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ABSTRACT

Purpose: To evaluate the effectiveness of fat suppression techniques experimentally and illustrate their influence
on the accuracy of PRFS MR-thermometry.

Methods: The residual magnitudes of the main fat peaks are measured using a water-fat decomposition algorithm
in an oil phantom and in vivo in swine bone marrow, either with spectral fat saturation (FS), water excitation
(WE) or fast water excitation (FWE), as implemented on 1.5 T whole-body clinical MRIs. Thermometry exper-
iments in tissue-mimicking oil-water phantoms (10 and 30 % fat) allow determining temperature errors in PRFS
MR-thermometry with no fat suppression, FS and WE, compared against reference fiber optic thermometry.
Results: WE attenuates the signal of the main methylene fat peak more than FS (2 % and 22 % amplitude
attenuation in the oil phantom, respectively), while the olefinic and glycerol peaks surrounding the water peak
remain unaltered with both FS and WE. Within the 37 °C to 60 °C temperature range explored, FS and WE
strongly attenuate temperature errors compared to PRFS without fat suppression. The residual fat signal after FS
and WE leads to errors in PRFS thermometry, that increase with the fat content and oscillate with TE and
temperature. In our tests limited to a single MR provider, fat suppression with WE appears to suppress fat signal
more effectively.

Conclusions: We propose a protocol to quantify the remaining fraction of each spectral fat peak after fat sup-
pression. In PRFS thermometry, despite spectral fat suppression, the remnant fat signal leads to temperature
underestimation or overestimation depending on TE, fat fraction and temperature range. Fat suppression tech-

niques should be evaluated specifically for quantitative MRI methods such as PRFS thermometry.

1. Introduction

MR-thermometry based on Proton Resonance Frequency Shift
(PRFS) [1-3] is the gold standard for the monitoring of MR-guided
thermal ablations as it enables spatio-temporal temperature moni-
toring in real time. This technique relies on the change in the resonance
frequency of the hydrogen nuclei within water molecules as temperature
changes. One limit to the accuracy of PRFS thermometry comes from the
presence of fat in biological tissues. Indeed, the resonance frequency of
hydrogen nuclei in fat molecules is almost independent of temperature,
when compared to the ones of water hydrogen [4]. The resulting tem-
perature errors are non-linear and will vary depending on tissue fat
proportion, its temperature variation, the main magnetic field B, and
the echo time (TE) [5-7]. Hence, the signal from fat can jeopardize the

outcome of thermal therapies by leading to over or under-treatment in
the target area, and even to damage to surrounding healthy tissues. To
mitigate this source of error, spectral fat saturation (FS) or water exci-
tation (WE) are generally implemented in the MR-thermometry se-
quences used to monitor thermal therapies in fat containing tissue
[8-17].

Spectral fat saturation was introduced by Haase [18] in 1985 to
suppress the unwanted fat signal based on the difference in chemical
shift between methylene (CHy), the dominant fat peak, and the water
peak, that difference being approximately 3.4 ppm at a temperature of
37 °C. Following a narrow band frequency-selective radiofrequency (RF)
saturation pulse centered on the methylene peak frequency, spoiler
gradients are employed so that no residual coherent fat signal remains
during imaging. Spectral fat saturation is specifically devised to target
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the removal of the predominant methylene fat peak. With a sufficiently
large bandwidth for the saturation pulse, secondary fat peaks in the
vicinity of methylene are also attenuated, but further fat peaks sur-
rounding the water peak are thought to remain unaltered. This impos-
sibility to suppress the full fat spectra is known [19], and a correction
has been designed for limiting its impact on diffusion MRI [20-22].
Furthermore, variations in the main magnetic field By over time may
alter the efficiency of fat saturation [23].

Alternatively, Meyer et al. [24] proposed in 1990 water selective
binomial-pulse excitation to selectively target the water protons, while
leaving most of the fat protons unexcited. The selectivity of the WE pulse
increases with the length of their binomial chain pulse, which in turn
results in longer TE. It has been shown that By inhomogeneity and the
contribution of multiple fat peaks alter the efficacy of water excitation in
Chemical Exchange Saturation Transfer (CEST) [25].

