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Highlights: Impact and implications:

e Evaluation of 30 patients who underwent microwave abla- Heat-based ablation is an established treatment for liver tu-
tion with the acquisition of MR thermometry. mors; however, there is a considerable rate of incomplete
treatment because of the lack of real-time visualization of the
treated area during treatment. Our results show that MRI-
guided ablation enables the visualization of the treatment
e Volumes of thermal dose estimations strongly correlated area in real-time with high accuracy using a special technique
with the ablation zone volume images on first procedural of MR thermometry in patients with liver tumors.
day (R = 0.89, p <0.001).

e In 81.9% of the lesions, real-time thermal dose estimation
was possible without artifacts limiting image interpretation.
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Background & Aims: MRI guidance offers better lesion targeting for microwave ablation of liver lesions with higher soft-tissue
contrast, as well as the possibility of real-time thermometry. This study aims to evaluate the correlation of real-time MR
thermometry-predicted lesion volume with the ablation zone in postprocedural first-day images.

Methods: This single-center retrospective analysis evaluated prospectively included patients who underwent MRI-guided mi-
crowave ablation with real-time thermometry between December 2020 and July 2023. All procedures were performed under
general anesthesia on a 1.5 T MRI scanner. Real-time thermometry data were acquired using multi-slice gradient-echo echoplanar
imaging sequences, and thermal dose maps (CEM43 of 240 min as a threshold) were created. The volume of tissue exposed to a
lethal thermal dose in MR thermometry (thermal dose) was compared with the ablation zone volume in portal phase T1w MRI on
the postprocedural first day using the Pearson correlation test, and visual quantitative assessment by radiologists was performed
to evaluate the similarity of shapes and volumes.

Results: Out of 30 patients with 33 lesions with thermometry images, six (18.1%) lesions were excluded because of artifacts
limiting interpretation of thermal dose volume. Twenty-four patients with 27 lesions (20 male, age 63.1 + 9.1 years) were evaluated
for the volume correlation. The volume of thermal dose-predicted lesions and the postprocedural first-day ablation zones showed
a strong correlation (R = 0.89, p <0.001). Similarly, visual similarity of molecular resonance thermometry-predicted shape and the
ablation zone shape was graded as perfect in 23 (85.1%) lesions.

Conclusions: Real-time thermal dose-predicted volumes show very good correlation with the ablation zone volumes in images
obtained 1 day after the procedure, which could reduce the local recurrence rates with the possibility of re-ablating lesions within
the same procedure.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction experiments without the influence of perfusion and not on the

Local ablation, particularly thermal ablation, is the main pillar of
therapy in patients with oligometastatic disease or early-stage
hepatocellular carcinoma. Guidelines on many disease mo-
dalities recommend thermoablation, such as radiofrequency
ablation or microwave ablation (MWA), as first-line treatment
according to the number and size of the lesions.'?

Interventional thermoablation procedures aim at destroying
pathological tissues via a localized energy deposit. The ablation
zone is aimed to cover the lesion borders at least 0.5 cm in
each direction while avoiding damage to surrounding at-
risk structures.

However, during the energy deposition of thermoablation,
whatever the modality and the medical device considered, it is
rarely possible to objectify the energy sent during the ablation.
In most procedures, ablation zone estimation is done based on
the empirical parameters suggested by the manufacturer (po-
wer and emission time), which is usually determined in ex vivo

actual effect obtained locally in the targeted tissue. Hence,
customization of the treatment is impossible, and the prediction
of the ablation zone is not precise. As a result, thermal ablation
procedures are associated with a 6-12% local recurrence as a
result of incomplete lesion coverage despite the acquisition of
contrast-enhanced control images at the end of the proced-
ures,® in which the unenhanced volumes represents the abla-
tion zone.* Further on, application in proximity to heat-sensitive
structures is restricted. Maneuvers such as saline injection
could be used to protect neighboring structures, but they are
not possible in some locations, or their efficacy cannot be
confirmed during the procedure.

