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Purpose: To develop a free-running 3D radial whole-heart multiecho gradient echo
(ME-GRE) framework for cardiac- and respiratory-motion-resolved fat fraction (FF)
quantification.

Methods: (Ntg=8) readouts optimized for water-fat separation and quan-
tification were integrated within a continuous non-electrocardiogram-triggered
free-breathing 3D radial GRE acquisition. Motion resolution was achieved with pilot
tone (PT) navigation, and the extracted cardiac and respiratory signals were com-
pared to those obtained with self-gating (SG). After extra-dimensional golden-angle
radial sparse parallel-based image reconstruction, FF, R,*, and B, maps, as well as fat
and water images were generated with a maximum-likelihood fitting algorithm. The
framework was tested in a fat-water phantom and in 10 healthy volunteers at 1.5T
using Ntg =4 and Nt = 8 echoes. The separated images and maps were compared
with a standard free-breathing electrocardiogram (ECG)-triggered acquisition.
Results: The method was validated in vivo, and physiological motion was resolved
over all collected echoes. Across volunteers, PT provided respiratory and cardiac
signals in agreement (r=0.91 and r=0.72) with SG of the first echo, and a higher
correlation to the ECG (0.1% of missed triggers for PT vs. 5.9% for SG). The frame-
work enabled pericardial fat imaging and quantification throughout the cardiac
cycle, revealing a decrease in FF at end-systole by 11.4% + 3.1% across volunteers
(p <0.0001). Motion-resolved end-diastolic 3D FF maps showed good correlation
with ECG-triggered measurements (FF bias of —1.06%). A significant difference
in free-running FF measured with Ntg =4 and Nt =8 was found (p <0.0001 in
sub-cutaneous fat and p < 0.01 in pericardial fat).

Conclusion: Free-running fat fraction mapping was validated at 1.5T, enabling
ME-GRE-based fat quantification with Ntg = 8 echoes in 6:15 min.
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MACKOWIAK ET AL.

1 | INTRODUCTION

MRI-derived proton-density fat fraction (PDFF) is consid-
ered a robust and reproducible noninvasive measure of
fat concentration within the MR research community.!
Cardiac fat quantification can aid in diagnosing patholo-
gies where adipose cells abnormally develop, within fat
depots in dilated cardiomyopathy? or within scar tissue of
the infracted myocardium leading to an increased risk of
arrhythmogenic right ventricular cardiopathy* and sud-
den cardiac death.>% Fat fraction (FF) quantification also
carries potential to characterize the complex metabolic
role of adipose tissues in obesity”® and diabetes,”! in
which increased amounts of epicardial, pericardial, and
peri-coronary fat alter the cardiovascular disease risk pro-
file.!1'2 Nevertheless, cardiac fat quantification with MRI
is seldom performed in clinical settings, where invasive
biopsies remain the standard measurement.

PDFF can be quantified using multiecho gradient echo
(ME-GRE) MRI sequences that acquire images at different
echo times.!3 Multiple echoes are needed to reliably sepa-
rate the signals in the presence of By field inhomogeneities,
which confound fat detection.!* Dedicated algorithms mit-
igate the effects of By '8 Ty,!%2° T,* 2 or noise,?? and
assume a fixed fat spectral model.?*2> Accurate fat quan-
tification requires a sufficient number of echoes Nrg
to resolve the multiple resonance peaks of triglycerides,
which lengthens the acquisition time and may limit clini-
cal translation. Because of motion, cardiac PDFF quantifi-
cations are typically performed during breath-holds and
use triggering devices such as electrocardiograms (ECG).
Therefore, such measurements are limited in the number
of echoes collected, or restricted in terms of organ cov-
erage. Although free-breathing techniques have enabled
whole-heart water-fat separation at 1.5T,%627 3T%2% and
7T, % they still relied on triggered acquisitions with Nrg
<4, and did not focus on quantification. Alternatively,
approaches that combine fingerprinting®'-33 or deep learn-
ing3* with ME-GRE have shown promising results for
fat quantification with various Nrg, but still required
breath-holding and ECG-triggering with restricted organ
coverage. To improve spectral resolution with an increased
number of echoes while maintaining scan efficiency, alter-
native motion management techniques are needed.

Recent free-running concepts using uninterrupted 3D
acquisitions enable whole-heart free-breathing MRI where
ECG time stamps help resolve cardiac motion retrospec-
tively.3®> Free-running sequences have a fixed scan time,
improve ease-of-use, and applications range from anatom-
ical imaging,*3® to coronary angiography,>* T, and
T, mapping,*'~** and flow measurements.* Advances in
respiratory motion compensation extended with a com-
pressed sensing (CS) reconstruction enabled cardiac- and
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respiratory-motion-resolved 5D imaging.*®*’ The addi-
tion of pilot tone (PT) technology*®* as an alternative
to self-gating (SG) for extracting physiological signals™®
allows sequence-independent motion monitoring. This
development could be particularly suitable for long or
repeated echo readouts, such as ME-GRE scans, which
typically have lower SNR.

To address the challenge of limited organ coverage
and restrictions on the number of echoes that can be
acquired, a 3D ME-GRE free-running approach was devel-
oped for FF quantification. The aim of the study was to
combine the strength of motion-resolved cardiac MRI and
advanced fat-water decomposition techniques to perform
multi-peak fitting of 3D whole-heart ME-GRE data, which
are resolved for cardiac and respiratory motion, with-
out needing triggering nor breath-holding. The approach
combines (1) an extension of the free-running acqui-
sition to multiecho sampling, (2) PT technology, (3)
robust CS reconstruction, and (4) a multi-peak fit-
ting routine for fat-water separation and quantifica-
tion, with 8 echoes. Phantom and healthy volunteer
experiments were performed to test whether the pro-
posed free-running FF mapping framework can provide
3D motion-resolved parametric maps of cardiac adipose
tissue.

