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Background: Conventional liver T1 mapping techniques are typically performed under breath-holding
conditions; they have limited slice coverage and often rely on multiple acquisitions. Furthermore, liver
fat affects the accuracy of T1 quantification. Therefore, we aim to propose a free-breathing technique for
simultaneous water-fat separation and T'1 mapping of the whole liver (SWALI) in a single scan.

Methods: The proposed SWALI sequence included an inversion recovery (IR) preparation pulse followed
by a series of multiecho three-dimensional (3D) golden-angle radial acquisitions. For each echo time (TE),
a series of images containing a mix of water and fat were reconstructed using a sliding window method. For
each inversion time (TT), water and fat were separated, and then water and fat T'1 estimation was conducted.
The fat fraction (FF) was calculated based on the last TT image. The FF and water T1 quantification
accuracy were compared with the gold standard sequences in the phantom. The in vivo feasibility was tested
in 9 healthy volunteers, 2 patients with fatty liver, and 3 patients with hepatocellular carcinoma (HCC). The
reproducibility was evaluated in the patients with fatty liver and in the healthy volunteers.

Results: The mean FF and the mean water T1 values obtained by the SWALI sequence showed good
agreements with chemical shift-encoded magnetic resonance imaging (CSE-MRI; r=0.998; P<0.001) and
fat-suppressed (FS) IR-spin echo (SE; r=0.997; P<0.001) in the phantom. For the patients with fatty liver
and the healthy volunteers, the SWALI sequence showed no significant difference with CSE-MRI in
FF quantification (P=0.53). In T1 quantification, comparable T1 values were obtained with the SWALI
sequence and modified Look-Locker inversion recovery (MOLLI; P=0.10) in healthy volunteers, while
the water T'1 estimated by the SWALI sequence was significantly lower than the water-fat compound
T1 estimated by MOLLI (P<0.001) in patients with fatty liver. In the reproducibility study, the intraclass
correlation coefficients (ICCs) for the estimated FF and water T'1 were 0.997 and 0.943, respectively. Water
T1 of the patients with HCC calculated using the SWALI sequence showed a significant reduction after the
contrast administration (P<0.001).

Conclusions: Free-breathing water-fat separation and T1 mapping of the whole liver with 2.5 mm

isotropic spatial resolution were achieved simultaneously using the SWALI sequence in a 5-min scan.
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Introduction

In recent years, T'1 mapping—especially the T1 change
before and after magnetic resonance (MR) contrast
administration of the liver—has been used for the diagnosis
of liver disease (1,2), assessing liver fibrosis (3-6) and
inflammation (6,7), and for evaluating liver function (8-10).
"To quantify the T1 of the liver, previous studies often used
the variable flip angle technique (4,7-10) or the modified
Look-Locker inversion recovery (MOLLI) sequence
(1-3,5,6,8). However, these conventional liver T'1 mapping
techniques are usually performed under breath-holding
conditions and have limited slice coverage or rely on
multiple acquisitions (1-3,5,9,10). Therefore, a single-scan,
free-breathing, whole-liver T'1 quantitative technique is
needed.

In addition, due to the different resonance frequencies
between water and fat protons (~3.5 ppm), the accuracy
of T1 quantification can be affected by the presence of
fat in the liver, especially for patients with fatty liver. A
possible way to solve this problem is to suppress the fat
signal using fat saturation, inversion recovery (IR), or water
excitation techniques (11-13). However, the fat signal also
has diagnostic values under certain circumstances (14-16).
Another idea is to separate water and fat by postprocessing
the chemical shift-encoded (CSE) data (17-19). Recently,
based on the Dixon method, a variety of improved methods
for water-fat separation have been developed (20-24).
Water-fat separation methods can eliminate the effects of
the fat in T'1 mapping and also allow the quantification of
fat, which is useful for diagnosing fatty liver disease (14-16).