Thus, real-time monitoring of thermal energy deposition is
necessary to improve lesion coverage of the ablation zone as
well as to avoid heat-induced complications. Molecular reso-
nance imaging (MRI) guidance improves lesion targeting with
high soft-tissue contrast and also allows non-invasive
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monitoring and visualizing the temperature in real time. How-
ever, up to now, monitoring of the thermoablation procedures
in the liver has been limited because of breathing-related
movements and ablation device-related artifacts.

This study aims to evaluate the correlation between the
molecular resonance (MR) thermometry-predicted lesion vol-
ume obtained by real-time 3D temperature mapping during
MWA ablation of liver tumors with the ablation zone detected
as unenhanced volume in portal venous phase in post-
procedural first-day contrast-enhanced MRI images.

Patients and methods

We performed a retrospective study of all patients who un-
derwent MRI-guided MWA procedures with MRI thermometry
sequence acquisition in our center between December 2020
and July 2023. The analysis was approved by the ethics
committee of our hospital, and informed consent was waived
because of the retrospective nature of the study. All patients
gave informed consent for the procedure, and were recruited
prospectively to a trial on sequence and workflow evaluation of
the interventional MRI software package of the vendor after
written informed consent.

A total of 35 patients with 40 lesions underwent MRI-guided
MWA with thermometry sequence acquisition during the study
period. All treatment decisions were made based on a multi-
disciplinary tumor board. Four lesions were excluded owing to
two rounds of ablation for the same lesion (overlapping coag-
ulation zones), one lesion because of needle movement during
ablation by the operator, and two lesions because of patient
movement related to anesthesia depth which resulted in arti-
facts on thermometry map frames. In total 30 patients with 33
lesions were included for further analysis (see the flow chart
in Fig. 1).

35 patients with 40 lesions
underwent MR-guided MWA
with PRF-based
thermometry sequence

Excluded lesions (unsuitable thermometry)
« Needle movement during thermometry (n = 1)
—
« Patient movement during procedure (n = 2)

« Two rounds of ablation for same lesion (n = 4)
A

30 patients with 33 lesions

Excluded lesions after reviewing thermometry
* Major artefacts in thermometry (n = 3)
« Low SNR in thermometry (n = 2)

« Incomplete coverage of ablation area in
thermometry due to misalignment
of acquisition (n = 1)

\

24 patients with 27 lesions
(Study population)

Fig. 1. Flow chart. n refers to lesion number.
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Ablation procedure

All procedures were done by the same senior radiologist with
18 years of experience in image-guided interventions under
general anesthesia in a closed whole-body 1.5 tesla (T) scanner
(MAGNETOM Aera; Siemens Healthineers, Erlangen, Germany)
with a short bore design and the XQ gradient system (max.
amplitude 45 mT/m, max. slew rate 200 T/m/s). Anesthesia
induction was done in the preparation room next to the MRI, so
the scanner was not occupied during this period. A receive-
type surface loop coil (Siemens Healthineers, Erlangen, Ger-
many) with a diameter of 110 mm and 12 coil elements of the
built-in spine array were used. MWA was performed using MR
conditional microwave systems (AveCure, MedWaves, San
Diego, CA or ECO-100A, ECO Medical Instruments Co., Ltd.
Nanjing, China) and 14G microwave antenna with 1-4 mm
active tip.