2 | METHODS

Experiments were performed at 1.5 T (MAGNETOM Sola)
using a 12-channel body array equipped with an integrated
PT generator. Volunteers, n=10 (F=5 age [21;31] years
old, body mass index [BMI] [19.1;24.7]) provided their
informed consent and the study was approved by the local
Ethics Committee.

2.1 | Data acquisition, reconstruction,
and post-processing framework

2.1.1 | Sequence design

A prototype whole-heart 3D radial free-running GRE
sequence was modified to incorporate multiple echo read-
outs for each radial segment using monopolar readout
gradients (Figure 1). The phyllotaxis k-space trajectory
consists of radial segments grouped into interleaved spi-
rals, which are successively rotated by the golden angle.>!
The first radial segment of each interleaf is oriented along
the superior-inferior (SI) direction. The multiecho readout
scheme prolongs the time between two subsequent SI seg-
ments of the same echo time TE; (i=1, ..., Ntg)within the
echo train (Table S1). The SI segments are used to perform
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SG (see Section 2.1.3). The ECG signal was recorded during
the scan.

An ECG-triggered version of above sequence was
acquired, using the same trajectory, with data collection
performed during the diastolic resting phase.

2.1.2 | Acquisition parameters

Invitro

A fat-water phantom with 14 vials containing different
fat concentrations (see Figure S1 for details on phantom
design® and a comparison with a Cartesian acquisition)
was scanned using Ntg =8 and Npg = 5, to mimic, respec-
tively, the free-running and ECG-triggered sequences,
and with two RF excitation angles a=12° and a=6°.
Sequence parameters included: a pixel bandwidth of
890 Hz/px, a FOV size of 290 mm?3, an interecho spacing
of ATE=2.05ms, and TE; =1.25ms. The repetition time

echo dimension is fed to a
fat-water decomposition
algorithm, along with a reference
fat spectrum, to produce
separated fat and water images, as
well as fat fraction (FF), water
fraction (WF) and main field
deviation (By) maps.

was TR =17.02 ms in free-running and TR = 10.87 ms with
ECG-triggering.

Invivo

The prototype free-running sequence was designed with a
fixed acquisition time (TA) of 6:15 min and isotropic res-
olution of (2.0mm)? (Table 1). Ntg =8 echoes with an
interecho spacing ATE = 2.05 ms were collected with a tra-
jectory of 22 segments per interleave. The ECG-triggered
protocol had a matching FOV, spatial resolution, RF exci-
tation angle, receiver bandwidth, and a similar TA. The
ECG-triggered sequence is heart rate-dependent with an
average TA = 6:23 min. The time available for echo collec-
tion is limited by the cardiac resting phase period. There-
fore, the trajectory was set to 12 segments and 437 inter-
leaves in the triggered protocol. This enabled the collection
of Ntg =5 echoes while producing a similar phyllotaxis
pattern as in the free-running protocol (Figure S2), and a
slightly higher Nyquist sampling factor (Table 1).
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TABLE 1 MR sequence parameters for the free-running and

ECG-triggered ME-GRE acquisitions.
MR acquisition Free-running ECG-triggered

FOV size [mm3] 220 X220 X220 220 X 220 X 200

Spatial resolution [mm?] 2.0%x20%20 2.0x2.0x%2.0
RF excitation angle [°] 12 12

Receiver bandwidth [Hz/px] 893 893

TR [ms] 17.02 11.04

Nrg 8 5

TE,/ATE 1.25/2.05 1.25/2.05

TA [min:s] 6:15 [5:58; 6:64]
Nsegments X Ninterleaves 22 x 1000 12 X437
Nyquist sampling factor [%] 5.6 6.4

Note: Sequence parameters were chosen to maximize data collection within
a scan time of 6 min, with matching echo times (TE) and inter-echo spacing
ATE for the free-running and ECG-triggered acquisitions. The Nyquist
sampling factor corresponds to the ratio between the k-space lines within
one motion bin and the total amount of lines required for a fully sampled
reconstruction, expressed in %.

Abbreviations: ECG, electrocardiogram; ME-GRE, multiecho gradient echo.

The proposed free-running sequence induced specific
absorption rate (SAR) values ranging from 0.01719 to
0.02197 W/kg in the n =10 volunteers.

2.1.3 | Physiological signals extraction

The coil-integrated PT generator emits a continuous-wave
RF signal that is modulated by physiological motion. PT
functions at a frequency outside the MR band (62 MHz),
therefore, not disturbing image acquisition. The PT data
was used to compute 1D respiratory and cardiac signals
using principal component analysis (Figure 1), which were
then used to divide the raw data into two respiratory and
10 to 11 cardiac motion states. Respiratory motion was
addressed by selecting the radial views in the bin cor-
responding to end-expiration (~40%, as was done pre-
viously).>® Compared to previously published single-echo
free-running reconstructions,*47->0 the proposed multi-
echo framework uses a lower temporal resolution (90 ms
per cardiac bin) to guarantee an acceptable undersampling
factor (Table 1) for CS reconstruction, as well as sufficient
SNR toward the end of the long echo train.

