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Abstract

Purpose: Chemical shift encoded (CSE)-MRI enables quantification of proton density fat
fraction (PDFF) as a biomarker of liver fat content. However, conventional 3D Cartesian CSE-
MRI methods require breath-holding. A motion-robust 2D Cartesian sequential method addresses
this limitation but suffers from low SNR. In this work, a novel free breathing 2D Cartesian
sequential CSE-MRI method using a variable flip angle approach with centric phase encoding
(VFA-centric) is developed to achieve fat quantification with low T bias, high SNR, and minimal
blurring.

Methods: Numerical simulation was performed for variable flip angle schedule design and
preliminary evaluation of VFA-centric method, along with several alternative flip angle designs.
Phantom, adults (n = 8), and children (n = 27) were imaged at 3T. Multi-echo images were
acquired and PDFF maps were estimated. PDFF standard deviation was used as a surrogate for
SNR.

Results: In both simulation and phantom experiments, the \VFA-centric method enabled higher
SNR imaging with minimal T, bias and blurring artifacts. High correlation (slope = 1.00, intercept
=0.04, R? = 0.998) was observed in vivo between the proposed VVFA-centric method obtained
PDFF and reference PDFF (free breathing low flip angle 2D sequential acquisition). Further, the
proposed VFA-centric method (PDFF standard deviation = 1.5%) had better SNR performance
than the reference acquisition (PDFF standard deviation = 3.3%) with p<0.001.

Correspondence Diego Hernando, Department of Radiology, University of Wisconsin-Madison, Madison, WI, 53705, USA,
dhernando@wisc.edu.
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Conclusion: The proposed free breathing 2D Cartesian sequential CSE-MRI method with
variable flip angle approach and centric-ordered phase encoding achieved motion robustness, low
T4 bias, high SNR compared to previous 2D sequential methods, and low blurring in liver fat
quantification.

Keywords

Free breathing; Liver fat; 2D Cartesian; Variable flip angle; Low T, bias; High SNR; Low blurring
artifact

11 INTRODUCTION

Abnormal intracellular accumulation of trigylcerides within hepatocytes is the hallmark and
earliest feature of nonalcoholic fatty liver disease (NAFLD)[1, 2, 3]. NAFLD consists of a
continuum from isolated hepatic steatosis (HS) to steatohepatits (NASH) and can progress to
fibrosis, and eventually cirrhosis, including the development of portal hypertension, liver
failure and hepatocellular carcinoma[1, 2, 3]. Further, hepatic steatosis confers a
substantially elevated risk of developing type 2 diabetes[4] and is an independent risk factor
for cardiovascular diseases[5, 6, 7, 8]. The prevalence of NAFLD is high in the general
population as well as among children, especially overweight children. In the United States,
an estimated 15% of children are overweight or obese with excess fat deposition in the
liver[9, 10]. Lifestyle interventions (primarily aimed at weight loss) may be effective in
NAFLD patients[11]. Given the high prevalence and associated risks, there is an urgent need
for non-invasive and accurate liver fat quantifcation, particularly for pediatric patients.

Chemical shift encoded (CSE)-MRI methods for liver fat quantifcation have been developed,
validated, and applied in multiple studies. Upon correction for relevant confounding factors,
including the presence of R2* relaxation, spectral complexity of fat, and T bias, these
methods provide reliable and reproducible mapping of proton-density fat fraction (PDFF), a
quantitative MR imaging biomarker of triglyceride concentration (i.e., ratio of MR-visible
triglyceride protons to all MR-visible protons). Generally, three-dimensional (3D) CSE-MRI
acquisitions obtained in a single 20-second breath-hold are used for liver PDFF
mapping[12,13,14,15]. Although these methods are reliable for many patients, substantial
image artifacts and unreliable quantifcation are common in patients who are unable to
sustain such prolonged breath-holds[16]. Children, elderly, and sick patients may not be
capable of sustaining such prolonged breath-holds, resulting in unreliable fat quantifcation
using standard 3D CSE-MRI methods.

In order to overcome this challenge, several motion-robust CSE-MRI methods have been
proposed. Respiratory-gated 3D Cartesian CSE-MRI methods using respiratory bellows or
navigators have demonstrated promising performance for liver fat quantification[17].
However, 3D Cartesian methods generally contain residual motion artifacts, particularly in
the presence of irregular breathing. As an alternative, 3D non-Cartesian methods have shown
potential to enable motion-robust free breathing (FB) CSE-MRI acquisitions. Specifcally,
3D stack of stars (FB radial) approach has been recently shown to provide reliable PDFF
mapping during free breathing with excellent image quality[18]. Despite the promising
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performance of non-Cartesian methods, the vast majority of clinical and research CSE-MRI
acquisitions are based on Cartesian acquisitions, which are highly robust (across different
vendors, different feld strengths, and different acquisitions[27, 40]) and enable simple
reconstruction methods.

In order to improve motion robustness with Cartesian acquisitions, rapid single-shot 2D
Cartesian sequential CSE-MRI has been recently proposed[19, 16]. This approach
dramatically decreases the acquisition time required for each slice (i.e., short temporal
footprint on the order of 1 second), which effectively freezes breathing motion. Importantly,
this method uses a low flip angle (typically 3°-4° at 3T) to avoid T bias[12, 20] in PDFF
measurement. Although effective for avoiding bias, this low flip angle approach leads to
severely reduced signal-to-noise ratio (SNR), particularly when compounded with the
inherently low SNR of a 2D sequential acquisition. Even through multiple repetitions can be
applied to improve SNR[21], these methods extend the scan time and may lead to additional
blurring and artifacts. For these reasons, a 2D Cartesian sequential CSE-MRI method with
inherently higher SNR compared to current low flip angle methods would be highly
desirable.