Several previous techniques were proposed that aimed
to achieve water-fat separation and T'1 quantification
simultaneously. The MR fingerprinting technique (25,26)
and the PROFIT1 (simultaneous proton density fat-
fraction and R2* imaging with water-specific T1 mapping)
technique (27) have been used to estimate multiparameters
of the liver. However, these techniques were performed
under breath-holding conditions with limited slice coverage
(25-27). An imaging sequence for joint myocardial T1
mapping and fat-water separation was proposed (28). It
can be performed under free-breathing conditions using a
pencil beam navigator to track respiratory motion; however,
using the navigator reduces the acquisition efficiency (28).
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The Multiecho Magnetization-Prepared Golden-Angle
Radial Sparse Parallel (MP-Dixon-GRASP) technique
using IR-prepared stack-of-stars acquisition was proposed
for fat-water-separated T1 mapping of the liver (29).
Moreover, multitasking multiecho (MT-ME) magnetic
resonance imaging (MRI) has been proposed to assess the
liver water-specific T1 and fat fracdon (FF) (30). However,
limited spatial resolution in the slice direction is a common
problem faced by the stack-of-stars trajectory used in MP-
Dixon-GRASP and M'T-ME techniques (29,30).

Here, we propose a free-breathing technique that
simultaneously achieves water-fat separation and T'1
mapping for the whole liver with isotropic spatial resolution
and present the results from testing its clinical feasibility in
volunteers and patients.

Methods
Sequence design

The proposed simultaneous water-fat separation and
T1 mapping of the whole liver (SWALI) sequence is
implemented on a 3.0T MR scanner (Ingenia CX, Philips
Healthcare, Best, the Netherlands). An IR preparation pulse
is used to generate the T'1 contrast (Figure 14). After a short
time T

gap?

a series of excitation pulses are performed, and a
series of multiecho radial spokes are acquired (Figure 1A4).
At the end of each shot, a time T, is used to allow further
recovery of the longitudinal magnetization (Figure 1A4).

Radial spokes in the adjacent shots with the same
inversion time (TI; S1 and S3 in Figure 1A4) follow
the consecutive three-dimensional (3D) golden-angle
distribution (31). The azimuthal angle and polar angle
increments (Ao and Af) between S1 and S3 (Figure 1A) are
as follows:

Aa(S1,53) =274, (1]

AB(S1,83) =arccos(¢,) (2]

¢ and g, are two-dimensional (2D) golden-angle means,

where ¢ =0.4656 and ¢$,=0.6823 (31).
The azimuthal angle and polar angle increments between

the adjacent radial spokes after the same IR (S1 and S2 in
Figure 1A4) are as follows:
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Figure 1 A diagram showing the proposed SWALI sequence and the quantification process of T'1 and the FF. (A) After an IR preparation
pulse, a series of multiecho 3D golden-angle radial spokes were acquired. Spokes in the adjacent shots acquired with the same TT (S1 and
S3) followed the consecutive 3D golden-angle distribution. (B) Multiecho images at each TT were processed to generate the separated water
and fat images, which was followed by water and fat T1 estimation. FF was calculated on the last TT image using the estimated water or fat
T1 value. IR, inversion recovery; 3D, three-dimensional; TT, inversion time; FF, fat fraction; SWALI, simultaneous water-fat separation and

T'1 mapping of the whole liver.

Aa(S1,82)=27 M4, ] [3] The longitudinal magnetization before the kth excitation
pulse M, (k) is as follows:

AB(S1,52)=arccos[ M ¢ [4] .

1-(E, cos(0))

My (k) =M, (1)(Eycos(0)) -, (1) ===

(6]

M is the total number of shots, [...] indicates that only a
fractional part is kept.

Spokes after the same excitation pulse acquired at
different echo times (TEs) share the same acquisition
trajectory.

Assuming the longitudinal magnetization before IR is
M, then the longitudinal magnetization before the first

excitation pulse M, (1) is the following:
M6(1)=M0—(M0+MSS)Egap [5]
M, is the equilibrium magnetization, and

Egap =exp(—T /Tl)_

gap
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where E,= exp (-TR/T)). After experiencing a series of
the excitation pulses and the time T,,, the longitudinal
magnetization before the next IR is as follows:

M (T,)=M,(N+1)E,+M(1-E,) (7]

E,=exp(-T,/T,) (8]

N is the number of excitation pulses in 1 shot (turbo field
echo factor).