2.1.4 | Motion-resolved image
reconstruction

The  k-space data were sorted into 6D
(x-y-z-cardiac-respiratory-echo) matrices according to

. . o . 925
Magnetic Resonance in MedlcmeJ—

the motion states and echo number. The first 220 radial
segments were discarded from the reconstruction to elim-
inate potential transient magnetization effects. The highly
undersampled motion-resolved datasets were recon-
structed using extra-dimensional golden-angle radial
sparse parallel (XD-GRASP)*>* and the alternating
method of multipliers (ADMM).> Regularization using
total variation® was applied spatially, as well as along
two motion-resolved dimensions. No regularization was
applied along the echo dimension, so the contrast vari-
ations between fat and water remained unaltered. The
same regularization, chosen to maintain a good trade-off
between visual image quality and motion compression
artifacts, was used for all 6D reconstructions (Figure S3).

All 6D reconstructions were performed using MAT-
LAB R2018b (The Mathworks) on a workstation equipped
with 2 Intel Xeon CPUs (Intel), 512GB of RAM, and a
NVIDIA Tesla GPU (Nvidia). Reconstruction time was
recorded using a built-in MATLAB clock.

Respiratory-motion-resolved image reconstruction of
the ECG-triggered acquisitions was performed with the
same algorithm, with matching regularization where nec-
essary.

2.1.5 | Fat-water separation and quantitative
parameters (FF, By, Ry*) estimation

The 6D datasets were post-processed to compute fat- and
water-only 5D (x-y-z-cardiac-respiratory) images as well as
parametric maps (FF, R,*, By) with an iterative graph cut
algorithm for fat-water separation,'®> part of the ISMRM
2012 Fat/Water Toolbox.>” The algorithm estimates the By
map and computes water and fat fraction maps through
fitting a 6-peak spectral fat model with a single T,* decay
component.?>>” Parameters included: a range of [0;100]
Hz for R,* estimation, a range of [—-400;400] Hz for the By
map, a number n =40 of graph cut iterations, and a regu-
larization A = 0.05. A spatial subsampling with factor R=2
was used to accelerate the By map estimation.

2.2 | Analysis
2.2.1 | Comparison of pilot tone and SG
for ME-GRE

Physiological signal extraction using PT was compared to
a SG approach. SG uses principal component analysis®®
on the repeated SI projections that encode motion from
all active receiver channels. Because eight subsequent SI
projections are acquired, the effect of the choice of SI pro-
jection for SG of multiecho acquisitions was tested in all
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volunteers by performing the SG signal extraction from the
eight sets of SI projections (labeled SG TE;,i=1, ..., 8)and
comparing it to signals extracted from PT and the reference
ECG trace. A Pearson correlation analysis was performed
to determine which SG TE; source provides the closest
match to PT and to determine the variability between the
different sources. The influence on motion binning was
determined by computing a percentage of binning differ-
ence to PT. This metric corresponds to the ratio of k-space
segments placed into a different bin than the one selected
using the PT signal, over the total number of segments.
Additionally, a visual comparison was performed on the
reconstructed images.

Because SG signals are derived from 3D radial imag-
ing data, they may contain trajectory-made frequency
components that are non-physiological and require
filtering*’ (Figure S4). To determine the amount of
trajectory-dependent information embedded within the
SG cardiac signals extracted from each TE, a metric of
spectral power removal was used. Spectral power removal
corresponds to the percentage of spectral density power
removed from the original frequency spectrum after the
trajectory-dependent frequency component filtering.*’
This metric informs on the impact of gradient delays and
eddy currents on the recorded signal.

Cardiac signals extracted from all sources were also
compared to the ECG trace. The mean durations of
the cardiac cycle were compared to those measured by
the ECG. The number of trigger points throughout the
free-running acquisition was reported for the ECG and
the other sources, and the percentage of missed triggers
(with respect to ECG triggers) was computed. Moreover,
the trigger jitter (i.e., the SD of the difference between
the time stamps of the ECG triggers and that of each
source) was measured. This last metric informs about the
accuracy of cardiac cycle length estimation, as the trigger
points of each source are not matched with the ECG trig-
ger time; PT triggering is performed on the local minima of
the extracted cardiac signal, whereas SG triggering is per-
formed on the zero-crossing point (Figure 4B). Therefore,
the trigger jitter measures a deviation across pairs of asso-
ciated trigger points between the ECG and each evaluated
source.

2.2.2 | Parametric mapping analysis

To analyze FF maps, regions of interest (ROIs) were drawn
in pericardial fat and sub-cutaneous fat for a static ref-
erence. ROIs were drawn based on the visual assessment
of the fat-only images. For each tissue type, two ROIs
were drawn, both in free-running and in ECG-triggered
data. The average FF and SD was computed across cardiac

motion states, at expiration. The FF from triggered
datasets were compared to those from the diastolic rest-
ing phase in the free-running data by linear regression and
Bland-Altman analyses.

2.2.3 | Impact of echo train length

To test the impact of Npg on fat quantification,
free-running data were undersampled by selecting only
the first four echoes (from TE; = 1.25 ms to TE; = 7.40 ms).
The FF maps obtained with Ntg=4 and Nrg =8 were
compared. The average FF over 10 end-diastolic, expira-
tory slices in two ROIs in each tissue type was computed.
Paired parametric t-tests (GraphPad Prism) were per-
formed in each tissue to determine statistically significant
differences.