Therefore, the purpose of this work was to develop a novel free breathing 2D Cartesian
sequential CSE-MRI method with low bias and high SNR (i.e., low standard deviation in
PDFF measurements compared to previous 2D sequential methods) in fatquantifcation. The
proposed approach is based on a centric-ordered phase encoding strategy with variable flip
angle design[22, 23, 24, 25]. This method is designed to provide motion-robust, confounder-
corrected, high-SNR liver fat quantifcation, appropriate for applications in pediatric
imaging.

THEORY

Conventional 3D Cartesian CSE-MRI acquisitions require either breath-holding or
respiratory-gating[17] for reliable imaging of the abdomen. Poor breath-holding or irregular
breathing patterns result in residual motion artifacts in these 3D CSE-MRI methods. In
contrast, rapid 2D Cartesian sequential “single-shot” CSE-MRI acquisitions have a very
short temporal footprint (on the order of 1 second per slice) and effectively freeze breathing
motion [16]. These 2D sequential acquisitions are typically performed using linear phase
encoding (such that the center of k-space is acquired as the signal approaches steady state),
and a constant low flip angle (e.g., 3° at 3T) in order to avoid T bias in PDFF mapping.

The major drawback of rapid 2D CSE-MRI with sequential acquisitions, linear phase
encoding and low flip angles is low SNR performance. While higher flip angles can be used
to enhanced SNR, this leads to T, bias in PDFF quantifcation and is therefore avoided by
most fat quantifcation methods. This trade-off between SNR and T, bias is a fundamental
limitation of 2D CSE-MRI methods that use linear phase encoding.

In contrast to linear phase encoding, centric-ordered encoding along the phase encoding
direction may enable methods that overcome this limitation. With centric-ordered phase
encoding, the acquisition is performed during the transient state magnetization (i.e., not in
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steady state equilibrium magnetization). Therefore, more longitudinal magnetization (higher
SNR) is available for gradient echo imaging, particularly for the central lines of k-space that
are acquired frst. Further, there is no Tq bias in the frst TR (since both water and fat
magnetization start in equilibrium without T4 weighting). Therefore, centric-ordered phase
encoding may enable CSE-MRI imaging with higher SNR and low T, bias. However, high
flip angles will rapidly drive magnetization to a much lower steady state causing k-space
amplitude modulation and blurring in the reconstructed images. As the amplitude
modulation is dependent on T which differ for fat and water, magnetization modulations
introduce differential blurring for fat and water signals and potentially T, bias in PDFF
estimation.

In this manuscript, we propose a novel 2D Cartesian CSE-MRI method for fat
quantification, based on rapid sequential single-shot 2D CSE-MRI acquisition with a
variable flip angle (VFA) approach and centric-ordered phase encoding. Variable flip angle
schedules are often used to control magnetization modulations from RF excitation and
relaxation as in cardiac tagging[23, 24], hyperpolarized MRI [22], and in imaging with
extended spin echo trains[25]. This study proposes a variable flip angle schedule optimized
for CSE using the joint consideration of three competing criteria: i) minimize the T1 bias in
PDFF estimation; ii) achieve high SNR by maximizing the measured gradient echo (GRE)
signals; iii) preserve the consistency of signals (i.e., water and fat) across k-space and
minimize blurring artifacts. Specifically, the design of flip angle schedule in the proposed
VFA approach is posed as an optimization problem, formulated as follows:

.

0 =argmin(Y" A1 | S7ai0) = Suwarer@) I* = Y Aa - (S ar(0) + Suvarer0))
0 i i

water (1)

X 2 (SO = fix S

s = fat

where @ denotes the flip angle schedule across all TRs, A1 » 3 represents the weighting
coefficient for each term in the formulation (controlling the relative importance of the three
corresponding criteria), the first component of the cost function aims to minimize T4 bias,
the second component of the cost function aims to promote SNR, the last component of the
cost function aims to minimize blurring, 7 is a desired k-space weighting profile to
modulate the smoothness for both fat and water signals, S g4,z denotes signal of fat or
water which is a function of flip angle schedule 0 and is determined by Bloch equation
simulation with given tissue relaxation parameters (T1, wazerfads S fat or water d€NOtES Mean
signal of fat or water across the whole acquisition. Note that the current implementation
imposes no further constraints on the desired flip angles. Specific choices of 11 3, 7 and
assumed Ty yyazen 2 USed in this work are described below in the Methods section.

METHODS
Flip Angle Design

The proposed flip angle optimization formulation (Equation-1) was evaluated using different
combinations of A , 3 and desired k-space weighting profile, as demonstrated in Figure 1.