About 15 min after injecting weight-based (0.1 mL/kg body
weight) hepatospecific contrast agent (Primovist, Bayer Vital,
Leverkusen, Germany), axial and coronal T1-weighted (T1w)
Dixon gradient echo (GRE) sequences were acquired (TR
6.8 ms, TE 2.4 and 4.8 ms, flip angle 10°, slice thickness 3 mm,
field of view 380 x 380 mm?, matrix 320 x 195, bandwidth
470 Hz/pixel, breath-hold, reconstruction of ‘water’ images) to
localize the target lesion; the access route was planned using
the interventional WIP package ASP 1428B ‘LaserToTarget’
(Siemens Healthineers). Sterile draping and local anesthesia
were administered after defining the skin entry point with finger
pointing. The microwave antenna was then placed under the
guidance of a fluoroscopic T1w GRE sequence (BEAT inter-
active sequence with WIP package ASP 1075H ‘Needle
AutoAlign’ [Siemens Healthineers]) for sequential imaging in
three perpendicular slice orientations with TR 8.4 ms, TE
4.4 ms, flip angle 30°, matrix 128 x 128, frame rate 1/s).
Following the placement of the antenna in the target lesion, the
needle position was confirmed in two orthogonal diagnostic
T1w Dixon GRE images (as described above). Then, proton-
resonance-frequency (PRF)-based MR thermometry was per-
formed with phase images acquired by a gradient-echo single-
shot echoplanar imaging (EPI) sequence (C2P-research
sequence). The EPI thermometry pulse sequence acquired 13
slices (3 mm slice thickness) with an in-plane resolution of 2.8
x 2.8 mm? and a field of view of 360 x 360 mm?. The imaging
plane was chosen paracoronal or parasagittal such that the
microwave antenna was located in the central slice of the ac-
quired block. In six patients, volumes (20 slices) were acquired
during free breathing with TR of ~100 ms and a volume refresh
rate of 2,000 ms. In this case, the MR-thermometry was
computed using a motion correction algorithm combined with a
principal component analysis of the phase variations.® In 27
patients, volumes were acquired during the resting state of the
respiratory cycle, using the built-in respiratory gating system
(thoracic belt), also with a 2,000 ms of acquisition window. The
mean effective echo time, TE, was 18 ms, the flip angle was
90°, Grappa 2, and echo train length was 42. Partial-Fourier
(factor 6/8) and parallel imaging (factor 2) were used to accel-
erate the acquisition; the receiver bandwidth was 1,445 Hz/
pixel. The ablation procedure was started 60 s after the initia-
tion of the MRI thermometry sequence. Based on the size of the
lesions and depending on the MWA system used, the power
and emission time or target temperature and emission time of
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the ablation system were chosen according to the MWA
manufacturer’'s recommendations. Thermometry measure-
ments were continued for about 120 s after the completion of
the ablation procedure. Thus, the total duration of the ther-
mometry sequence was 3 min plus the time for the energy
deposition of the ablation. An example case is presented in the
supplementary material, Fig. S1 and Video 1.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jhepr.2024.101199.

The MRI phase and magnitude data were transmitted in real-
time to a workstation to calculate temperature maps using the
software ‘Certis Solution’ version 1.2.0 (Certis Therapeutics,
Pessac, France).

Track ablation was performed in each procedure. Axial T2w
fat-saturated turbo spin echo and T1w GRE sequences were
obtained at the end of each treatment.

Postprocedural care and imaging

All patients were hospitalized for observation. MR images were
obtained on a 1.5 T MR system (Magnetom Avanto, Magnetom
Aera Siemens Healthcare, Erlangen, Germany) to evaluate the
ablation zone 1 day after the procedure. MRI protocol included
T2w axial HASTE and T1w GRE sequences with fat suppres-
sion (volumetric interpolated breath-hold examination; VIBE)
before and 20, 50, and 120 s after intravenous injection of
0.1 ml/kg Gadobutrol (Bayer Vital, Leverkusen, Germany;
0.1 mmol/kg body weight).

Evaluation of thermal dose and ablation zone

Thermometry images were reviewed by two radiologists with 9
and 18 years’ experience in liver ablations, and movement ar-
tifacts were graded using a scale of 1-5 by consensus, 1 being
no artifacts and 5 being artifacts precluding image interpreta-
tion (Fig. S2). Similarly, signal-to-noise ratios were graded
qualitatively by consensus of the two radiologists using the
same scale, 1 being thermal signal warranting perfect visuali-
zation of the energy deposition and 5 being no thermal signal.