While the value of fat suppression is no longer to be proven to
enhance MRI diagnostic visualization and precision [26], the spectral
effectiveness of fat suppression has, to the best of our knowledge, never
been evaluated. The quantification of the remaining fat spectrum would
indeed be of utmost interest in designing specific fat suppression tech-
niques for quantitative MRI such as diffusion-weighted imaging (DWI),
CEST or PRFS thermometry. In addition, the determination of the
remaining fat spectrum could be used to refine correction schemes, such
as those proposed for diffusion MRI that are based on theoretical values
and are not system-specific.

The rationale for this work is to quantify the effectiveness of common
fat suppression techniques, and to illustrate the influence of the
remaining signal on the accuracy of quantitative PRFS thermometry.
First, the remaining proportion of the main spectral peaks of biological
fat is evaluated in an oil phantom and in vivo in swine bone marrow with
FS, WE and fast WE (FWE) in clinical whole body 1.5 T MRIs. Second,
the impact of the fat signal on PRFS thermometry is experimentally
determined in water-fat emulsions (10 % and 30 %) during cool-down
experiments for both spectral fat saturation and water excitation
compared to the reference PRFS without fat suppression technique.

2. Theory
2.1. Fat spectrum and fat suppression

The typical NMR spectrum of biological fat is characterized by the
presence of six main resonance peaks, each corresponding to different
lipid environments within fat molecules [27-32]. While the predomi-
nant component of the fat signal comes from the methylene peak (CHy),
about 30 % originates from other peaks within the fat spectrum
(Table 1).

In the context of spectral fat suppression techniques, it is notable that
the two secondary fat peaks in terms of amplitude, namely the a-olefinic
and methyl peaks, directly surround the methylene peak, while standing
more than 2.5 ppm away from the water peak at 37 °C. Consequently,
the suppression of their signal, which represents about 20 % of the total
fat signal amplitude, is tightly knot to the one of the methylene peak. On
the opposite, the proximity of the glycerol and olefinic peaks to the

Table 1
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water peak strongly limits the possibility to suppress their signal spec-
trally. This means that about 9 % of the total fat signal is inherently
neither attenuated by spectral fat suppression nor water excitation. In
the field of diffusion MRI, this residual fat component is identified as a
factor requiring correction in the complex signal models [20-22].

2.2. Signal model

The acquired MR complex signal, Sz, from a voxel containing water
and fat at a specific TE can be described as follows considering the water
proton frequency drift with temperature [28,33]:

P

iyBoa ATTE i27Af, TE | ,i27¢TE ,—R, TE

Srg = (ﬂwely 0"+ pp § ape )el e (€]
p=1

Where p,,, and p;, represent respectively the complex-valued intensity
of water and fat components, Af, is the frequency of the p™ fat peak
relative to water at the considered baseline temperature (generally
37 °C) and q,, is its relative amplitude with 25:1 |ap| = 1.y corresponds
to the hydrogen gyromagnetic ratio, By the main magnetic field strength,
o the temperature coefficient of the water proton electron screening
constant (—0.01 ppm/°C) and AT is the temperature change from the
baseline temperature. ¢ is the shift caused by the B field inhomogeneity
and Ry* the assumed common relaxation rate for fat and water.

2.3. Fat quantification with IDEAL algorithm

The IDEAL (Iterative Decomposition of water and fat with Echo
Asymmetry and Least-squares estimation) algorithm [34] stands as a
robust technique for the separation and the quantification [35] of water
and fat signals from complex-image data. Inspired by the Dixon method
[36,37], it allows separating components with distinct chemical shifts
from complex images acquired with different echo times. The IDEAL
algorithm [28,38] for fat quantification relies on the signal model in Eq.
(1) simplified assuming the temperature being constant:

P
St = (/)W +pp Z apeiszpTE> g2 TE )

p=1

In this formulation, the complex term ¥ corresponds to a real
component ¢ accounting for By field inhomogeneity and an imaginary
component addressing the Ry* decay, as follows:

s

R
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In general, the relative amplitude and chemical shift of fat compo-
nents is supposed to be known and constant between organs and in-
dividuals. It is a reasonable assumption for fat frequencies as they
exhibit minimal variability across different tissue types [28]. However, a
few studies [39,40] have suggested that the relative amplitudes of the fat
peaks may vary among different individuals and organs. Hence, Yu et al.
[28] introduced a variation of the IDEAL algorithm allowing the cali-
bration of fat peak amplitudes g, in order to account for their biological
variability. It is worth noting that the algorithm does not directly

Values of frequency shift relative to the water peak (ppm) and relative amplitude for each fat peak normalized by the water peak amplitude.