Magn Reson Med. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

3.21

3.31

Page 5

For the rest of the study, the values of A, 5 3 were empirically set to 1000, 25, and 50,
respectively, based on desired features of the water and fat signal profiles (i.e., low
discrepancy between fat and water signal, higher overall fat and water signal, and smooth

signal profile for both fat and water). Also, the k-space weighting profile 7 was a
normalized Gaussian function with variance o2 = Ky, max- The predetermined parameters used
for flip angle design were Ty ,yarer= 809 ms[26] (3T), Tq, zr= 382 ms[26] (3T), and TR =10
ms. Numerical simulations were performed to study the effects of different combinations of
T1, water and T, g With the proposed method (see Supporting Information Figure S1 under
Supplementary Material). With the formulation described in Equation 1 above, a conjugate-
gradient algorithm was applied to determine the optimal flip angle schedule. Flip angle
optimizations and simulations were implemented in MATLAB (MathWorks, Natick, MA,
USA). The flip angles for each TR in the proposed VFA method are reported within the
Supplementary Material (Supporting Information Table S1).

Numerical Simulation

Numerical simulation experiments were performed in this study to compare the proposed
VFA-centric method with current 2D CSE-MRI sequential methods. A digital phantom was
designed containing twenty compartments (‘vials’) with five varying target PDFF values
(0%, 10% ,20%, 30%, and 40%) and four varying J1 ,azer (300ms, 600ms, 900ms and 1200
ms) per target PDFF value. Within the simulation experiments, fve different 2D CSE-MRI
acquisitions were included for comparison. The fve different CSE-MRI acquisitions were
constant low flip angle(3°) with linear phase encoding (denoted as LFA-linear), constant
high flip angle(15°) with linear phase encoding (HFA-linear), constant low flip angle(3°)
with centric-ordered phase encoding (LFA-centric), constant high flip angle(15°) with
centric-ordered phase encoding (HFA-centric), and VFA with centric-ordered phase
encoding (VFA-centric). The detailed descriptions of the fve 2D CSE-MRI acquisitions are
listed in Table 1. In each case, a six-echo acquisition was simulated with frst TE at 1.2 ms
and increment of 1.2 ms for subsequent echoes. All simulations were performed using
MATLAB (MathWorks, Natick, MA, USA).

Phantom study

A physical phantom containing multiple vials with different PDFF values, as well as
different values of Tq 410, Was constructed with same design as the digital phantom used in
numerical simulation experiments. The phantom included a total of twenty vials (high-
density polyethylene cylindrical vial with volume of 25 mL and diameter of 20 mm). Five
different target fat fraction values (nominal PDFF = 0%, 10%, 20%, 30%, and 40%) were
obtained by adding appropriate volumes of peanut oil. Four vials with different target values
of T1, water (300 ms, 600 ms, 900 ms and 1200 ms) per nominal PDFF value were
constructed by using different CuSO,4 concentrations (4 mM, 2 mM, 1 mM, 0.5 mM). The
phantom construction was based on a previously described agar-based oil-water emulsion
approach[27, 28, 29].

The phantom was scanned on a 3T clinical MRI system (Discovery MR750, GE Healthcare,
Waukesha, WI) using an 8-channel phased-array head coil. Multi-echo 2D CSE-MRI data
were acquired for PDFF mapping. Five different 2D CSE-MRI acquisitions were performed,
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with the same flip angle and encoding approaches as in the numerical simulation. For each
acquisition, ten repetitions were performed in order to enable pixel-by-pixel assessment of
noise performance. Acquisition parameters included slice number = 5, thickness = 5 mm, N,
x N,=144x144, FOV = 20x20 cm?, echo train length = 6, single echo train, TE; = 1.4 ms,
ATE =2ms, TR =12 ms, and BW = +62.5 Hz. Single-voxel spectroscopy was acquired
using a multi-TR-TE stimulated echo acquisition mode (STEAM) MRS sequence[30].
STEAM-MRS was obtained in a cubic voxel which was prescribed as 15x15x15 mm? near
the center of each vial. Tq water and T1 g 0btained with spectroscopy data for each vial were
used in correction of residual Tq bias in PDFF measurement from the LFA-linear
acquisition, which was used as reference as described below.

In vivo Study

In this IRB-approved and HIPAA-compliant study, thirty fve subjects without expected liver
disease were recruited with informed written consent. Subjects included 8 adults (5 male/3
female, age: 31.17.8, BMI: 23.5+4.2 kg/m?) and 27 children (20 male/7 female, age:
14.2+2.1, BMI: 20.7+4.3 kg/m?). All subjects were imaged on the same 3T clinical MRI
system used in the phantom study. In vivo imaging was performed with a 32-channel
phased-array torso coil. Five different free breathing 2D Cartesian sequential CSE-MRI
acquisitions were performed, similarly to the phantom study described above. Acquisition
parameters for 2D sequences included slice number = 22, slice thickness = 8 mm, slice gap
=2 mm, Nyx Ny=160x144, FOV = 40x 40 cm?, echo train length = 6, single echo train,
TE; =1.2ms, ATE =1.5ms, TR = 10 ms, BW = +£62.5 Hz, acquisition time = 32 s,
acquisition time per slice = 1.4 s, and no parallel imaging. In addition, a standard breath-held
3D CSE-MRI acquisition (denoted as 3D) was performed as well. Acquisition parameters
for the 3D sequence included slice number = 28, thickness = 8 mm, N, x N,=160x 144,
FOV = 40x40 cm?, flip angle = 3°, echo train length = 3, two echo trains (for a total of 6
echoes), TE; = 1.1 ms, ATE =1 ms, TR = 7.3 ms, BW = £125 Hz, acquisition time = 19 s,
parallel imaging = 2x2, and effective acceleration factor = 3.5. Single-voxel spectroscopy
data were obtained using a multi-TR-TE STEAM-MRS sequence[30] and a cubic voxel was
prescribed as 20x20x20 mm? in the right lobe of the liver. T1 yater and Ty ¢ Obtained from
spectroscopy data for each subject were used to correct residual T, bias in PDFF
measurement from the LFA-linear acquisition, which was used as reference as described
below.