After several shots, the steady-state can be achieved, with
M, (T,,) = M. Thus, M, can be calculated as follows:
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1—(E‘ cos (@ )

M,(1-E)+M,E,| (1-E,, )(E,cos(6)) +(1-£) 1—E,cos(t9)) -

M:S =

1+E,, E,(E cos(0))"
The MR signal acquired after each of the kth excitation
pulses M, (k) can be calculated as follows:

M, (k)=M,(k)sin(0)e ™™ [10]

The scan parameters of the proposed SWALI sequence
are as follows: field of view (FOV) =200x200x200 mm”® (2-
fold oversampling), spatial resolution =2.5x2.5x2.5 mm’,
matrix size =160x160x160, repetition time (TR) =10 ms,
3 unipolar echoes, first TE/ATE =1.02/1.40 ms, flip angle
=8°, turbo field echo factor =175, T,,, =10 ms (minimum
value allowed on the scanner), inversion recovery repetition
time (IRTR) =2,000 ms, 'I;, =240 ms [IRTR - (T,,, + turbo
field echo factor x TR)], the total number of shots =150,
and scan duration =5 min.

Image reconstruction

The reconstruction was implemented in MATLAB
(MathWorks, Inc., Natick, MA, USA). For each TE, a series of
T1-weighted water-fat mixed images were reconstructed using
a sliding window method with a temporal width of 25 spokes
(temporal resolution =250 ms) (32-34). The reconstruction
method with low-rank modeling and sparsity constraints was

applied to further improve the image quality (35-37).

Water-fat separation and T1 mapping

The quantification process of T'1 and FF is shown in Figure
IB. First, for the reconstructed multiecho images at each
TI, water and fat are separated based on a multipeak fat
model (24):

»
s(t,)= e [MW + MY e J n=12,..,N [11]
Pl

Where s (¢,) is the MR signal at TE ¢z, (=1, 2, ..., N); f3
is the frequency shift caused by B, field inhomogeneity; M,
and M. are the amplitudes of the water and fat components,
respectively; P is the number of fat spectrum peaks; f; is the
frequency difference of the p th fat spectral peak relative to
water (p=1, 2, ..., P); ap is the relative amplitude for the p th
fat spectral peak; and Z;ap =1. In this study, the values
of P, fp and ap were taken from the literature (20). s (z,) was
obtained from the reconstructed multiecho images, and f3,
M,y and My were fitted using a graph cut algorithm (20,38).

After separating the water and fat images at each
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TI, separated water and fat Tl mapping of the liver
are estimated by fitting the signal intensities extracted
from a series of T1-weighted water or fat images to the
theoretically calculated signal {Eqs. [5-10]} using the
nonlinear least squares algorithm (39).

Then, the equilibrium magnetization of the water
(M) and fat (Myp) are calculated on the last TT image by
treating water or fat T1 as the known values in Egs. [5-10].
FF is defined as 100x M. /(Mg + Myp). The magnitude
discrimination method is used to reduce the noise bias at a

low FF (40).