Peak Name Chemical formula Frequency shift at 37 °C (ppm) relative to water Relative amplitude
peak R K R ,
Human liver triglyceride Human breast Peanut oil
[27,32] [28] [28,30,31]
1 Olefinic -CH=CH- 0.6 0.047-0.048 0.08 0.07-0.10
2 Glycerol —CH2-0-CO- -0.4 0.039 - 0.04-0.05
3 Diacyl —CH=CH-CH,-CH=CH- -1.9 0.004-0.006 - 0.02-0.03
4 a-olefinic —~CH,-CH=CH-CH»- -26 0.12-0.128 0.08 0.15
5 Methylene —(CHo)n— -3.4 0.693-0.70 0.85 0.62
6 Methyl —(CH2),-CH3- -3.8 0.087-0.088 - 0.08-0.10
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determine the relative amplitudes of fat peaks, but rather the signal
intensity ppa,. Since 25:1 |ap] =1 by definition, it is straightforward
that the fraction of each fat peak can be retrieved as:

|/7Fap‘

P
2
p=1

4
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Based on this work, the present study aims to determine the relative
variation in magnitude of the fat spectrum in the presence of fat sup-
pression means. Considering p,, and p, constant between reference and
fat-suppressed images, the acquired MR complex signal s? acquired in
the presence of fat suppression methods at a specific TE can be described
as:

P
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Assuming that p, is constant between reference and fat-suppressed
images allows direct comparison between a, and ags“P. Following this
assumption entails that 25:1 loj>®| # 1, while 25:1 lap| = 1 by defini-
tion. This discrepancy reflects the difference in the apparent fat
composition between fat-suppressed images and reference images
without fat suppression.

Following this model, the effective suppression of each spectral fat
peak can be quantified compared to unsuppressed fat signal. In this
work, the fat spectrum is modelled considering its main five peaks; the
diacyl peak is not part of this model, as its relative amplitude was shown
to be negligible compared to the other main five fat peaks by spectros-
copy in human triglycerides (Table 1).

2.4. PRFS thermometry

Temperature change AT can be evaluated from the water phase ®
using the PRFS method [1-3]:

-

- 6
ayBoTE ©®

where @, is the reference water phase acquired at the reference tem-
perature. In practice, the fat signal in Eq. (1) is considered neglectable
with low tissue fat content and/or when employing fat suppression
techniques. Hence the phase within each voxel is considered as
reflecting the aqueous phase only in Eq. (6). However, any residual fat
component will lead to erroneous measurements. Following the
assumption of pure water signal, the sensitivity of PRFS thermometry is
theoretically maximal when TE equals the tissue’s To* [41]. In practice,
the TE of fast gradient echo sequences is typically chosen between 10
and 20 ms for monitoring thermal ablations [8,10-12,42,43].

3. Materials and methods

First, the effectiveness of FS, WE and FWE was quantified experi-
mentally both in peanut oil and in vivo on porcine bone marrow. Sec-
ond, the temperature errors in PRFS-thermometry due to the signal of fat
without and with FS or WE were evaluated in phantoms depending on
both TE and phantom fat fraction. Data processing was performed
within the Matlab software (Mathworks Inc., MATLAB R2023a).

3.1. MRI acquisitions

Experiments were conducted in two whole body 1.5 T clinical MRIs
(MAGNETOM Sola (phantoms) and Aera (in vivo), Siemens Healthi-
neers, Erlangen, Germany). For all experiments, the phantom was
positioned at the MRI isocenter at the center of the head coil 20 ele-
ments. The scanner central frequency was manually set to +210 Hz
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relative to the methylene fat peak, corresponding to the chemical shift
between methylene and water at temperature 37 °C and 1.5 T, in order
to standardize the spectral fat suppression effectiveness, regardless of
phantom temperature. For in vivo experiments, the anesthetized swine
was positioned laterally, and the thigh was imaged with the 18 elements
body matrix coil combined with the spine coil. In all experiments, the
shim box was manually reduced to fit the region of interest.