2.24 | Impactof T; bias

Because of the shorter T; relaxation time of fat com-
pared to water-based tissues, the fat signal measured
with GRE imaging is amplified by a factor k, which
depends on the RF excitation angle.'®?> When defining
the true fat fraction as FFyu. =F/(W +F) where F and
W are the respective amplitudes of fat and water sig-
nals, the measured fat fraction FFpeasurea deviates from
FFyue SO that FFeasured = KF/(W + kF). To evaluate the
impact of T; bias, numerical simulations of the Bloch
equations (MATLAB 2021a, The MathWorks) and phan-
tom experiments were performed. The signal evolution
of myocardial and fat tissues was simulated for both
the free-running (TR=17.02ms) and the ECG-triggered
(TR=11.04 ms) sequences, for a range of RF excitation
angles a € [1;25]°. The relaxation times were T; =996 ms
and T,=47ms for myocardium,*® and T; =343 ms and
T,=58ms for sub-cutaneous fat at 1.5T.°® For the
ECG-triggered sequence, a cardiac cycle length of 900 ms
was assumed. The measured fraction FFyea5ureq Was plot-
ted as a function of FF.. for the choice of RF excitation
angle o =12° used in volunteers.

In vitro, the same fat-water separation post-processing
was performed as described in volunteer experiments. The
FF average and SD was measured in phantom vials across
15 slices and compared to reference values obtained with
MRS performed at 9.4T. Following the methodology of
Yang et al.,?% a T; bias correction was performed using T;
estimates (Tyg =340 ms and Tiwater = 1350 ms measured
with inversion recovery turbo-spin-echo MRI)®* on the
separated images, and corrected FF values were also cal-
culated and compared with MRS.

In volunteers, T; bias correction was performed to
adequately compare the free-running and ECG-triggered
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FIGURE 2 Impactof T, bias in numerical simulations and in a phantom> with controlled fat fractions. Using Bloch simulations,

simulated fat and myocardium signals are plotted for different RF excitation angles in a free-running and in an electrocardiogram
(ECG)-triggered sequence (A). The blue dotted line indicates the expected signal amplitudes in the current study when using an RF
excitation angle a =12°. In (B), the measured fat fraction (FF) obtained with o= 12° is plotted as a function of the true FF, for the
free-running and ECG-triggered sequences. In phantom experiments, the average FF measured in maps obtained with free-running (C) and
ECG-triggered (D) sequences, with RF excitation angles a =12° (blue), a = 6° (green), is shown as a function of ground truth FF measured
with MRS. T; bias-corrected values from the o =12° protocols are shown in orange on the graphs (C,D). Although the reduced flip angle
approach reduced the bias of T to a certain degree, the correction based on T; estimates completely eliminated it.

FF maps: for each sequence, the bias estimated from the
simulation experiments described above was used.

2.2.5 | Blind scoring

A blind scoring of the water-only and fat-only images and
the FF maps with respect to motion resolution, presence
of residual sampling artifacts and tissue delineation was
performed by two engineers experienced in radial com-
pressed sensing, following a 5-point Likert scale.®?> More
information and results can be found in Table S2.

3 | RESULTS

3.1 | Numerical simulations and
phantom experiments

3.1.1 | Numerical simulations

A fatsignal amplification factor of k = 1.5854 was found for

an RF excitation angle of 12° (Figure 2A,B, dashed curves).
For the ECG-triggered sequence, this factor was k =1.1610

(Figure 2A,B, plain curves). This translated into different
correction curves for the free-running and ECG-triggered
sequences, where the largest deviation was measured at
11.4% for FFy,e =44.3% with the free-running sequence,
and FFy. =48.1% with a deviation of 3.8% (Figure 2B).

3.1.2 | Phantom experiments

Both the free-running and ECG-triggered protocols
demonstrated large deviations because of T; bias. Even
with a reduced flip angle approach (x=6°) the bias
was not completely eliminated (Figure 2C,D). After bias
correction with known T; estimates, the regression anal-
ysis with respect to the MRS controlled FF produced
a line described by y=1.02x — 0.67 (r*=0.995) for the
free-running protocol and y =0.99x + 1.73 (r* =0.998) for
the ECG-triggered protocol.

3.2 | Motion-resolved multiecho image
reconstruction

PT navigation successfully extracted both cardiac and res-
piratory motion in all 10 healthy volunteers, allowing the
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Multiecho compressed sensing reconstruction with extra-dimensional golden-angle radial sparse parallel

(XD-GRASP)-alternating method of multipliers (ADMM). The effect of XD-GRASP on the different contrast images (at echo times TE,, TE,,
and TEg) collected with the pilot tone (PT) free-running multiecho gradient echo (ME-GRE) acquisition is shown in (A) the coronal plane in
healthy volunteer V6 and (B) the sagittal plane on healthy volunteer V7. The framework allows recovering of the anatomy absent from the
highly undersampled regridded data (5.6% Nyquist), while preserving the contrast change needed for chemical species separation. In
comparison, the electrocardiogram (ECG)-triggered 5-echo acquisition (6.4% Nyquist) reconstructed with the same framework displays a
slightly higher visual sharpness (B, yellow arrows), but is noisier than the free-running images. The ECG-triggered image at TE, shows some
signal loss and blurriness in the liver that is less visible in the PT free-running data (A, blue arrows).

echo-specific visualization of motion frames correspond-
ing to the expiration phase of the respiratory cycle, and
the end-diastolic phase of the cardiac cycle (Figure 3 and
Figure S3). The 10 (11 bins for volunteer V6 who had the
longest mean cardiac cycle) cardiac bins had a bin length
between [74.5;102.5] ms, with an average bin length of
90.7 ms across volunteers.

The average XD-GRASP reconstruction time for the 10
6D free-running datasets was 5 h 05 min + 1 h 10 min. For
the 10 5D ECG-triggered datasets, the average reconstruc-
tion time on the same workstation was 26 + 4 min.