Phantom study

A total of 13 in-house water-fat phantoms with different T'1
values (range, 100-1,000 ms) and FFs (range, 0-100%) were
made with distilled and deionized water, agar (2.0% w/v),
gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA;
concentration range, 1.85-0.07 mmol/L to produce different
T1 values; Magnevist, Bayer Schering Pharma, Berlin,
Germany), peanut oil, and sodium dodecyl sulfate (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) (41,42).
Phantoms were scanned on a 3.0T MR scanner (Ingenia
CX, Philips Healthcare). Apart from the proposed SWALI
sequence, the commercial CSE-MRI method (mDIXON,
Philips Healthcare) and 2D fat-suppressed (FS) IR-spin echo
(SE) sequences were used as the gold standard of the FF and
water T'1 quantification. The scan parameters of CSE-MRI
were FOV =380x264 mm’, spatial resolution =2.5x2.5 mm’,
slice thickness =5 mm, TR =5.80 ms, 6 bipolar echoes, first
TE/ATE =1.01/0.70 ms, flip angle =3°, and scan duration =10s.
FS IR-SE were scanned using the following parameters:
FOV =200x140 mm’, spatial resolution =2.5x2.5 mm”, slice
thickness =5 mm, TR/TE =10,000/9.0 ms, TT = (100, 200,
300, 400, 500, 600, 700, 800, 900, 1,000, 1,500, 2,000) ms, and
scan duration =9 min 40 s per T1. The total scan time of the
gold standard sequences was 1 h 56 min and 10 s. In addition,
to investigate the effect of fat on T1 quantification, the
MOLLI (43) sequence was performed to estimate the water-
fat compound T1 of the phantom with the following scan
parameters: FOV =300x300 mm’, spatial resolution =2x2 mm’,
slice thickness =10 mm, TR/TE =1.98/0.89 ms, flip angle
=20°, no fat suppression, and scan duration =11 s.

In vivo study

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
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was approved by the institutional review board of Tsinghua
University, and informed consent was obtained from all
individual participants. The study recruited 9 healthy
volunteers, 2 patients with fatty liver, and 3 patients with
hepatocellular carcinoma (HCC). All scans were performed
on a 3.0-T MR scanner (Ingenia CX, Philips Healthcare)
using a 16-channel torso coil and a 16-channel posterior
coil. Healthy volunteers and patients were instructed to
breathe normally during the SWALI sequence acquisition.

Because the total scan time of FS IR-SE is too long and
can be easily affected by respiratory motion, only CSE-
MRI and MOLLI (43) sequences were used for FF and T'1
quantification comparison in healthy volunteers and patients
with fatty liver. The CSE-MRI sequence was performed
under breath-holding conditions with the same parameters
as those used in the phantom study. Three axial slices at
different locations were imaged using 3 MOLLI sequences.
Each MOLLI sequence was performed in 1 breath-hold
under the following scan parameters: FOV =380x380-
400x400 mm’, spatial resolution =2x2 mm’, slice thickness
=5 mm, TR/TE =1.98/0.89 ms, flip angle =20°, no fat
suppression, and scan duration =11 s. Three square regions
of interest (ROIs; ~100 mm® each) were manually drawn
on each MOLLI image, resulting in 9 liver ROIs for each
participant. Corresponding liver ROIs were also manually
drawn on SWALI and CSE-MRI images on the slices at the
same location as MOLLI. To evaluate the reproducibility of
the proposed SWALI sequence, a repeated SWALI scan was
acquired in 5 healthy volunteers and 2 patients with fatty
liver using the same imaging protocol.

Patients with HCC underwent a gadolinium
ethoxybenzyl diethylenetriamine pentaacetic acid (Gd-
EOB-DTPA)-enhanced MR scans. During the MR scan,
0.025 mmol/kg of Gd-EOB-DTPA (Primovist; Bayer
Schering Pharma) was injected at a rate of 2 ml/s. The
SWALI sequence was performed precontrast and 15 min
after the contrast administration. The difference between
the pre- and postcontrast water T'1 (AT1) was calculated as
100 x (11,,, - T1,,,)/T1,, pixel by pixel, which could reflect
the liver function (9). Nine square ROIs (~100 mm’ each)
were drawn on liver parenchyma, and the mean precontrast
FF and T1, the mean postcontrast FF and T'1, and the
mean AT1 within each ROI were averaged.

Statistical analysis

In the phantom study, the mean and standard deviation of
the FF and water T'1 of each phantom estimated by SWALI

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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were calculated and compared with those obtained using
the CSE-MRI and FS IR-SE using Pearson or Spearman
correlation and linear regression analysis.

For healthy volunteers and patients with fatty liver, a
paired z-test or Wilcoxon signed-rank test was used to
compare the mean FF or the mean T'1 within each ROI
estimated by the SWALLI sequence with that estimated using
CSE-MRI or MOLLI. Pearson or Spearman correlation
and linear regression analyses were also performed to
compare the SWALI and reference sequences. In the
reproducibility study, the FF and water T1 from the second
scan were compared with those from the first SWALI
scan using the intraclass correlation coefficient (ICC). For
patients with HCC, the differences between the pre- and
postcontrast FF and the pre- and postcontrast T'1 were
compared using a paired #-test or Wilcoxon signed-rank
test, as appropriate.