PDFF Mapping

As demonstrated in previous works, the acquired signal which arises from both fat and water
within a voxel can be modeled as follows:

i-2r-fB-TEy, P2 fp TEy

S(TE,) =e ), forn

6
*
e—RzTEn.(pW+pF. Z ap.e (2)
p=1

=1,...N

where S is the signal at each echo time TE, and N is the total echo number, pand py are
the amplitudes of the fat and water components, respectively, a, are the (pre-calibrated)

relative amplitudes for the six modeled fat peaks such that 216, —1ap = 1, fyare the relative
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frequencies of the six fat components, 7z is the local frequency shift due to static field
inhomogeneity[31], and R2* (i.e., 1/T2*) is the transverse relaxation rate.

Following fat-water separation as described above, PDFF was calculated as follows[12, 13,
14, 15]:
PF

PDFF = ——— 3
PF+ pw ®

where prand pyy are the proton-density weighted signals from fat and water, respectively.

Multi-echo images were fitted using the above signal model (Equation-2) and PDFF
formulation(Equation-3) for PDFF estimation. Both the simulation echo images and source
CSE-MRI data from the phantom and in vivo studies were processed offline using a
magnitude-based PDFF mapping algorithm [27, 31] that corrects for relevant confounding
factors (including R2* decay [32], spectral complexity of fat signals [32], temperature
effects in phantom experiments [28], residual phase errors [33, 34], and noise bias[20]).
PDFF mapping was implemented in MATLAB (MathWorks, Natick, MA).

Spectroscopy data from the STEAM-TE-TR acquisitions[30] were processed offline using
an automated custom algorithm[35] that jointly fits all the acquired spectra and
simultaneously estimates T1 yazerand Tq s @among other parameters. The processing script
was implemented in MATLAB (MathWorks, Natick, MA).

3.61 Measurements and Statistical Analysis

For numerical simulation experiments, flip angle schedule and relative signal intensity of fat
and water were compared across different acquisitions. Reconstructed PDFF maps from
each acquisition, as well as the PDFF difference maps between each reconstructed PDFF
map and the ground truth PDFF map were displayed to illustrate T bias effects, SNR
performance, and blurring artifacts.

For the phantom experiments, a region of interest (ROI) with circular shape (with area of
approximately 1.5 cm?) was placed in the center of each vial within the central slice, in
order to measure mean PDFF value from PDFF map for each vial and each repetition.
Further, pixel-wise maps of PDFF standard deviation were obtained from the ten repeated
acquisitions. The same ROIs were used to measure the mean PDFF standard deviation (as a
surrogate measurement of SNR) for each acquisition. PDFF bias was calculated as the
difference between mean measured PDFF and reference PDFF. The reference PDFF value
for each vial was obtained from the LFA-linear-based PDFF, corrected for any residual T1
bias by using the vial-specific Tq yarerand Tq gy (Measured from STEAM-MRS). Linear
mixed-effects model analysis was performed for comparison across the fve 2D CSE-MRI
acquisitions, using the following model for observed PDFF bias: PDFF ;s ~1+true PDFF
+T1 waterttrue PDFF- T1 yarer The true PDFF used in this model was the reference PDFF
described above and the Tq 4z, in this model was the vial-specifc T s Obtained from
spectroscopy data.
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For the in vivo data, a circular ROI (with area of approximately 16 cm?2) was drawn in the
right lobe of liver (in Couinaud segment VI or VII) for each acquisition, while avoiding

large blood vessels and bile ducts. All ROIs were carefully chosen to avoid motion artifacts.
Mean and standard deviation of PDFF were recorded for each ROI. Mean PDFF
measurements were analyzed using linear correlation and Bland-Altman analysis between
the PDFF measured from different MR acquisitions (i.e., 2D acquisitions and 3D
acquisition) and the reference PDFF (obtained from the LFA-linear acquisition, corrected for
any residual T4 bias). The measured standard deviation of PDFF across the ROI (as a
surrogate measure of SNR) was plotted for each of the acquisitions (i.e., fve 2D acquisitions
and one 3D acquisition), and the minimum, maximum, and median standard deviation across
subjects were displayed for each acquisition as well. Bonferroni corrected t-tests were
performed between fve CSE-MRI acquisitions (3D, LFA-linear, HFA-linear, LFA-centric,
and HFA-centric) and the proposed VFA-centric acquisition. All statistical analyses were
performed with MATLAB (MathWorks, Natick, MA) and Python.

RESULTS

Numerical Simulation

Figure 1 represents fat and water signal profles across the phase encoding direction in k-
space, with different choices of parameters for the proposed flip angle optimization
formulation (Equation-1). Specifcally, different values of the regularization parameters 14
and A,, as well as the shape of the desired k-space weighting profle were evaluated. For
each of these three parameters, Figure 1 depicts the fat and water signal profles for three
different choices of the parameter value. Figure 1(a-c) depicts the effect of A4, which
penalizes T4 bias in the acquisition. With increasing A4, the signals from fat and water
become very similar, at the cost of reduced overall signal. Figure 1(d-f) depicts the effect of
Ay, which promotes high signal (i.e., high SNR). With increasing A,, fat and water signals
are both increased, at the cost of slight differences between fat and water signal profles.
Finally, fgure 1(g-i) depicts the effect of the desired k-space weighting profle. Indeed,
choosing a flat profle (Figure 1(g)) leads to slightly reduced signal at the center of k-space
compared to Gaussian-shaped profles (Figure 1(h-i)), which in turn lead to increased k-space
fltering.

