is observed owing to that the acquisition
time and ETL are inversely proportional. By choosing an
ETL value in the range of 25-60, acceptable CNR (>80) is
achieved at a reasonable acquisition time (<20 s). Further
increasing the ETL to reduce the time may result in poor
contrast making lesion discrimination difficult or infeasible.
Again, the ETL of 60 was deemed ideal for minimizing the
acquisition time.

Concerning the effect of TE, the trend of CNR versus
TE [Figure 6] begins to increase until it reaches its maximum
value of about 170 at TE close to 50 ms and then gradually
decreases. Since the imaging time is not affected by the
chosen TE, it was concluded that the TE of 50 ms is ideal for
lesion monitoring by T2-W FSE imaging and was adopted in
follow-up experiments. Interestingly, TE values around 50 ms
can be considered appropriate for imaging at 1.5 T as well.
However, as expected, superior contrast was observed in the 3
T scanner, with an almost 4-fold increase in the CNR at the TE
of 50 ms. This result ties well with previous studies wherein
authors have suggested the use of TE values between 40 and
50 ms to maximize the contrast of thermal lesions on T2-W
FSE images following in vivo rabbit experiments. ¢

Finally, the effect of the matrix size and NEX on the CNR was
investigated using the optimized TR, TE, and ETL values. For
both sequences, the minimum NEX of | provided excellent
CNR and was considered optimum in terms of minimizing the
acquisition time. As expected, increasing matrix size resulted in
a better resolution and CNR drop simultaneously increasing the
imaging time. The matrix size of 256 x 256 was deemed optimum
providing both good CNR (>80) and CNR/acquisition time.

The feasibility of monitoring lesion progression during grid
sonications was assessed at both 1.5 T and 3 T using T2-W
FSE sequences. The FUS transducer was navigated by a
positioning system in the horizontal plane to sonicate porcine
tissue samples in grid patterns with varying ultrasonic and
grid parameters. Navigation was initiated by registering
the transducer’s location relative to the target in the MRI
coordinates and sonicating the meat at the reference location
of the transducer. Lesion formation at the reference point
was confirmed by T2-W FSE imaging providing evidence
of efficient ultrasonic coupling. The sonication pattern was
then executed with intraprocedural acquisition of T2-W
FSE images that enabled assessment of lesions progression
over time. The lesions appeared as circular black spots with
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excellent contrast from the surrounding tissue. Notably,
immediately after sonication, the tissue surrounding these
black spots appeared as a less hypointense area indicating heat
accumulation around the coagulated tissue, which returned
to its normal intensity during tissue cooling through heat
dissipation mechanisms [Figures 8 and 9]. Note also that
circular focal beams constitute evidence of lesion formation
by thermal mechanisms, while in the case of boiling lesions,
the beam was shown to be distorted.*

An interesting observation made during lesion monitoring in
the 1.5 T MRI scanner [Figure 8] is that while only 8 out of the
9 sonicated spots showed clear evidence of lesion formation
on the series of T2-W FSE images, 9 well-defined lesions
were visualized following tissue dissection. In fact, a circular
hypoenhanced area was observed immediately after the first
sonication revealing heat accumulation in the relevant ROI, but
it was not present in the next acquisitions [Figure 8a]. Tissue
dissection revealed that the lesion had been shifted from the
tissue surface and could only be detected if a deeper slice had
been selected. It was also observed that the length of the formed
lesions varied from 29 to 32 mm, most probably attributed to
heat dissipation from previously sonicated spots [Figure 8c-e].

The excellent lesion contrast from the surrounding hyperintense
background also allowed the assessment of the lesion size
depending on the applied acoustic energy. In Figure 9, the spots
of a2 x 3 grid were sequentially exposed at similar acoustic
power while the sonication time was decreased from 60 to 10
s resulting in lesions of decreasing diameter, with the last one
receiving the lowest energy being barely visible. Furthermore,
by varying the spatial step between sequential sonications, the
distance between adjacent lesions on the T2-W FSE images
was varied accordingly.

Lesion progression in both discrete and overlapping patterns
was successfully monitored in the 3 T MRI scanner. When
the grid spacing was reduced from 10 to 5 mm, while keeping
the sonication parameters (acoustic power of 60 W, sonication
time of 40 s) and time delay (60 s) constant, overlapping
lesions were created [Figure 11]. In that case, the acquired
images revealed a well-defined square area of reduced
intensity [Figure 11a] that coincided well with the planned
sonication pattern and actual overlapping lesion observed on
tissue [Figure 11b].

Despite the very promising outcomes of the current study,
when it comes to clinical usefulness, the use of ex vivo animal
tissue has essential limitations compared to in vivo models,
among which the absence of blood flow and motion is likely
the most crucial. These two factors constitute important
considerations when transitioning from ex vivo to in vivo
studies and can both influence the applicability of our findings
in a clinical setting.

As mentioned above, T2-W FSE imaging offered higher
SNR and was considered more suitable for lesion monitoring
in dead tissue, whereas in the case of live animals, T1-W
imaging may be preferred due to the use of contrast agents.

In general, for lesion localization and the assessment of basic
tissue changes, T2-W FSE imaging will probably suffice in the
in vivo scenario as well. However, contrast-enhanced T1-W
imaging can provide additional insights about tissue dynamics
and specifically changes in tissue perfusion. Furthermore, in
an in vivo scenario, the accuracy of ultrasonic delivery and
lesion monitoring may be significantly affected by tissue
motion (e.g., respiration), potentially causing both shifting and
inaccurate localization of lesions. However, this issue exists
regardless of the monitoring method employed. Common
strategies used to mitigate tissue movement effects, such as
immobilization techniques and gating,*! could be theoretically
applied with the proposed technique as well.

Therefore, in vivo studies will be needed to demonstrate the
clinical potential, especially for challenging organs, such as
liver and kidney. Notably, in vivo application will require
careful adjustment of the imaging techniques and experimental
design to account for the aforementioned differences between
ex vivo and in vivo conditions, as well as re-optimization of
the imaging parameters for optimal CNR.

CoNncLusIoN

Overall, the current study provides insights on the topic of FUS
lesion progression monitoring by T1-W and T2-W FSE imaging
through a series of ablation experiments in ex vivo porcine
tissue. The study findings confirmed that lesion discrimination
on T1-W and T2-W FSE images highly depends on the selected
MRI parameters, while the imaging time should also be
considered in the context of intraprocedural lesion monitoring.
Thereby, critical MR parameters, i.e. TE, TR, and ETL, should
be optimized by balancing between the CNR and acquisition
time. In this regard, the use of CNR values above 80 was set
as the criterion for proper lesion visualization. Furthermore,
considering the need to minimize the acquisition time, a TR
close to 1500 ms is suggested for T1-W FSE imaging. A TE
close to 50 ms was considered optimum for T2-W FSE imaging.
For both sequences, an ETL of 60 was proven ideal. During
sonications in discrete and overlapping patterns, acute FUS
lesions were visualized as spots of reduced intensity on T2-W
FSE images with excellent contrast from the surrounding intact
tissue. It was demonstrated that multiple images should be
acquired at varying depths in tissue to avoid nondetectability
of shifted lesions, which constitutes a common phenomenon
attributing to tissue inhomogeneities and/or the presence of
bubbles that disturb the propagation of ultrasonic waves.
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