Images were collected using a 2D multi-echo spoiled gradient-echo
(SPGR) sequence with several images acquired as an echo planar im-
aging (EPI) readout. Relevant parameters for the phantom acquisition
were: TR 300 ms, 12 TE with monopolar EPI readouts, initial TE 4.21 ms,
ATE 1.74 ms, FOV 192 mm x 156 mm, slice thickness 6 mm, matrix 96
x 78, readout bandwidth 1488 Hz.px?, flip angle 80°, GRAPPA factor
2, acquisition time 14 s. In vivo acquisitions in the swine leg used the
same parameters except for the following: FOV 280 mm x 227 mm and
flip angle 60°. With those parameters, the chemical shift of the fat signal
was approximately 0.1 pixel and is neglected.

3.2. Quantification of the effect of fat suppression

The remaining fat signal was evaluated for the FS and two WE op-
tions available on our clinical MRI scanners. The “fat saturation” option
features a Gaussian pulse with a 110° flip angle (bandwidth 197 Hz)
followed by gradient spoiling [44]. The “water excitation” option con-
sists in a monopolar 1-2-1 binomial pulse train [45], whereas the “fast
water excitation” option relies on a shorter monopolar 1-1 binomial
pulse train.

Peanut oil was chosen to mimic human fat due to the similarity re-
ported between its nuclear magnetic resonance spectrum and the one of
human fat triglycerides [28] (Table 1). The peanut oil plastic container
was placed within a sugar syrup-filled larger container. Sugar syrup, a
widely available water-based viscous fluid, was selected to allow for the
central frequency auto-calibration of the scanner. The multiecho 2D
SPGR sequence was applied with FS, WE, FWE and without any sup-
pression technique.

Assuming that the water fraction within pure peanut oil can be
neglected leads to the simplification of Egs. (2) and (5) with only the
main 5 fat peaks and no water component in the signal model of the
IDEAL algorithm. In the bone marrow, this simplification was not done.

Average value and standard deviation of fat peak magnitudes were
calculated within an 11 x 9-pixel Region Of Interest (ROI) selected in
the middle of the peanut oil phantom, and an 4 x 4-pixel ROI in the
thigh bone marrow (Fig. 1). The relative maximal fat magnitude was

evaluated as 25:1 |a§sup |; it corresponds to the theoretical relative fat
magnitude when all spectral fat peaks are in phase (TE = 0 ms).

3.3. Temperature errors without and with fat suppressed PRFS

Oil-water phantoms of 50 mL were elaborated in cylindrical con-
tainers (3 cm in diameter) according to the method of Bush et al. [46] by
emulsifying agarose, water and peanut oil. Phantoms were designed to
simulate organ tissues such as the liver, breast, or muscles, with targeted
fat fraction of 10 % and 30 %. Ty* values obtained by the IDEAL algo-
rithm are provided in Supplementary material (Table S1). For these two
fat contents, the temperature error was determined for MR-PRFS
without fat-suppression, as well as PRFS prepared with FS, and with
WE. Each experiment was repeated 3 times, with different tubes.

In each experiment, a single oil-water tube was uniformly heated to
62 °C within a water bath for about 30 min. This heated tube was placed
within sugar syrup in the center of three pure agar tubes used for B drift
monitoring, interleaved with three peanut oil-filled tubes (Fig. 2). The
absolute reference temperature was logged every second with four fiber
optic temperature probes (Rugged Monitoring, Québec, Canada) inser-
ted respectively within the heated tube and the three B drift monitoring
agar tubes. The temperature was monitored in the heated tube with both
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Swine bone marrow

Fig. 1. Magnitude images depicting the experimental set-up for the quantification of the effect of fat suppression in the peanut oil phantom (A) and in vivo in swine
bone marrow (B). Red areas represent the ROI selected to measure relative fat peaks magnitude. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Fig. 2. Magnitude image depicting the experiment: the emulsion tube is sur-
rounded by 3 agar tubes to correct for By drift and 3 vials of pure peanut-oil.

