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Abstract

Objectives To determine the technical success rates of MR elastography (MRE) according to established gradient-recalled echo

(GRE) and spin-echo echo-planar imaging (SE-EPI) sequences and to compare liver stiffness (LS) values between the sequences

during expiratory and inspiratory phases in patients with chronic liver disease or liver cirrhosis.

Methods One hundred and eight patients who underwent MRE were included in this retrospective study. MRE was

performed at 3 T based on both sequences during expiration as well as inspiration. Technical failure of MRE was

determined if there was no pixel value with a confidence index higher than 95% and/or no apparent shear waves imaged.

LS measurements were performed using free-drawing region of interest. To evaluate clinical factors related to the technical

success rate of MRE, we assessed etiology of liver disease, ascites, body habitus, iron deposition, and liver morphology of

patients. Statistical analysis was performed with the Wilcoxon test, Bland-Altman plot, independent ¢ test, Mann-Whitney

test, and McNemar test.

Results The technical success rate of MRE in SE-EPI was significantly higher than that of GRE (98.1% vs. 80.7%,

p < 0.0001). On the basis of univariate analysis, height, weight, and BMI were significantly associated with failure of

MRE (p < 0.05). There was no significant difference in LS values between GRE and SE-EPI (2.82 kPa vs. 2.92 kPa

(p > 0.05)). However, the LS values were significantly higher during inspiration than expiration with both GRE and SE-

EPI (p < 0.0001).

Conclusion MRE in SE-EPI during expiratory breath-hold can be used as a reliable examination to evaluate liver fibrosis.

Key Points

* The technical success rate of MR elastography in spin-echo echo-planar imaging (SE-EPI) was significantly higher than that in
gradient-recalled echo (GRE) during both the inspiratory and expiratory phases.

* Liver stiffness values were significantly higher during inspiration than during expiration in both GRE and SE-EPI.

* MR elastography in SE-EPI during expiratory breath-hold can be used as a reliable examination in patients with liver fibrosis.
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LS Liver stiffness

MRE Magnetic resonance elastography
ROI Region of interest

SE-EPI  Spin-echo echo-planar imaging
TE Transient elastography
Introduction

Liver fibrosis is characterized by excessive deposition of the
extracellular matrix, leading to consequent liver architectural
distortion [1]. As progressive liver fibrosis leads to cirrhosis, it
is associated with potential complications, such as liver fail-
ure, portal hypertension, varices, hepatocellular carcinoma
(HCC), and hepatic encephalopathy [2, 3]. However, hepatic
fibrosis is no longer considered an irreversible process due to
the substantial recent development of anti-fibrotic therapies
[4, 5]. Therefore, early diagnosis of cirrhosis and accurate
measurement of the degree of fibrosis is important to deter-
mine the appropriate treatment and prognosis [6].

Percutaneous liver biopsy has been considered the standard
for evaluating liver fibrosis, but it has several limitations, in-
cluding poor patient compliance, invasiveness, risks of com-
plication, sampling errors, and inter-observer variability in
interpretation [1, 3, 7]. For these reasons, there have been
many attempts to evaluate the degree of liver fibrosis with
noninvasive options, including the use of serum markers, tran-
sient elastography (TE), and magnetic resonance elastography
(MRE) [2, 3]. Among these techniques, MRE is considered to
be the best method for measuring the degree of liver fibrosis
because of its high accuracy and reproducibility with a large
sample volume [3, 8, 9]. Technically, MRE is based on a phase
contrast imaging method that images mechanical wave prop-
agation and assesses tissue stiffness [2]. Using MRE, the de-
gree of liver stiffness (LS) can be objectively measured and
quantified in kilopascals (kPa) [9].