Free-running images were in visual agreement with
reference ECG-triggered images obtained at the diastolic
resting phase in terms of anatomy, and showed for each
TE anatomical features that cannot be recovered from
heavily undersampled data without CS (Figure 3). In addi-
tion to signal loss along the echo dimension, additional
blurriness at organ interfaces (heart-liver, lung-liver) was
also observed at TEg, compared to TE; and TE,. Despite
more data used for each 3D volume reconstructed from
the triggered acquisition (6.4% Nyquist against 5.6% for
free-running) and the use of the same PT-based respira-
tory motion correction, signal losses outside the heart were
observed in triggered images that were much attenuated in
free-running images (Figure 3).

3.3 | Comparison of pilot-tone and SG
for ME-GRE

Respiratory signals extracted from the SG sources showed
good consistency across echoes, with an average Pearson
correlation to PT r>0.93 across volunteers (Table 2). As
illustrated in volunteer V1, the SG respiratory signals from
the first two and the last two recorded echoes showed
good agreement with PT, despite a smaller peak-to-peak
amplitude reported for PT over the respiratory cycles dis-
played (Figure 4A). Higher correlation was found across
the volunteers for the first two echoes (Table 2). Only the
selection of TEg as a source tends to increase the devia-
tion from PT binning (18.6% compared to 11% for other
sources).

For cardiac motion, variability was observed in the
detected cardiac frequency fcarp When a different TE
source is used, which is visualized in volunteer V1 over
a dozen cardiac cycles in Figure 4B. Overall, the corre-
lation to PT was poorer for cardiac than respiratory sig-
nals, with the best correlation at r=0.72 achieved with
SG TE;, and the weakest correlation at r=0.36 with
SG TE; across volunteers (Table 2). It is worth noting
that large SDs were observed across volunteers for this
metric.
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FIGURE 4 Comparison of pilot tone (PT)-based and self-gating (SG)-based physiological signal extraction in V1 and effect on water-only
images. (A) Respiratory curves over a 12 s time interval for healthy volunteer V1, obtained from PT data and from the superior-inferior
projections of respective echo times TE,, TE,, TE;, and TEg. (B) Corresponding cardiac signals over the same time interval. Although the SG
signals from the first two echoes show good correlation with PT, the signals from SG TE; and SG TE; present an offset with respect to PT. SG
and PT trigger points extracted from each source are shown on the lower line, alongside with the electrocardiogram (ECG) triggers for
reference. ECG trigger points correspond to the R-wave, SG trigger points correspond to the zero-crossing (dotted line) of the extracted SG
signal, and PT trigger points correspond to the local minima of the extracted PT signal. In V1, a main cardiac frequency fcarp = 1.03 Hz was
extracted from SG TE; and TE,, whereas fcarp = 0.75 Hz was reported with SG TE,;. The reference ECG yielded a mean cardiac cycle length
of 1005 ms (Figure S5), corresponding to a main cardiac frequency fcarp = 1.00 Hz. (C) Transverse mid-systolic and late-diastolic water-only
images obtained from the proposed free-running sequence using the SG signals extracted from TE; (left), TE; (middle), and using PT signals
(right). For both cardiac phases, images from all three physiological signal sources are in good visual agreement. Close-ups of the regions
containing the right coronary artery (RCA) show no difference between SG TE; and PT, but loss of contrast and additional blur at SG TE,.
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TABLE 2 Comparison of PT-based and SG-based physiological signal extraction parameters in volunteers.
% Spectral  Pearson’s Pearson’s % Binning % Binning % Missed
power r correlation to  r correlationto difference to differenceto ECG ECG trigger
Source removed PT, respiratory  PT, cardiac PT, respiratory  PT, cardiac triggers jitter [ms]
SG TE; 92 +5 0.96 +£0.01 0.72 +£0.32 12+2 15+4 59+44 69 +22
SG TE, 60 +£13 0.96 +£0.03 0.51 +0.24 12 +2 14 +4 6.8 +9.6 87 +24
SG TE; 58 +10 0.94 +0.06 0.54 +0.31 12 +2 13+4 9.0+12.8 132 +92
SG TE, 32+11 0.93 +0.10 0.66 +0.26 11+2 12 +4 54 +8.5 68 +22
SG TE;s 307 0.92 £0.11 0.52 +£0.32 12+2 13 +4 10.8 +14.1 65 +26
SG TE¢ 29 £7 0.92 +£0.11 0.60 +0.29 11+1 13 +4 6.9 +9.5 57 +16
SG TE, 21+9 0.92 +£0.11 0.36 +0.31 11+2 13+4 13.9 +14.5 118 +£102
SG TEg 28 +6 0.91 £0.12 0.56 +0.30 19+3 13+3 8.5+14.0 85+55
Pilottone 0 1 1 0 0 0.1+£0.1 23+14

Note: The number of SI readouts is repeated by the number of acquired echoes (Nyg), which was 8. The cardiac and respiratory signals reconstructed from the
8 different SG and one PT sources are compared by quantification of the following metrics: percentage of spectral power filtered out because of trajectory
dependencies (see Figure S4), Pearson correlation coefficient with respect to PT, percentage of difference in binning with respect to PT, percentage of missed
trigger points with respect to the reference ECG, and ECG trigger jitter. All reported metrics are given as a mean and standard deviation.

Abbreviations: ECG, electrocardiogram; PT, pilot tone, SG, self-gating, SI, superior-inferior.

The percentage of spectral power removal decreased
with increasing source echo time (Table 2). With SG
TE; as source, an average of 92% of frequency compo-
nents were identified as trajectory-dependent and there-
fore, filtered out. However, using the next echo TE, as
source, this number dropped to 60%. A steady reduc-
tion was seen with the use of successive TEs, with the
lowest number reported for TE;. However, no particu-
lar trend across echoes was observed in the percentage
of binning difference with respect to PT-based binning
(Table 2).