Then, using thermal dose images provided by the Certis
Solution software, the volume of liver tissue exposed to lethal
thermal dose (i.e. the volume with thermal dose above the
CEM43 threshold of 240 min, which will be referred to as ‘MR
thermometry-predicted lesion’ hereafter) was calculated auto-
matically according to the empirical model of Sapareto.® The
segmentation process started with the automatically identifying
pixels with a thermal dose value over 240CEM. Then, the main
thermal dose island covering the lesion around the microwave
needle was selected manually, and any area reaching beyond
the liver was excluded by comparing it with T1w images.
Following this, the signal-free voxels occupied by the needle,
which is encapsulated by the thermal dose, were manually
added to the thermal dose. The resulting volume of the MR
thermometry-predicted lesion was recorded.

Using the first-day images, the non-enhancing area in the
portal phase, or when contrast agent was not used, the
hyperintense area in T1w images was manually segmented,
and its volume (referred to as ‘ablation zone’ below) was
recorded. The qualitative correlation between the shape of the
thermal dose and ablation zone in first-day images was graded
with a scale of 1-5 by two radiologists, 1 being a perfect match
and 5 being no match.

Research article

Statistical analysis

Analyses were performed using R statistical software (R version
3.6.3, R Foundation for Statistical Computing, Vienna, Austria).
Categorical variables were reported as counts and percent-
ages, and continuous variables as means and standard de-
viations or medians and interquartile ranges. The measurement
agreement of MR thermometry-predicted lesion volume and
the ablation zone volume in first-day images was evaluated
using Bland-Altman analysis, and the Pearson correlation co-
efficient was calculated to compare the two volumes.

Results

Thermometry image quality

Thermometry images of a total of 30 patients with 33 lesions
were reviewed. After reviewing the images, six cases were
excluded because of significant artifacts: three had artifacts
precluding appropriate thermal dose volume definition (diffuse
thermometry signal; in one case because of surgical clips
adjacent to the ablation zone), two had too low signal-to-noise
ratio (thermometry quality score 5 for both), and one lesion
because of incomplete coverage in thermometry imaging
(owing to misalignment of thermometry acquisition and the
lesion, Fig. 1).

Artifacts that precluded appropriate thermal dose evaluation
were more frequent in the cases where thermometry was ac-
quired without respiratory triggering (three out of six, 50%) as
compared with cases with respiratory triggering (three out of
27, 11%; p = 0.057). There was no correlation between liver
lobe and major artifacts (16.6% right lobe vs. 22.2% left lobe,
p >0.99).

Final study cohort

In total, 24 patients (20 males, four females; age 63.1 + 9.1
years) with 27 lesions were included in the final analysis (Fig. 1,
Table 1). Twelve patients had hepatocellular carcinoma, six
colorectal cancer, two neuroendocrine tumor of the pancreas,
one adrenal, one prostate, one stomach, and one breast cancer
metastasis. Twelve patients had underlying cirrhosis. Twenty
lesions were in the right liver lobe, and seven in the left lobe.
The mean lesion size was 13.2 + 4.4 mm. The median pro-
cedure duration was 64 min (range 44-185 min) with a mean
procedure duration per lesion of 54.4 + 12.3 min.

Table 1. Baseline characteristics.

Parameter Value
No. of patients 24
No. of lesions 27
Sex (male), n (%) 20 (83.3)
Age (years) 63.1 + 9.1
Etiology, n
Hepatocellular carcinoma 12
Colorectal cancer metastasis 6
Neuroendocrine tumor metastasis 2
Adrenocortical carcinoma metastasis 1
Prostate cancer metastasis 1
Stomach cancer metastasis 1
Breast cancer metastasis 1
Liver lobe, n
Right 20
Left 7
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Thermometry (signal-to-noise ratio) quality was scored as 1
in 15 lesions, 2 in eight lesions, and 3 in four lesions (mean 1.59
+ 0.74). Movement-related artifacts in thermometry images
were scored as 1 in 18 lesions, 2 in eight lesions, and 3 in one
lesion (mean 1.37 + 0.56).