Simulation-based comparisons among fve different 2D CSE-MRI acquisitions (LFA-linear,
HFA-linear, LFA-centric, HFA-centric, and VFA-centric) are illustrated in Figure 2,
including the corresponding flip angle design, relative signal intensity profle of fat and water
across the phase encoding direction, and PDFF map. For acquisitions using constant low flip
angles (LFA-linear and LFA-centric), either with linear phase encoding or centric-ordered
phase encoding, the signal intensity of fat and water is flat and relatively low across k-space.
The flat signal profle results in negligible blurring artifacts and limited T, bias in PDFF
estimation. However, these acquisitions lead to low SNR (high noise level), as shown in the
PDFF map and the PDFF difference map. For acquisitions using constant high flip angle
(HFA-linear and HFA-centric), SNR performance is improved with higher signal intensity.
However, the signal intensity profiles are different between linear and centric-ordered phase
encoding strategies. The signal intensity of fat and water within the first TR are the same for
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either linear phase encoding or centric-ordered phase encoding. HFA-linear acquisition
causes divergence of fat and water signals across the phase encoding steps (i.e., from
negative &, to positive k), leading to large T, bias in PDFF estimation, as illustrated in the
PDFF map and the PDFF difference map. HFA-centric acquisition causes a fat and water
signal divergence that is approximately symmetric with respect to &, = 0, with both fat and
water signal profiles decaying rapidly away from the center of k-space. This filtered signal
profile results in blurring artifacts which can be observed in the PDFF map and the PDFF
difference map. The proposed VFA-centric acquisition has higher signal intensity than low
flip angle acquisitions (by a factor of approximately 2.2 in the center of k-space), with less
filtering than the HFA-centric acquisition and little divergence between fat and water signal
(i.e., minimal T4 bias). The PDFF map obtained with the VFA-centric acquisition provides
simultaneously low T, bias, high SNR (compared to alternative 2D acquisitions), and low
blurring in fat quantification.

Phantom study

T1 water values in each vial of the phantom are summarized in Table 2. T1 g, for all vials with
PDFF>0% is within 350 +12 ms. PDFF bias (i.e., difference between measured PDFF and
reference PDFF which was obtained from LFA-linear acquisition with correction for
residual T1 bias) analysis across various PDFF levels is demonstrated in Figure 3 for five
different MR acquisitions (LFA-linear, HFA-linear, LFA-centric, HFA-centric, and VFA-
centric). For the four vials with PDFF = 0%, PDFF bias is small for all five acquisitions.
HFA-linear acquisition results in the highest PDFF bias among all acquisitions across
different PDFF levels. Also, PDFF bias increases with increasing T1 e as expected when
using a constant high flip angle schedule during acquisition. However, LFA-linear, LFA-
centric, HFA-centric, and the proposed VFA-centric acquisitions enabled low PDFF bias in
the range of —3% to 3%. In summary, the proposed VVFA-centric method leads to PDFF
estimation with low bias across a wide range of Tq - and PDFF values.

In the box plots of Figure 3, the vertical range of each acquisition represents the pixel-wise
standard deviation of the ROl measurements from ten repetitions. Within various PDFF
levels and Ty yaren LFA-linear and LFA-centric acquisitions have higher standard deviation
(i.e., lower SNR) for PDFF measurements than the other three acquisitions (HFA-linear,
HFA-centric, and VFA-centric). Using the standard deviation of the PDFF measurement as a
surrogate measure of SNR, the proposed VFA-centric acquisition is able to obtain
approximately twice the SNR of the reference acquisition (LFA-linear). All standard
deviation values of each vial of the phantom are reported within the Supplementary Material
(Supporting Information Table S2).

Linear mixed-effects model results regarding PDFF bias for the five different CSE-MRI
acquisitions (LFA-linear, HFA-linear, LFA-centric, HFA-centric, and VFA-centric) are
detailed inTable 3. For the reference LFA-linear acquisition and LFA-centric acquisition,
none of the factors considered (true PDFF, Ty 470, and product of true PDFF with Ty yaze,)
contribute significantly to PDFF bias (p > 0.01). For HFA-linear acquisition, true PDFF,
T1. water, @nd product of true PDFF with Tyyaer €ach has a highly significant effect on PDFF
bias (p < 0.01). For HFA-centric acquisition, true PDFF has a highly significant effect on
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PDFF bias (p < 0.01) and product of true PDFF with Ty .z has a mildly significant effect
on PDFF bias (p = 0.04). For the proposed VFA-centric acquisition, true PDFF has a weak
significant effect on PDFF bias (p = 0.05). However, this effect is small: —0.06 + 0.03.
Finally, in VFA-centric acquisition, neither of the Tq .4, Or the product of true PDFF with
T1 water contributes significantly to PDFF bias (p > 0.05).