The trigger points from the PT cardiac signals had the
best match to ECG triggers, with a trigger jitter of (23 + 14)
ms across volunteers and 0.1% of missed triggers. SG TE,
had the largest deviation from both the PT source and the
ECG signal across volunteers, with an average trigger jitter
as large as (118 +102) ms.

No differences in the chest respiratory positions could
be observed, indicating similarity in respiratory signals
used for binning. Despite the higher variability in cardiac
motion characteristics, the effect on reconstructed images
was minor, but visible in the water-only images identified
at end-systole and at mid-diastole for SG TE;, SG TE,, and
PT (Figure 4C). All three sets of images displayed overall
good visual agreement and homogenous fat suppression in
both the chest and the heart. However, closer inspection
of the region containing the right coronary artery (RCA)
showed that the images binned based on SG TE; signals
were blurrier, with a slight loss of contrast in the RCA at
diastole.

3.4 | Water-fat separation
and parametric mapping

The average post-processing time was 2 h 43 min + 7 min
for free-running and 14 min 37 s + 18 s for triggered acqui-
sitions.

Water-fat separation with graph cut was successful in
all volunteers, without water-fat swaps or motion ghost
artifacts. In the maps (Figure 5), no displacement of the
expected static (chest, spine) regions was seen, nor ghost-
ing, indicating that respiratory motion compensation was
achieved and that cardiac motion compensation did not
interfere with organs and tissue in the periphery of the
FOV. The displacement of the fatty regions of the heart was
clearly observed (Figure 6, animated GIF in Video S1).

Despite the lack of blood-to-myocardium contrast
inherent to GRE imaging, the water-only images provided
good visualization of cardiac anatomy, with complete
absence of fatty tissue, enabling the visualization of the
RCA (Figure 5A, top and Figure 6C). In the correspond-
ing fat-only images (Figure 5A, bottom and Figure 6D), 3D
visualization of pericardial fat was possible, particularly in
coronal orientation around the right atrium and left ven-
tricle. Sub-cutaneous fat-based tissues appeared brighter
than cardiac fat tissues; such differences are more appar-
ent in the co-registered quantitative FF and water fraction
maps displayed with a color gradient (Figure 5B).

In addition, the proposed framework produced car-
diac and respiratory motion-resolved 3D maps of R,*
(Figure 6C, Video S1.c) and B, (Figure 6F, Video S1.f).
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Water—fat separation and quantification obtained with the proposed framework. On (A), water-only and fat-only images of

healthy volunteer V1 are shown, as obtained after post-processing reconstructed 6D imaging volumes with a maximume-likelihood graph cut

fitting algorithm. On (B), the corresponding parametric maps of water fraction and fat fraction are displayed. Slice position with respect to

the three traditional MRI views (transversal, coronal, and sagittal) is indicated on (A) by the colored lines.

FIGURE 6

-125

Respiratory and cardiac motion-resolved parametric maps in healthy volunteer V3: (A) fat fraction, (B) water fraction, (C)

R,*, and (F) By, and separated fat-only (D) and water-only (E) images (see Video S1. for the animation). Transversal, coronal, and sagittal
views of the heart at end-expiration are displayed in (A), (B), (D), (E), and (F), whereas (C) displays a different set of slices, selected to
highlight the myocardium delineation in the R,* maps. The animation presented in Video S1 loops through the cardiac cycle.

R,* values measured in the myocardium were within
the expected range for healthy subjects (R,*<50Hz i.e.,
T,* > 20 ms). Elevated values (R,* > 70 Hz) were detected
at the interfaces with the liver and the lungs. Compared
to the FF and water fraction maps, the R,* maps dis-
played a higher SD across the heart, with a more granular
aspect, making cardiac motion less visible. The By maps
showed good homogeneity in the heart, without variations
across the cardiac cycle. Off-resonance deviations were
observed outside the heart, with deviations up to 100 Hz
seen in the liver. Changes in By across the cardiac bins were
only observed within air-filled regions (lungs and FOV

periphery).

Measurements in sub-cutaneous fat were not affected
by motion binning, with constant FF measured through-
out the cardiac cycle in all volunteers (Figure 7A).
However, the FF measured in the pericardial fat varied
across bins. A consistent pattern was found in all sub-
jects, although to a different extent, with reduced FF
at end-systole compared to mid-diastole (45.7% +8.3%
against 59.1%+14.9% in V4, 59.0%+16.5% against
66.0% + 10.0% in V10 after T, bias correction). The average
decrease in FF observed during end-systole across volun-
teers was 11.4% + 3.1% after T, bias correction. Inspection
of the corresponding By, maps (Figure 7C) revealed no
deviations from one cardiac bin to the next, therefore,
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FIGURE 7 Fatquantification throughout the cardiac cycle, after T; bias correction. The proposed multiecho gradient echo (ME-GRE)
free-running framework allows quantitative visualization and measurement of cardiac fat content at each phase of the cardiac cycle. (A)
Average fat fraction and SD measured in regions of interest (ROIs) placed within two tissue types: sub-cutaneous fat and pericardial fat, at
expiration. TR-adjusted T; bias correction based on T; estimates was performed according to the level of bias in the free-running and
triggered sequence. In the free-running images, fat fraction was measured in each of the 10 (respectively 11 for volunteer V6) cardiac phases
that were re-ordered to place end-diastole at the start (cardiac bin 1). Diastolic resting phase in the free-running images is identified with the
white horizontal striped pattern. The matching ROIs reference measurements in electrocardiogram (ECG)-triggered datasets (corresponding
to diastolic resting phase) are shown in red borders on the left-hand side of each sub bar plot, with the label “trig.” (B) Transversal cardiac fat
fraction (FF) maps of healthy volunteer V3, at each cardiac bin as labeled in (A). The displacement of pericardial fatty regions can be
followed throughout the cycle. The corresponding slice of the FF map obtained with the 5-echo ECG-triggered protocol is shown on the left,
with red borders. (C) Corresponding B, maps, which show deviations from the main magnetic field because of system-level imperfections
and susceptibility effects. B, mapping constitutes an important step of fat quantification techniques with ME-GRE, as the off-resonance
caused by the presence of fat has to be decoupled from other sources of off-resonance to be quantified accurately. The corresponding slice of
the By map obtained with the 5-echo ECG-triggered protocol is shown on the left, with red borders.