Correlation of MR thermometry prediction and
ablation zone

In 25 lesions, the volume of the ablation zone was assessed in
portal venous images. In one patient non-contrast images and
in one patient portal venous phase computed tomography (CT)
images were used.

Visual similarity of MR thermometry-predicted shape and
the ablation zone shape was graded as 1 (perfect) in 23 (85.1%)
lesions, 2 in three (11.1%) lesions, and 3 in one (3.7%) lesion
(mean 1.18 + 0.48).

The median MR thermometry-predicted lesion volume was
16,296 mm® (IQR, 13,502-21,155 mm?®) and the median abla-
tion zone volume on first-day images was 16,338 mm® (IQR,
14,058-19,472 mm?®). The volume of thermal dose and ablation
zone showed a strong correlation (R = 0.893 [95% Cl,
0.778-0.950], p <0.001, Figs 2 and 3). Images of an example
case is given in Fig. 4.

There was no significant difference (p = 0.65) in correlation
coefficients between thermal dose and ablation zone for pa-
tients with underlying cirrhosis (0.910 [95% CI, 0.705-0.975])
and for patients without cirrhosis (0.869 [0.644-0.956)).

Discussion

Our results show that thermal dose predictions on PRF-based
real-time MR thermometry correlate strongly with the ablation
zone in first-day images. The visual assessment also showed a
high agreement between the shape of the thermal dose pre-
diction and the shape of the ablation zone.

Six (of 33, 18.1%) lesions were excluded from the analysis.
Two lesions were excluded because of the low signal-to-noise
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Fig. 2. Correlation plot of thermal dose volume and ablation zone volume at
first day images in mm?®. The volume of thermal dose and ablation zone showed
a strong correlation (R = 0.893 [95% ClI, 0.778-0.950], p <0.001, Pearson cor-
relation test). The red line shows the perfect correlation, and grey area represents
the 95% confidence interval.
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Bland-Altman plot for comparison of 2 methods
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Fig. 3. Bland-Altman plot for MR thermometry-predicted lesion volume and
ablation zone volume at first day images. The difference between MR
thermometry-predicted lesion volume and ablation zone volume was plotted on
the vertical axis and the mean of the two measurements was plotted on the
horizontal axis. The solid (black) line represents zero line. The dashed line within
magenta area represents the mean value for the data points and the dashed lines
in green and red areas represents the 1.96 x standard deviations (95% Cls,
Bland-Altman plot).

ratio. In three lesions, thermal dose volume could not be
calculated because of artifacts. In one of these three lesions,
surgical clips adjacent to the ablation area were the main cause
of the artifacts. In the last case, MR thermometry images did
not cover the whole lesion. This case was the result of
misalignment of imaging. One of the main advantages of GRE
single-shot EPI is the possibility to cover up to almost 4 cm
area by covering 13 slices and up to 20 slices in a TR of 2 s.
This situation is a major improvement compared with previous
thermometry sequences, which lead to partial visualization of
the ablation volume owing to size constraints.

The main limitation of PRF-based MR thermometry is the
motion sensitivity of the sequence, which limits its widespread
usage in the liver.” It has been reported that the liver moves
approximately 1-4 cm in the craniocaudal direction depending
on the respiration depth.® Synchronization of the MR ther-
mometry data acquisition to the respiratory cycle can eliminate
movement-related phase artifacts and improve temperature
maps.’ Our results show that thermal maps of good quality can
be obtained despite breathing movements either using retro-
spective motion-correcting post-processing of phase data ac-
quired with sufficiently high temporal resolution (2 s per volume)
or — preferably — using respiratory triggering.