MR PRFS and fiber optic probes during its cooling down to 37 °C (as
measured with the fiber optic thermometer), chosen as the reference
temperature.

The multiecho 2D SPGR sequence was parameterized with a flip
angle of 60°. The temporal resolution was of 14 s for each set of 12
gradient echo images with respective TE: 4.21 - 5.95-7.69 - 10.3 - 12.04
-13.8-15.54 - 17.28 - 19.02 - 20.76 - 22.5 - 24.24 ms. The temporal
resolution was adapted for the kinetics of our cooling down experiment

A. .
Peanut oil
0.8 T T T
Il No fat suppression
0.7 | [ Spectral fat saturation
I W ater excitation
0.6 | [ Fast water excitation

o
W
T

o
[98}
T

Normalized fat peak magnitude
=) =
o IS

o
s
T

Olefinic  Glycerol a-Olefinic Methylene Methyl

Fat peaks

(typically 30 min) while ensuring sufficient signal-to-noise ratio (SNR).
Phase images were By-drift corrected by averaging the phase in the 3
agar tubes, individually corrected for the mild (<2 °C) temperature
change due to thermal diffusion from the central warm emulsion. This
temperature change was measured by the fiber optic probe within each
agar tube, and the corresponding phase-change was subtracted to the
phase determined at the center of the agar tube. Because the PRFS
method measures temperature variation, the phase time stack can be
reversed to mimic the process of heating. Temperature errors were
calculated for each TE within a 3 x 3-pixel square ROI drawn around the
optical probe location. The temperature error was defined as the dif-
ference between the temperature variation determined using PRFS and
the reference measurement from the fiber optic thermometer.

4. Results
4.1. Quantification of the effect of fat suppression

Normalized magnitude found for the 5 main fat peaks considered in
peanut oil and in swine bone marrow are shown Fig. 3 and detailed in
Table 2 without fat suppression acquisition, FS, WE and FWE. The
magnitude of fat peaks determined without fat suppression methods are
in accordance with the values given in the literature for peanut oil

B.

0s Swine bone marrow
I No fat suppression

0.7 | [ Spectral fat saturation 1
I W ater excitation

0.6 || [ Fast water excitation 1

o
W
T
.

o
[95)
T
.

Normalized fat peak magnitude
=3 =
o IS

(=]
—_
T
L

Olefinic

Glycerol a-OlefinicMethylene Methyl
Fat peaks

Fig. 3. Normalized magnitude |a,| and |aIF,S”" | of the main 5 fat peaks in peanut oil (A) and in swine bone marrow (B) without fat suppression method, with FS, WE
and FWE averaged in the ROL Error bars represent the standard deviation over the ROL
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Table 2

Normalized fat peak magnitudes determined in peanut oil and in vivo in the bone marrow of a swine without fat suppression, with FS, with WE and with FWE. For
improved readability all magnitude values are given with a factor 1072,

Fat peak Olefinic Glycerol a-Olefinic Methylene Methyl
Acquisition Fat peak magnitudes [1072]
No fat suppression 7.3+0.1 3.4+0.1 13 +£0.2 69.2 + 0.3 7.2+ 0.4
Peanut oil FS 6.7 £ 0.5 31+03 1.2+0.2 15+1.1 1.1+0.4
WE 7.0+ 0.4 3.2+0.3 2+0.2 1.2+0.2 0.4+ 0.2
FWE 7.4+ 0.3 3.4+0.2 5.8+ 0.2 3.6 +0.3 25+0.3
No fat suppression 5.5+ 0.4 3.8+ 0.6 11.2+ 0.5 742+ 1.3 53+1.1
Swine bone marrow in Vivo FS 53+1.4 40+1.4 1.4+0.8 19.2 + 4.5 27 +21
WE 53+ 1.5 5.8+ 1.9 2.4+0.7 1.3+ 0.5 1.1+0.5
FWE 6.4 +1.3 4.4+1.7 59+1.1 5.6 +1.7 1.9+ 1.0

[28-31].