excluding B, inhomogeneities as cause of the observed  FF map had an apparent sharper delineation of the peri-
FF variations. Higher SDs were reported in pericardial  cardial fatty tissue, where the free-running maps showed
fat than in sub-cutaneous fat. The average FF measured  fatty regions spread over larger areas (Figure 7B).

in the ECG-triggered images was elevated with respect Although the free-running FF maps obtained from pro-
to the free-running diastolic images in six volunteers  cessing Nrg=4 or Npg =38 visually agreed (Figure 8A),
(Figure 7A). A Bland-Altman analysis showed a bias of  significant differences were found in both sub-cutaneous
—1.06% between the average pericardial FF measured  (p<0.0001) and pericardial fat (p <0.01) FF measure-
in the free running maps identified as diastolic and the =~ ments when Nrg is reduced (Figure 8C). The influence
ECG-triggered maps, with 95% limits of agreement at  of a reduced Ntg on R,* quantification was directly dis-
[—8.70;6.58]% (Figure S6). Smaller SDs were observed in cernible from the maps (Figure 8B). Undersampling in
the ECG-triggered FF maps. Visually, the ECG triggered  the echo dimension resulted in noisy maps, disrupting the
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- pericardial fat

Influence of N1g on fat quantification. (A) 3D fat fraction maps obtained with the proposed multiecho gradient echo

(ME-GRE) free-running framework, using Ntg = 8 (top) and N1g =4 (bottom) echoes for chemical species separation and quantification, in

volunteer V2. Perfect visual agreement between both sets of images can be observed. (B) 3D R,* maps obtained with the proposed ME-GRE

free-running framework, using Ntg = 8 (top) and N1g =4 (bottom) echoes in volunteer V2. If a basic delineation of the myocardium muscle is

visible in all three orientations with 8 echoes, the undersampled R,* maps lose this sighting because of high granularity. (C) Average fat

fraction in sub-cutaneous and pericardial fat regions of interest (ROIs) measured in 10 selected slices, for all volunteers. The same ROIs were

used in both fully sampled and undersampled maps. A paired parametric t-test reveals a highly significant difference (p <0.0001) in

sub-cutaneous fat measurements, with a consistent underestimation of the fat content measured with Ntg = 4 between volunteers. In

pericardial fat, the influence of Ntg on fat quantification was also detected, but at a lower level of significance (p < 0.01).

visualization of anatomy such as myocardium delineation
that was present with Ntg = 8.

4 | DISCUSSION

This study demonstrates the feasibility of free-running
whole-heart ME-GRE based fat fraction mapping using
retrospective motion resolution based on PT signals
and XD-GRASP. The free-running FF mapping approach
with PT permits the collection of an unlimited num-
ber of echoes, therefore benefiting mapping accuracy. In
the current proof-of-concept study, Ntg =8 echoes were
acquired in a relatively short scan time (6:15 min) for 3D
whole-heart coverage, whereas only Ntg = 5 echoes could
be acquired in a corresponding ECG-triggered acquisition

with similar TA. With the proposed free-running ME-GRE
framework, signal decay as a result of T,* relaxation pro-
vides the only limitation on Nrg.

Cardiac motion signals extracted from PT showed an
improved correlation with the reference ECG trace than
SG signals, confirming previous findings.*® PT naviga-
tion strategies have several advantages compared to SG
strategies. First, PT navigation provides a constant and
higher sampling frequency (2kHz). Second, PT signals
are insensitive to the underlying trajectory, unlike SG sig-
nals, which require a correction for trajectory-dependent
signal modulation.*’” Finally, scan time could be further
shortened by removing the SI projections. In the current
sequence design, the frequency of SI readouts decreases
with increasing Nrg, therefore affecting temporal resolu-
tion: with Ntg = 8, the SG sampling frequency was 2.67 Hz,
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which may hinder cardiac rhythm detection. Although it
was not observed to be a limitation in the current healthy
volunteer study, it is a potential hurdle for signal extraction
in patient populations with abnormal or altered cardiac
rhythm. In such cases, PT would remove the need for
signal extrapolation, which is otherwise required. Further-
more, the analysis of SG signals extracted from various
echoes demonstrated that some frequency components, in
particular toward the end of the echo train where SNR is
decreased, do not accurately depict cardiac rhythm and
therefore, introduce motion blurring. However, despite
differences in cardiac signals from the PT and SG sources,
the effect on image quality after water—fat separation was
minor at (2 mm)? spatial resolution. Based on these find-
ings, PT navigation may especially benefit methods where
>12 echoes are required, such as T,* or complex fat
models. Alternative PT-like methods, such as Beat-PT,%?
have shown promising results for accurate triggering and
could be considered to further improve the cardiac signal
extraction. Otherwise, SG extraction techniques based on
k-space center information could be considered as a way
to increase the frequency of motion sampling,38:41:42.64

The use of XD-GRASP in this study allowed to recover
anatomy that is otherwise barely distinguishable with a
simple regridded reconstruction of the heavily undersam-
pled ME-GRE radial data. The reconstruction framework
also maintained the contrast changes expected from one
echo to another in ME-GRE, and images were in agree-
ment with the reference ECG-triggered ones. Although
other free-running studies make use of bSSFP readouts
and report strong aliasing because of bright adipose tis-
sue in non-fat suppressed highly accelerated scans,*® our
reconstructed ME-GRE images did not exhibit such arti-
facts. The current sequence design did not allow for under-
sampling in the echo dimension, as was done previously,®
where each subsequent echo had a different trajectory.
This approach, as well as rosette-like trajectories®® where
the acquisition of multiple “petals” mimics a multiecho
scan, could be exploited to reduce scan time.