In vivo Study

In the in vivo study, a mean TOFF value of 4.6% over a range of 1.4-38.1%, with a standard
deviation of 7.1% was observed across all subjects. Representative PDFF maps from two
children under three different CSE-MRI acquisitions (3D, LFA-linear, and VFA-centric) are
shown in Figure 4. PDFF maps obtained with these three acquisitions show negligible
motion artifact and high image quality for the child who was able to maintain a breath-hold
during the 3D acquisition. In contrast, a child who was unable to hold breath during
scanning results in substantial motion artifacts in the 3D acquisition. Free breathing 2D
methods, either the LFA-linear acquisition or the proposed VVFA-centric acquisition,
effectively freeze respiratory motion during acquisition and provide artifact-free PDFF
maps. In both subjects, the free breathing 2D method using the proposed VVFA-centric
approach showed visually apparent improvement in SNR performance compared to the
reference LFA-linear acquisition.

PDFF maps from three adults with different PDFF levels are demonstrated with three
different CSE-MRI acquisitions (3D, LFA-linear, and VFA-centric) in Figure 5. All three
adult subjects were able to perform adequate breath-holds during the 3D acquisition. These
subjects had low PDFF (~2%), moderately high PDFF (~11%), and very high PDFF (~39%)
in the liver, respectively. These three acquisitions (3D, LFA-linear, VFA-centric) have good
agreement in liver fat quantification for these three subjects. LFA-linear acquisition results
in low SNR which might complicate the assessment of lobar distribution of fat in the second
and the third subject. In contrast, the proposed VFA-centric acquisition provides motion
robustness (compared with 3D acquisition) with high SNR (compared with previous 2D
sequential acquisitions), and PDFF measurements in good agreement with the 3D BH
method across different fat fraction levels.

Linear regression analysis results comparing measured PDFF from each acquisition (3D,
HFA-linear, LFA-centric, HFA-centric, and VFA-centric) and reference PDFF across all
subjects are shown on the top row of Figure 6. In these results, 3D, LFA-centric, and HFA-
centric acquisitions show high correlation with the reference acquisition (LFA-linear). The
slopes of the correlation are between 1.00 to 1.02 with R2 between 0.987 to 0.996. However,
the correlation relationship between HFA-linear acquisition and reference acquisition (LFA-
linear) has a slope of 1.14+0.48x1073, an intercept of 0.36+0.03, and R? equals 0.989. The
proposed VFA-centric acquisition shows high agreement with the reference acquisition
(LFA-linear) and the correlation relationship has a slope of 1.00+0.05x1073, an intercept of
0.04+3.47x1073, and R? equals 0.998. Results of Bland-Altman analysis are shown on the
bottom row of Figure 6. 3D and LFA-centric acquisitions show small PDFF bias. The 95%
LoA is between —1.0% to 1.0%. HFA-linear and HFA-centric acquisitions show relatively
large PDFF bias. The 95% LOoA is between —1.6% to 3.6%. The proposed VFA-centric
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acquisition has a very small bias (0.0%) and narrow 95% LoA (-0.5% to 0.6%) compared
with the reference acquisition (LFA-linear) in fat quantification.

Figure 7 depicts the comparisons between six different CSE-MRI acquisitions (3D, LFA-
linear, HFA-linear, LFA-centric, HFA-centric, and VFA-centric) regarding intra-ROI PDFF
standard deviation distribution across all subjects. Intra-ROI PDFF standard deviation is
used as a surrogate measure of SNR of each acquisition. LFA-linear and LFA-centric
acquisitions have relatively low SNR performance with high mean standard deviation (LFA-
linear = 3.3%, LFA-centric = 3.3%). HFA-linear and HFA-centric acquisitions have
relatively high SNR performance with low mean standard deviation (HFA-linear = 1.4 %,
HFA-centric = 1.1%). The proposed VFA-centric acquisition has relatively high SNR
performance with low mean standard deviation of 1.5%. Bonferroni-corrected t-test results
are demonstrated in Figure 7 as well. The proposed VFA-centric acquisition shows
significantly lower standard deviation than LFA-linear acquisition (p < 0.001) and LFA-
centric acquisition (p < 0.001), although with higher standard deviation than HFA-centric
acquisition (p = 0.006), and no significant difference than LFA-centric acquisition (p =
0.20).

DISCUSSION

In this work we have proposed a novel motion-robust free-breathing 2D sequential CSE-
MRI method that uses an optimized variable flip angle schedule and centric-ordered phase
encoding to quantify PDFF while minimizing Tq-related bias and image blurring. Low bias
in PDFF estimation was verified using a custom designed phantom with varying T1 ,ze-and
varying PDFF. In vivo, the proposed VFA-centric method has high image quality (low
blurring), low bias, and high SNR compared to a recently proposed 2D sequential low flip
angle acquisition.

This proposed free breathing 2D Cartesian CSE-MRI VVFA-centric method overcomes
existing drawbacks of conventional 3D Cartesian and 2D Cartesian methods. In practice,
young children, the elderly and sick patients are often unable to sustain a prolonged breath-
hold. By enabling reliable PDFF mapping without the need for breath-holding or respiratory
triggering, the proposed VFA-centric method may enable improved imaging workflow in the
clinic as well as in research studies, particularly those involving children. In addition, this
method may have implications for other emerging applications where there is substantial
non-periodic motion, including fetal imaging applications [36]. Finally, the proposed VFA-
centric method may enable 2D CSE-MRI to perform reliably in low SNR situations where
the LFA-linear approach may fail, such as in the presence of liver iron overload. The
effective SNR gain is about 2.2 from the proposed VFA-centric method compared to LFA-
linear method, as predicted through signal simulations as well as measured from liver scans
in this work.