A P value less than 0.05 was considered statistically
significant. All statistical analyses were performed in SPSS
23.0 (IBM Corp, Armonk, NY, USA).

Results
Phantom study

The FF and water T1 maps of the phantom estimated with
the gold standard sequences and the proposed SWALI
sequence are shown in Figure 2. The mean FF and water
T1 values within each tube estimated by the SWALI
sequence show good agreement with those estimated with
CSE-MRI [correlation coefficient (r) =0.998; P<0.001;
R’=0.99] and FS IR-SE (r=0.997; P<0.001; R’=0.99). In
tubes with high FFs, the water-fat compound T1 estimated
using MOLLI was longer than the water T'1 estimated
using FS IR-SE (Figure 2B).

In vivo study

All 9 healthy volunteers (7 males and 2 females, age
34.7+10.8 years) and 2 patients with fatty liver (2 males,
age 25.5+3.5 years) underwent MR acquisitions. The
separated water and fat images, FF maps, and T1 maps of
1 healthy volunteer are shown in Figure 3. Similar FF and
T1 distributions were found when using the SWALI and
compared sequences (Figure 3). Figure 4 shows the separated
water and fat images and quantitative maps of 1 patient with
fatty liver (mean FF =18.9%). The water T1 map estimated
using the SWALI sequence was different from the water-fat
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Figure 2 Quantitative mapping results of the water-fat phantom. (A) FF maps were estimated using CSE-MRI and the proposed SWALI

sequence with quantitative comparison (correlation with the mean and standard deviation). To show the phantom with a low FF, the FF of

the background was set as 150%. (B) Water T'1 maps were estimated using FS IR-SE and the proposed SWALI sequence with quantitative

comparison (correlation with the mean and standard deviation). Water T1 of the tube with pure peanut oil could not be calculated (red

circle). The water-fat compound T'1 was estimated using MOLLI and was compared to water T1 estimated using FS IR-SE. FF, fat fraction;

CSE-MRI, chemical shift-encoded magnetic resonance imaging; SWALI, simultaneous water-fat separation and T1 mapping of the whole

liver; FS, fat-suppressed; IR, inversion recovery; SE, spin echo; MOLLI, modified Look-Locker inversion recovery.

compound T'1 map estimated using MOLLI (Figure 4).

For all healthy volunteers and patients with fatty liver,
the comparison of FF and water T'1 between the proposed
SWALLI sequence and the reference sequences are shown
in Table 1. Results from the SWALI sequence showed no
significant difference from those estimated using CSE-MRI

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in FF quantification (P=0.53) with a r of 0.989 (P<0.001)
in the correlation analysis and an R’ value of 0.98 in the
linear regression analysis. The mean FF calculated using
the SWALI and CSE-MRI techniques were 2.6%=1.3%
vs. 2.5%+0.7% in healthy volunteers (n=9). The mean FF
calculated using the SWALI and CSE-MRI techniques
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Figure 3 Quantitative mapping results of 1 healthy volunteer (female, 28 years old). The separated water image, fat image, FF map, and

water T'1 map estimated by the proposed SWALI sequence are compared with the separated water image, fat image, and FF map estimated

using the CSE-MRI sequence and the water-fat compound T'1 estimated using the MOLLI sequence. The red squares show 3 ROIs

(~100 mm” each) that were manually drawn. The mean FF and water T1 were calculated within each ROI. SWALI, simultaneous water-fat

separation and T1 mapping of the whole liver; FE, fat fraction; CSE-MRI, chemical shift-encoded magnetic resonance imaging; MOLLI,

modified Look-Locker inversion recovery; ROI, region of interest.

were 27.5%%9.5% vs. 27.0%+8.7% in patients with fatty
liver (n=2). In T'1 quantification, a slightly higher T1 was
obtained by the proposed SWALI sequence than that by
MOLLI without a significant difference (775.9£71.0 vs.
768.4+61.5 ms; P=0.10) in healthy volunteers (n=9), with
ar of 0.821 (P<0.001) in the correlation analysis and an R’
value of 0.68 in the linear regression analysis. The water
T1 estimated using the SWALI sequence was significantly
lower than the water-fat compound T'1 estimated by
MOLLI (778.1£53.8 vs. 1,093.9£230.1 ms; P<0.001) in
patients with fatty liver (n=2).