As expected, FS, WE and FWE show no significant impact on neither
olefinic nor glycerol peaks: more than 91 % persist despite fat sup-
pression methods in the phantom, and 96 % in bone marrow. Also as
anticipated, all three tested spectral fat suppression techniques signifi-
cantly diminish the magnitude of methyl (15 %, 5 % and 35 % remaining
for FS, WE, and FWE, respectively) and a-olefinic peaks (9 %, 15 % and
45 % remaining for FS, WE, and FWE, respectively) in the oil phantom.
Logically, WE outperforms FWE due to its longer binomial pulse train.
The main distinction between spectral fat saturation and water excita-
tion as implemented on our clinical MRIs lies in their influence on the
prominent fat peak, methylene. After FS, 22 % of the methylene peak
persists in the peanut oil phantom, whereas only 2 % remains after WE
and 5 % with FWE. When considering the fat spectrum as a whole, the
relative maximal fat magnitude represents 27 %, 14 % and 23 % of the

reference value with FS, WE and FWE, respectively, in the peanut oil
phantom. Similar trends are found in vivo in the swine bone marrow, but
with higher standard deviation because more parameters are fitted
compared to pure oil.

4.2. Temperature errors in fat suppressed PRFS

A total of 18 experiments (3 repetitions for 3 suppression methods
and 2 oil-water emulsions) were led, with 12 TE datasets for each
experiment. Fig. 4 and Fig. 5 illustrate the variation in temperature error
with TE and temperature, using emulsions with 10 % and 30 % fat
fractions, respectively. Only the data for 6 TE values comprised between
10 and 20 ms, are presented, as they correspond to the typical range
used for PRFS during thermal ablations. Additional TE data are available
in Supplementary material Fig. S1 and S2. Fig. 6 represents the mean

No fat suppression Spectral fat saturation Water excitation
. A Repetition #1 A Repetition #1 A Repetition #1
Fat fI‘aCtlon 1 O% + Repetition #2  + Repetition #2 + Repetition #2
o Repetition #3 o Repetition #3 o Repetition #3
: TE =10.3 ms TE = 12.04 ms TE = 13.8 ms
4+
O 3}
>
5 2|
S
ol
2 F
5
=3
4t
-5
5
4+
O 37
N2
5 2
51
=l
E| St
4t ] L A% ]
-5 ‘ - - ‘ - ‘ ‘ - -
35 40 45 50 99 60 35 40 45 50 99 60 35 40 45 50 55 60

Probe temperature (°C)

Probe temperature (°C)

Probe temperature (°C)

Fig. 4. Temperature errors depending on spectral fat suppression in the peanut oil-water phantoms with fat fraction 10 % during the thermometry experiments
drawn for selected TEs. For each TE, temperature errors are evaluated by comparing PRFS thermometry temperature elevation measurements with temperature
elevation measured by the optical probes in an ROI drawn around the position of the optical probe.
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No fat suppression Spectral fat saturation Water excitation
. A Repetition #1 A Repetition #1 A Repetition #1
0
Fat fraCtlon 30 /0 + Repetition #2 -+ Repetition #2 + Repetition #2
o Repetition #3 o Repetition #3 o Repetition #3
TE =10.3 ms TE = 12.04 ms TE = 13.8 ms
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10 [
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201
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Probe temperature (°C) Probe temperature (°C) Probe temperature (°C)
Fig. 5. Temperature errors depending on spectral fat suppression in the peanut oil-water phantoms with fat fraction 30 % during the thermometry experiments

drawn for selected TEs. For each TE, temperature errors are evaluated by comparing PRFS thermometry temperature elevation measurements with temperature
elevation measured by the optical probes in an ROI drawn around the position of the optical probe.
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37.5°C £ 0.5°C: &4 Spectral fat saturation =84 Water Excitation
55.5°C £ 0.5°C: Spectral fat saturation H&4 Water Excitation
Fig. 6. Mean temperature errors and standard deviations at 37.5 °C + 0.5 °C (circles) and 55.5 °C + 0.5 °C (triangles) across 3 repetitions plotted against TE with FS

(orange) and WE (blue) for the 10 % (left) and 30 % (right) fat emulsions. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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temperature errors and standard deviations calculated across 3 repeti-
tions for each of the 12 TEs and the 2 fat fractions (10 % and 30 %) at
temperatures 37.5 °C £ 0.5 °C and 55.5 °C + 0.5 °C (temperature range
of 1 °C) for FS and WE. The standard deviations around 37.5 °C are all
inferior to 0.7 °C (inferior to 0.4 °C for TE > 10 ms) for the two con-
centrations, in accordance with previously published PRFS precision
[47,48].