The free-running ME-GRE framework enabled quan-
titative fat measurements across the cardiac cycle, which
allows to select a preferred frame for various adipose tis-
sue characterization,%” and in the current volunteer study,
a variable FF pattern was consistently observed as a func-
tion of time, indicating an heterogeneity of the pericardial
fatty tissue. This result suggests that motion-averaged or
frozen-motion (i.e., triggered) visualizations might only
allow for partial or incomplete tissue characterization, a
finding that can be linked to similar reports on the effect
of respiratory motion on R,* quantification in the liver.®3-6°
It remains to be determined whether the observed varia-
tion is physiological, or whether ROI drawing on (2 mm)?
spatial resolution maps might have affected the results.

Because no By variations were detected in the heart across
the cardiac phases, the observation is not related to By
main magnetic field. The By maps produced by the frame-
work mainly serve to separate water and fat, but could
have the potential to detect and correct errors or artifacts
in images acquired during the same CMR exam that are
sensitive to off-resonance.” Despite the visual agreement
between FF maps obtained with 4 and 8 echoes, significant
differences in FF in both static and moving tissues suggest
that higher echo sampling benefits mapping accuracy. This
is further corroborated by the difference in sub-cutaneous
fat FF measurements between the 5-echo ECG-triggered
acquisition and the 8-echo free-running acquisition, even
after TR-adjusted correction from T, bias. If a reduced flip
angle approach is commonly used for Ty bias reduction,
phantom results suggest that an a posteriori correction
based on T; estimates, whereas requiring extra informa-
tion might be better suited for the proposed framework as
it would allow maintaining higher SNR, following the con-
clusions of Yang et al.° T, bias could be circumvented with
the use of emerging FF quantification methods, which
use different ways to encode off-resonance,”’ but are not
applicable to ME-GRE data.

Although the same reference fat spectral model was
used throughout all the experiments in this study,” the
sampling of Ntg =8 echoes would allow to test different
models, including ones with various amounts of peaks
(theoretically up to Nrg-2=6 peaks)'®?* or ones based
on cardiac fatty tissue. Future investigations could, there-
fore, include the use of self-calibrated spectra, as reported
by several studies.?>’? Although not explored in the cur-
rent study, the R,* quantification and the resulting R,*
map suggest that a delineation of the myocardial muscle
is possible. The current framework could, therefore, be
used for the simultaneous assessment of myocardial iron
overload,”®7* by extending it to bi-exponential relaxation
models for a refined estimation.”76

Although the water-fat quantification methods
(T,*-IDEAL, graph cuts algorithm) have been validated
thoroughly in phantoms,?*7” a ground truth measurement
for pericardial FF could not be performed in this volunteer
study. Besides invasive biopsies and PDFF measured with
MRS, which are focal measures, there currently exists no
noninvasive reference measurement for whole-heart FF
in vivo.

To maintain a reasonable scan time, the data was heav-
ily undersampled and therefore, the binning limited to
10 to 11 cardiac and 2 respiratory phases (Figure S7).
Consequently, high regularization was used in the CS
reconstruction, allowing to suppress residual sampling
artifacts, but at the expense of slightly compressing the
motion, as exhibited by the Likert scores in motion res-
olution (Table S2). This limitation could potentially be
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overcome by performing motion compensation in the res-
piratory domain.”® Subsequently, this would allow for a
cardiac motion-resolved reconstruction with an increased
number of cardiac bins” and the recovery of a higher
Nyquist factor. Furthermore, the addition of motion fields
within the reconstruction may provide improved image
sharpness and visualization of cardiac fat.?6 The use of a
motion-consistent approach based on clustering could also
be integrated in this type of golden-angle acquisition.’°

An additional challenge is the absence of large vol-
umes of fat tissue in our volunteers, which at (2.0 mm)?
resolution restricts the number of voxels available for
quantitative and statistical analysis and makes segmen-
tation more difficult. Future work in patients (display-
ing wider ranges of FF) would allow for a comparison
with invasive biopsies and may help determine whether
the proposed framework, at increased spatial resolu-
tion, allows for a distinction of epicardial versus peri-
cardial fat, within the frame of coronary artery disease
assessment. 5182

By incorporating an additional echo dimension within
the free-running framework, the present study con-
stitutes a preliminary step toward easier access to
whole-heart fat quantification, whereas the presence of
cardiac fat as an imaging biomarker undergoes early stage
validation.

5 | CONCLUSION

In this study, an MRI framework incorporating a
free-running ME-GRE sequence, integrated PT naviga-
tion, a robust CS reconstruction, and a multi-peak fat
fraction mapping routine was proposed for whole-heart
water-fat separation and quantification. The frame-
work combines ease-of-use, robustness to motion, and
whole-organ fat quantification without compromising on
the number of collected echoes, in a scan time of 6:15 min.
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