In the subset of 7 participants (5 healthy volunteers and
2 patients with fatty liver) who underwent repeated SWALI
scans, the ICCs for the estimated FF and water T'1 between
the first and the second scan were 0.997 [95% confidence
interval (CI): 0.995-0.998; P<0.001] and 0.943 (95% CI:
0.906-0.965; P<0.001), respectively.

The 3 recruited patients with HCC (2 males and
1 female, age 52.7+6.7 years) completed the pre- and
postcontrast SWALI acquisitions. Figure 5 shows the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

FF map, T1 map, and T1 map estimated from pre- and
postcontrast SWALI sequences of 1 patient. The HCC
region shows different T1 distributions compared to those
of the liver parenchyma on pre- and postcontrast T'1 maps
and T1 maps (Figure 5). For all patients, the FF estimated
by the pre- and postcontrast SWALI showed no significant
difference (2.1%+0.8% vs. 1.8%=0.5%; P=0.08). Water T1
of the patients showed a significant reduction after contrast
administration (277.7+23.6 vs. 816.7+£37.7 ms; P<0.001).
The mean AT1 of the patients was 66.0%2.5%.

Discussion

In this study, free-breathing water-fat separation and T'1
mapping of the whole liver were achieved simultaneously
within 1 scan using the proposed SWALI sequence.
Compared to commonly used T1 techniques in the
liver, such as MOLLI and variable flip angle sequences,
the advantages of the proposed sequence included free-
breathing, a single scan for the whole liver coverage,
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Figure 4 Quantitative mapping results of 1 patient (male, 28 years

old) with fatty liver. The separated water image, fat image, FF map, and

water T'1 map estimated using the proposed SWALI sequence compared with the separated water image, fat image, and FF map estimated

using the CSE-MRI sequence and the water-fat compound T'1 estimated using the MOLLI sequence. The red squares show 3 ROIs

(~100 mm’ each) that were manually drawn. The mean FF and water T1 were calculated within each ROL. SWALI, simultaneous water-fat

separation and T1 mapping of the whole liver; FE, fat fraction; CSE-MRI, chemical shift-encoded magnetic resonance imaging; MOLLI,

modified Look-Locker inversion recovery; ROI, region of interest.

Table 1 Comparison of the FF and water T1 between the proposed SWALI sequence and the reference sequences in the iz vivo study

FF (%) Water T1 (ms)
Participants
SWALI CSE-MRI P SWALI MOLLI P
Healthy volunteers 2.6+1.3 2.5+0.7 775.9+71.0 768.4+61.5 0.10
0.53
Patients with fatty liver 27.5+9.5 27.0+8.7 778.1+53.8 1,093.9+230.1 <0.001

Data are expressed as mean + SD. FF, fat fraction; SWALI, simultaneous water-fat separation and T1 mapping of the whole liver; CSE-

MRI, chemical shift-encoded magnetic resonance imaging; MOLLI

and isotropic spatial resolution, and the obtained images
and quantitative maps were naturally coregistered. The
proposed SWALI sequence showed good FF and T1
quantification accuracy when compared with the gold
standard sequences in the phantom study. The clinical
feasibility of the SWALI sequence was demonstrated by the
volunteer and patient study.