As expected, temperature errors increase with temperature and fat
fraction, and oscillate with TE (Fig. 6). For instance, PRFS with TE =
15.54 ms appears little sensitive to the presence of fat in the phantoms.
Without any fat suppression method, the temperature elevation is
strongly overestimated with TE = 12.04 ms, while strongly under-
estimated with TE = 13.8 ms and TE = 19.02 ms. For both fat concen-
trations at a TE of 17.28 ms, temperature errors without fat suppression
remain relatively low until reaching 50 °C, after which they increase
steadily.

Both FS and WE strongly limit the negative influence of the fat signal
on the accuracy of PRFS with 10 % and 30 % fat fraction. Over the entire
cool-down experiments (approximately 23 °C temperature range) with
the 10 % fat fraction emulsion and our set of TEs between 10 and 20 ms,
temperature deviations between fat suppression methods and the tem-
perature probe vary between —1.3 °C and 2.0 °C, contrasting with the
wider range of —4.1 °C to 4.2 °C observed without fat suppression.
Likewise, for the 30 % fat fraction emulsion, temperature errors without
fat suppression span from —9.7 °C to 21.5 °C, while employing fat
suppression narrows this range to —3.0 °C to 3.7 °C. WE appears to
attenuate the fat signal more effectively than FS, with less dependence
on the TE (Fig. 6).

Temperature error curves are comparable between the repeated ex-
periments which indicates a good reproducibility of the experimental
protocol. The maximum temperature varies slightly across the different
experiments as it depends on the delay between the heated tube being
removed from the heating water bath and the effective start of the MRI
acquisition.

5. Discussion

In this paper, we propose a protocol to quantify the individual
remaining proportion of each fat peak after spectral fat saturation and
water excitation. The influence of the remaining fat signal on the ac-
curacy of quantitative PRFS MR-thermometry is evaluated experimen-
tally for two different fat contents and 12 TEs between 37 and 60 °C.

Fat suppression techniques, designed for diagnostic MRI, focus on
the suppression of the main fat peak, methylene. The fat spectrum,
however, consists of multiple peaks that are not equivalently attenuated
by spectral fat suppression. Our experimental evaluation of the magni-
tudes of the main five spectral peaks confirms that while the methyl and
a-olefinic peaks in the direct vicinity of methylene are also strongly
attenuated, those adjacent to the water peak (olefinic and glycerol) are
left nearly unaffected by spectral fat suppression methods. We found WE
more effective in mitigating the magnitude of the methylene peak than
FS, both used as implemented by the MRI manufacturer in our clinical
1.5 T MRIs. As expected, WE was more effective in suppressing the signal
of fat than FWE that relies on the shorter 1-1 binomial pulse train.

The accuracy of the quantification of the remaining fat spectrum
depends on the choice of the TEs, as already studied with the IDEAL
algorithm [49]. It should be noted that the proposed fat suppression
quantification protocol can be applied for any fat suppression method as
long as the TE can be varied. Fat suppression with inversion recupera-
tion was not evaluated in this work as this technique is not relevant in
the context of real time PRFS thermometry. Although its lower sensi-
tivity to Bp and B; inhomogeneities than spectral fat suppression might
be an advantage, inversion recuperation increases the acquisition time
and specific absorption rate (SAR), and may reduce the SNR of the im-
ages [50].