There are various other existing CSE-MRI methods aiming to reduce motion artifacts and
achieve high SNR for liver fat quantification. Respiratory-gated Cartesian 3D CSE-MRI
methods [17], non-Cartesian methods including a 3D stack-of-radial approach [18] and a 3D
spiral approach [37], and compressed sensing methods[38, 39] all have demonstrated
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promising performance in previous works. In the context of these existing methods, the
proposed VFA-centric method has two desirable features: inherent motion robustness due to
the short temporal footprint, and simple reconstruction and processing due to the 2D
Cartesian acquisition. Importantly, combination of the proposed VFA-centric method with
respiratory gated, non-Cartesian, or compressed sensing methods may offer opportunities to
combine the strengths of these methods in future work.

This study had several limitations. The proposed VFA-centric acquisition is performed with
single echo train and no parallel imaging for simplicity of the optimization formulation. It is
feasible to extend the proposed VFA-centric method with parallel imaging and multi-echo-
train acquisition in the future. An inherent limitation of free breathing 2D acquisitions is the
slice misalignment between different slices. However, this may be acceptable in the context
of diffuse liver disease. Importantly, for all measurements in this study, ROIs in 2D and 3D
slices were carefully co-localized based on similarity of anatomic structures. Further,
emerging methods[21] may be able to address misalignment in free-breathing multi-
repetition acquisitions. R2* quantification using the proposed VFA-centric acquisition is
also feasible but was not included in this study due to the lack of subjects with liver iron
overload (i.e., high R2*). A study including subjects with a wide range of liver R2* is
considered as future work for R2* mapping using the proposed method.

One technical limitation of the proposed flip angle optimization is that the global minimum
is not guaranteed to be achieved due to the non-convex nature of the optimization problem.
Further, in this work, different combinations of the formulation parameters including three

weighting terms (A1, A,, and A3) and one desired k-space weighting profile (?) were
evaluated in order to enable simultaneous low T, bias, high SNR, and minimal blurring. Our
early results indicate that the proposed approach is able to provide a desirable balance
between these three competing goals. However, further optimization of the formulation
parameters is likely possible. Another limitation of the proposed method is that the current
flip angle schedule optimization problem is solved offline. Development of rapid algorithms
to achieve a global minimum is highly desirable as future work. The current validation study
also has several limitations, including a limited number of adults and children. Further
validation in larger studies is warranted. Also, the distribution of PDFF values observed in
the in vivo study (mean PDFF: 4.6%, standard deviation: 7.1%, and range: 1.4-38.1%) was
skewed towards low PDFF values, although this distribution was relatively similar to that
found in a recent meta-analysis study (mean: 9.6%, standard deviation: 8.8%)[40].
Nevertheless, larger studies including more subjects with NAFLD will be needed in the
future to provide further validation of the proposed method.

In conclusion, the proposed 2D Cartesian sequential CSE-MRI method based on a variable
flip angle approach with centric-ordered phase encoding enabled motion-robust mapping of
PDFF, with a desirable balance among low T4 bias, high SNR compared to previous 2D
sequential methods, and minimal blurring artifact. This approach may enable improved fat
quantification in pediatric imaging and other challenging scenarios.
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Figurel.
The proposed formulation enables the generation of various fat and water signal profiles

with different trade-offs between T bias, signal level (i.e., SNR), and k-space fltering, based
on the choice of several key formulation parameters (i.e., 11, Ay, and k-space weighting
profle). (a-c) Increasing values of A4, which controls the Tq bias penalty, lead to reduced Tq
bias (i.e., similar signal profles for fat and water) at the cost of reduced signal levels. (d-f)
Increasing values of Ay, which controls the signal level, promotes high signal level (i.e.,
SNR) at the cost of slight differences between fat and water profles. (g-i) Effects of the
desired k-space weighting profle. A flat profle (g) leads to slightly reduced signal at the
center of k-space compared to Gaussian-shaped profles (h-i), which in turn lead to some k-
space fltering. The parameter choice in the third column was applied in subsequent
experiments in this study.
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Figure 2.
Simulation-based comparisons between five different 2D CSE-MRI acquisitions (LFA-

linear, HFA-linear, LFA-centric, HFA-centric, and VVFA-centric), including the
corresponding flip angle design (frst row), relative signal intensity profle of fat and water
across the phase encoding direction (second row), PDFF map (third row), and PDFF
difference map (fourth row). As demonstrated by these simulations, the proposed VFA-
centric method provides relatively high signal intensity (high SNR) with little divergence
between fat and water (low T bias), and moderate k-space fltering (low blurring).
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Figure 3.

Results from a PDFF/ T4 phantom experiment, showing PDFF bias analysis among five

different 2D CSE-MRI acquisitions (LFA-linear, HFA-linear, LFA-centric, HFA-centric, and
VFA-centric). The vertical range of each acquisition represents the ROI-based pixel-wise
standard deviation of the ten repeated experiment measurements. Using standard deviation
of PDFF measurement as a surrogate measure of SNR, LFA-linear and LFA-centric
acquisitions have higher standard deviation (i.e., lower SNR) for PDFF measurements than
HFA-linear, HFA-centric, and the proposed VFA-centric acquisitions. However, HFA-linear
acquisition leads to Tq bias in PDFF measurements. Further, HFA-centric acquisition leads
to severe blurring (not shown). The VFA-centric acquisition provides low bias across a wide
range of T1 ,.zerand PDFF values, and about twice the SNR of the reference acquisition
(i.e., LFA-linear).
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Figure 4.
Representative PDFF maps from two children, obtained with three different CSE-MRI