A free-breathing technique is valuable, especially for
patients who have difficulties holding their breath. The
3D golden-angle radial trajectory used in the proposed

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

, modified Look-Locker inversion recovery; SD, standard deviation.

sequence was robust to motion. The results of our study
demonstrated that, even though no respiratory motion
correction algorithm was applied, the proposed free-
breathing technique did not show severe motion artifacts
on the reconstructed images or in the estimated FF and T1
maps. In contrast to the stack-of-stars trajectory used in the
MT-ME technique (30), which needs perpendicular center
k-space line acquisition every 8 readouts, there was no need
to acquire the additional repeated k-space data for the 3D
golden-angle radial trajectory because each of the k-space

Quant Imaging Med Surg 2023;13(2):912-923 | https://dx.doi.org/10.21037/qims-22-748
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Figure 5 Quantitative mapping results of a patient with HCC (female, 60 years old). The FF map and water T1 map were estimated using
the proposed SWALI sequence before and 15 min after the Gd-EOB-DTPA injection. AT1 map was calculated as 100x(71,,,-71,,)/T1,..
The red arrow shows the HCC lesion. The red squares show the 3 square ROIs (~100 mm’ each) that were manually drawn. The mean
FF, water T'1, and ATl were calculated within each ROI. FF, fat fraction; HCC, hepatocellular carcinoma; SWALI, simultaneous water-fat
separation and T'1 mapping of the whole liver; Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; ROI, region

of interest.
lines went through the k-space center. The temporal motion the previous study and the phantom and iz vive experiments
information could be directly extracted from the acquired of our study (46). Although no gold-standard in vivo water
k-space data itself (30,44,45). In the future, self-respiratory T1 quantification sequence was applied in this study, the
motion correction algorithms can be applied to reduce the water T'1 of the liver in healthy volunteers estimated by the
image blur caused by respiratory motion and can further proposed SWALI sequence was 775.9 ms, which was similar
improve the quantification accuracy, especially in those with to that reported by previous studies (29,30).
large respiratory motions (30,44,45). This study still has some limitations. First, 3 echoes
In addition to FS IR-SE, MOLLI was also used for T1 were used, and the effect of T2* was not considered in the
comparison in this study. However, fat suppression or water water-fat separation of the SWALI sequence. Although
selection could not be applied to the MOLLI sequence; T2* effect can be ignored when TE is short and in patients
thus, MOLLI was used to measure the water-fat compound with normal T2* the comparison between the SWALI
T1. Therefore, finding a significant difference between sequence and the gold-standard CSE-MRI, which used
the water T'1 measured by the proposed SWALI sequence 6 echoes for T2* correction, may have some underlying
and the water-fat compound T'1 measured by the MOLLI biases. In addition, the proposed SWALI sequence may not
sequence in patients with high liver FFs was reasonable. be suitable for patients with hepatic iron overload who have
In this study, the TE of the MOLLI sequence was set as short T2* of the liver. In the future, more echoes should be
0.89 ms, which was close to the out-of-phase time of water applied in the SWALI sequence to estimate T2* paired with
and fat at 3.0 T. Under this scan parameter, the signal fat quantification. Second, FS IR-SE and MOLLI sequences
recovery could be calculated by the difference between the were used in the phantom study, but only MOLLI was
water and fat recovery weighted by their relative fractions. performed in the i vivo study because FS IR-SE has a
Thus, the presence of fat slowed down the recovery of the long scan time and is sensitive to motion. T'1 quantified by
water signal, resulting in a longer water-fat compound T'1 MOLLI will be affected by the presence of fat; therefore,
obtained by MOLLI compared to water T'1, as shown in other water T1 reference sequences, such as the water-fat

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(2):912-923 | https://dx.doi.org/10.21037/qims-22-748



Quantitative Imaging in Medicine and Surgery, Vol 13, No 2 February 2023 921

separated variable flip angle technique, can be applied for in
vivo comparison in the future. Third, the scan time of the
proposed sequence was 5 min, which may still be too long
for clinical application. More in vivo studies are required to
explore the clinical value of the proposed technique.

Conclusions

In this study, free-breathing water-fat separation and T'1
mapping quantification of the whole liver were achieved
within 1 scan using the proposed SWALI sequence.
The quantitative accuracy and the in vivo feasibility of
the proposed sequence were demonstrated in phantom,
volunteer, and patient studies.
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