The error due to the presence of fat signal in PFRS thermometry was
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quantified experimentally in tissue-mimicking oil-water emulsions in
the absence of fat suppression, with spectral fat saturation and with
water excitation. Our results without fat suppression corroborate the
known influence of fat fraction, temperature and TE on the temperature
error [5]. In this work, we have quantified the effect of these parameters
on temperature error while using fat suppression methods. Although
temperature errors are considerably attenuated by both spectral fat
saturation and water excitation compared to acquisitions without fat
suppression, they reached up to 2 °C and 3.7 °C (absolute values) in our
experiments, respectively with the 10 % and 30 % fat phantoms, over a
temperature range between 37 °C and 60 °C. The errors obtained with
10 % fat after fat suppression methods are similar to the generally
accepted PRFS precision [47,48], attesting an efficient suppression in
the temperature range explored. In our experiments with WE and FS
used as implemented by a single vendor at 1.5 T, the temperature error
observed with WE is lower and less dependent on the sequence TE than
the one observed with FS.

Initially, FS was designed using a 90°-saturation pulse to remove the
signal of the methylene peak and the directly surrounding peaks. The
glycerol and olefinic fat peaks close to the water peak are hence logically
left unattenuated. Alternative methods were proposed to tackle that
limitation by compensating the signal of those glycerol and olefinic fat
peaks with an equivalent voluntarily left-out methylene signal
[44,51,52]. A flip angle different from 90° is employed to retain a given
amount of magnetization of the main fat peaks that would null the peaks
close to water, when their transversal magnetizations are in-phase or
out-of-phase [52,53]. The FS pulse tested in our experiments on clinical
1.5 T MRI systems appears to follow that concept with a flip angle of
110°. It is important to note that following that approach, the effec-
tiveness of spectral fat saturation is contingent on the choice of specific
TEs, as observed in our experiments. Our study examined temperature
errors within the limited range of 37 °C up to 60 °C, because higher
temperatures damaged the oil-water tissue mimicking agar phantoms.
The minimal temperature of 37 °C was chosen to mimic clinical thermal
ablations, since the reference temperature influences the sensitivity of
PRES to the fat signal. During thermal ablation procedures, higher
temperatures may be encountered, which may result in larger temper-
ature errors.

Despite the presence of fat being known to cause temperature errors
in PRFS MR-thermometry, spectral fat suppression in not systematically
used in clinical practice [42,43,54-56]. Some clinical studies [57,58]
applied a binary mask to use different thermometry methods in areas
abundant in water and those rich in fat. Nevertheless, the selection of the
threshold value is based on empirical choices; typically, a water content
of at least 75 %-80 % is considered to yield negligible errors. In our
experiments without fat suppression, a fat percentage as low as 10 % in
the phantom results in maximal absolute error of 4.2 °C, within our set
of TEs between 10 and 20 ms and maximal absolute temperature of
60 °C. This maximal temperature error without fat suppression reaches
as much as 21.5 °C in the 30 % fat tissue-mimicking phantoms. There-
fore, caution should be taken when choosing a fat-ratio threshold for
MR-thermometry without fat suppression.

To address the limitations due to the presence of fat in PRFS ther-
mometry, it has been proposed to combine it with other MR-
thermometry techniques, such as relaxation time thermometry
[57,59-61]. However, these techniques usually rely on a tissue depen-
dent calibration process [62,63] to correlate temperature with relaxa-
tion times. It has also been demonstrated that this calibration step is not
necessary with relaxation time thermometry of specific fat components,
which would ask for fat-water separation [64].

Spectral fat suppression techniques vary in terms of pulse shape, flip
angle, duration, and timing in the chronogram, among the MRI-
manufacturers, which may impact the effectiveness of fat suppression
[44,53]. Tailored for diagnostic imaging, these approaches might not be
the most suitable for quantitative MRI, such as PRFS thermometry,
diffusion and CEST. The quantification of the effective attenuation of the
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spectral components of fat could support the design of specific spectral
fat suppression schemes tailored to the needs of quantitative MRI.

6. Conclusion

We propose to quantify the fat peak magnitudes for assessing the
efficiency of fat suppression techniques. The experimental evaluation
highlighted the intrinsic differences between the tested FS, WE and FWE
methods, in terms of effective attenuation of each spectral fat peak. In
the context of MR-guided thermal therapies, the remnant fat signal
despite FS or WE was shown to cause absolute temperature errors in
PRFS thermometry of several degrees in tissue-mimicking phantoms at
1.5 T. Users of quantitative MRI techniques such as PRFS thermometry
should be particularly aware of errors that can remain despite the use of
fat suppression techniques.
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