To our knowledge, only one clinical study has tried to
correlate real-time the MR thermometry-predicted lesion extent
with the ablation zone, and there was no significant correlation
between the two images.'® However, radiofrequency ablation
was used in that study, which is associated with more sus-
ceptibility and radiofrequency artifacts. In that study, 16 lesions
were treated, but thermal dose could not be assessed because
of artifacts in four (25%) lesions. This ratio was 15.6% in our
study. Another study acquired temperature maps directly after
to energy application (radiofrequency ablation) and demon-
strated that temperature maps with 60 °C threshold level
correlated better with the coagulation zone at 4 weeks, than
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Fig. 4. Case example. (A) Axial T1w images after injection of gadoxetic acid shows a hepatocellular carcinoma lesion (arrowhead) in Segment 8. (B) Thermometry
image shows MR-thermometry predicted temperature within the liver during the ablation. (C) Thermal dose image shows the volume exposed to lethal dose of thermal
energy with a volume of 22,734 mm?. (D) Portal phase MRI image on the postprocedural first day shows the ablation zone with a volume of 21,349 mm?, which shows

excellent similarity with thermal dose in terms of shape.

50 °C and 55 °C."" Although the images were obtained after
energy deposition and, thus, a major cause of artifacts of the
ablation device was not active during the thermometry se-
quences, 11/72 thermal maps were not of diagnostic quality.
However, as temperature maps were obtained after thermoa-
blation, this analysis considers only the temperature and not
the duration of elevated temperatures. Also, since temperature
starts to drop as energy deposition is stopped, measured
temperatures do not represent the highest temperature
reached during the ablation.

The microwave antenna was another source of artifact.
Although no MRI signal could be obtained from the needle and
in the directly adjacent voxels during the ablation, this did not
interfere with monitoring the ablation edges. As the volume
adjacent to this artifact zone was confined within the thermal
dose area, it is natural to assume this area was also subjected
to the thermal dose. To compensate for this situation, central
parts with missing thermal information were included in the
thermal dose volume as long as the outer border of the gross
thermal dose volume enclosed these parts.

Local disease control is the ultimate aim of thermal ablation.
Early detection of potential incomplete ablation is crucial, as in
those patients, retreatment has to be performed as soon as
possible to avoid local disease recurrence. After starting the

ablation procedure, ultrasound guidance is not helpful in
determining complete ablation because of the formation of gas
bubbles and poor image contrast. Similarly, without contrast
injection, evaluating the borders of the ablation zone and the
lesion in CT-guided procedures is difficult. In addition to the
possibility of real-time thermometry, MRI offers the advantage
of better lesion visualization and, thus, targeting after the in-
jection of a hepatospecific contrast agent.'?'* Local recur-
rence is usually because of incomplete ablation at the edges of
the ablation area, and using real-time thermometry, edges with
suboptimal ablation margin (<5 mm) can be detected during the
procedure, and re-ablation can be performed with no delay. In
this study, ablation volume was detected using the contrast-
enhanced images, which is used as gold standard because of
better delineation of unvital liver parenchyma.” It has also been
shown that MRI improves the detection of residual or recurrent
lesions after thermal ablation compared with CT in primary or
secondary liver tumors.'®"® In addition, images obtained 1 day
after the procedure has been used to evaluate the necrotic
volume, because of early expansion of the ablation zone.'”
This study has some limitations. Firstly, although patients
were recruited prospectively, this was a retrospective sub-
analysis of the MR-guided interventions in our center. Sec-
ond, some lesions had to be excluded from the study for
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reasons such as needle position correction during ablation,
or anesthesia-related patient movements, or two rounds of
ablation, because it is currently not possible to combine
thermal dose maps of multiple rounds of ablation in a single
lesion (a situation that might be solved with updates in
software). However, our study provides the first in-vivo
correlation of real-time MR thermometry-predicted
lesion volume and postprocedural (first day) ablation zone
volumes.

Predicting liver ablation volumes

In conclusion, the volume of tissue exposed to lethal thermal
dose based on PRF-based real-time MR thermometry shows a
very good correlation with the ablation zone volume in on
postprocedural first day images. Real-time visualization of
inadequate ablation margins could reduce the local recurrence
rates with the possibility of re-ablating lesions within the same
procedure. However, efforts to reduce the intricacy of MRI
thermometry are needed to make this technique a robust
routine approach in daily practice.
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