acquisitions (3D, LFA-linear, and VFA-centric). One child was able to sustain a 20-second
breath-hold (‘Good BH’, top row), whereas another child was unable to sustain such breath-
hold (‘Poor BH’, bottom row). In the Good BH case, negligible motion artifacts are
observed with the three acquisitions. In the Poor BH case, substantial motion artifact is
observed in the BH 3D acquisition. In contrast, the free-breathing 2D acquisitions (LFA-
linear and VFA-centric) effectively freeze breathing motion. In both subjects, LFA-linear
acquisition leads to high noise levels in PDFF maps. The proposed VFA-centric method is
able to freeze breathing motion while maintaining high SNR. Yellow circles represent
sample ROIs used for further analysis.
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Figure5.
Representative PDFF maps from three adults with increasing fat fraction level using three

different CSE-MRI acquisitions (3D, LFA-linear, and VFA-centric). All three acquisitions
show good agreement in liver fat quantifcation. BH 3D acquisition requires breath-hold
during scanning, whereas the 2D acquisitions (LFA-linear and VFA-centric) are acquired
during free-breathing. The proposed VVFA-centric acquisition leads to visually apparent
improved noise performance compared to the standard LFA-linear acquisition. Yellow or
black circles represent sample ROIs used for further analysis.
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Figure6.

Ligr]\ear regression (top row) and Bland-Altman analysis (bottom row) between measured
PDFF from five different CSE-MRI acquisitions (3D, HFA-linear, LFA-centric, HFA-
centric, and VFA-centric) and reference PDFF (LFA-linear) across all subjects in this study.
High correlation in PDFF measurements is observed between the reference LFA-linear
acquisition and each of the five additional acquisitions. Based on Bland-Altman plots, the
proposed VFA-centric method provides close agreement with low bias and narrow limits of
agreement in PDFF measurement (Bias = 0.0%, 95 % LoA = —0.5% to 0.6%), compared to
the reference LFA-linear acquisition.
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Figure7.
The proposed VVFA-centric method enables liver PDFF mapping with high SNR performance

(i.e., low standard deviation in PDFF measurement). Plot shows ROI-based PDFF standard
deviation measurements across all subjects between six different CSE-MRI acquisitions (3D,
LFA-linear, HFA-linear, LFA-centric, HFA-centric, and VFA-centric). The proposed VFA-
centric method has relatively low mean standard deviation of 1.5%, comparable to HFA
acquisitions and lower than LFA acquisitions. From the Bonferroni corrected t-test results,
the proposed VFA-centric method shows highly significant difference (lower standard
deviation) with LFA-linear acquisition (p <0.001) and LFA-centric acquisition (p <0.001).
Further, the VFA-centric acquisition shows significant difference (higher standard deviation)
with HFA-centric acquisition (p = 0.006) and no statistically significant difference with
HFA-linear acquisition (p = 0.2). (* p<0.05, « ** p<0.01, *** p<0.001)
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Details regarding five 2D Cartesian sequential CSE-MRI acquisitions.

TABLE 1

Acquisition
LFA-linear
HFA-linear
LFA-centric
HFA-centric
VFA-centric

Flip Angle Schedule
Constant 3°

Constant 15°
Constant 3°

Constant 15°
Variable Flip Angle

Phase Encoding M ethod
linear

linear

centric

centric

centric

Discarded TRs
4

4
0
0
0
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Spectroscopy measured T4 values for each vial in the phantom.

TABLE 2

Nominal PDFF

Target Ty, yarer =300 ms [CuSOy (4.0 mM)]
Target Ty, yarer =600 ms [CuSOy (2.0 mM)]
Target Ty, yarer =900 ms [CuSOy (2.0 mM)]
Target Ty yarer =1200 ms [CuSO,4 (0.5 mM)]

0%

321 ms
560 ms
934 ms

1216 ms

10%
331 ms
609 ms
992 ms
1205 ms

20%
337 ms
617 ms
943 ms
1205 ms

30%
343 ms
620 ms
1007 ms
1208 ms

40%
349 ms
625 ms
1010 ms
1208 ms

T1, farmeasurements in the vials with PDFF >0% were within 350+ 12 ms.
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TABLE 3
Linear mixed-effects model analysis of PDFF bias for five different 2D Cartesian sequential CSE-MRI
acquisitions.
LFA-linear | HFA-linear | LFA-centric | HFA-centric | VFA-centric
Intercept 0.02¢0.71 | -0.75:0.88 | 0.150.71 0.12+0.68 0.210.71
p=1.00 p=0.39 p=083 p=0.86 p=077
true PDFF -0.05£0.03 | —0.17+0.04 | -0.04+0.03 | -0.09+0.03 | -0.06+0.03
p=0.10 **p<0.01 p=0.14 **p <0.01 p=0.05
T4 water 0.80+0.83 | 2.47+1.04 | 0.66+0.83 1.10+0.80 0.56+0.83
(x107%) p=0.34 “p=002 | P=043 p=0.17 p=050
true PDFF- Ty e | 0.0620.03 | 0.30£0.04 | 0.04+0.03 | 0.07+0.03 0.06+0.03
(x1073) p=009 “p<o01 | P=023 “p=0.04 p=009
*
p<0.05
Ak
p<0.01.
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