Until recently, the gradient-recalled echo (GRE)—sequence-
based MRE has been most commonly used [10], and it has
been well-validated by many previous studies for liver fibrosis
evaluation [1, 2, 11]. However, in the iron-overload liver,
GRE-MRE is known to exhibit high technical failure rate, as
the sequence is sensitive to the short T2* transverse relaxation
time [11, 12]. Considering that iron-overloading is not unusual
in chronic liver disease (CLD) [13], this drawback of GRE-
MRE could be critical. On the contrary, a spin-echo echo-
planar imaging (SE-EPI) sequence for MRE, commercially
available for nearly a decade on some but not all 3.0 T MRI
systems, has been shown to be less sensitive to transverse
relaxation signal decay [14, 15], resulting in fewer technical
failures due to susceptibility [10-12]. In addition, SE-EPI-
MRE has been considered to provide better estimates of stiff-
ness maps for increased spatial coverage and larger areas of
stiffness measurement, resulting in a lower overall technical

failure rate [2, 11]. Another technical concern regarding MRE
is the respiratory effect. Conventionally, MRE has been per-
formed during the end-expiration period with a breath-hold
because increased portal flow during inspiration has been be-
lieved to have a theoretical effect on LS [16], and it is known
that the measurement variability and hepatic positional chang-
es between breath-holds can be minimized at end-expiration
rather than at end-inspiration [17, 18].

However, to the best of our knowledge, there is no pub-
lished study that compares the technical failure rates of GRE-
MRE and SE-EPI-MRE as well as the LS values obtained
during inspiration and expiration in the same patient with a
large study population.

Therefore, the purpose of our study was to determine the
technical success rates of MRE according to established GRE
and SE-EPI sequences in the same study population compris-
ing patients with CLD or liver cirrhosis (LC). An additional
objective was to compare LS values between GRE-MRE and
SE-EPI-MRE during inspiratory and expiratory phases.

Materials and methods
Patients

Our local institutional review board approved this study.
Between November 2017 and April 2018, 129 patients
underwent MRE at our hospital. Of those, 17 patients were
excluded from the study due to active driver errors; patients
with images not obtained with either of the two sequences
were also excluded (n = 4). Thus, a total of 108 patients (mean
age, 63 years; range, 31-81 years; M:F = 73:35) were includ-
ed in this retrospective study (Fig. 1). MRE was performed at
3 T based using standard GRE and prototype SE-EPI se-
quences during expiration and inspiration. MRE is part of
the routine liver MRI protocol at our institution. The indica-
tions for liver MRI were as follows: HCC screening/surveil-
lance, other malignant lesions (including metastases), focal
liver lesions, and others.

MRI and MRE acquisition

All MR examinations were performed on a 3-T MR unit
(MAGNETOM Skyra, Siemens Healthcare) using the inte-
grated spine matrix and body matrix coils. The patients were
examined in the supine position, and the receiver coil was
positioned to cover the upper abdomen. Patients underwent
aroutine clinical imaging protocol of the liver before and after
the injection of a contrast agent (gadoxetic acid, Primovist;
Bayer Healthcare), which included the following sequences:
breath-hold axial and coronal T2-weighted half-Fourier acqui-
sition single-shot fast spin-echo, axial in- and opposed-phase
chemical shift imaging, breath-hold T2-weighted fast spin-
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Fig. 1 Flow diagram of the final
study population

129 patients who underwent MRE
between November 2017 to April 2018

21 patients were excluded:
17 patients( the active driver errors)
4 patients (images not obtained with
either of the two sequences)

Final study population
108 patients, 109 MRE
( mean age, 63 years, range, 31-81 years;
M:F=73:35)

echo with fat suppression, axial diffusion-weighted imaging,
and axial 3D fat-suppressed T1-weighted imaging.

Liver MRE sequences were performed before the adminis-
tration of the contrast agent. For MRE wave generation, a 19-
cm-diameter passive acoustic driver was placed on the right
side of the abdomen at the level of the xiphoid process. Then,

using the active driver (Resoundant), 60 Hz shear wave prop-
agation was induced in the liver by delivering continuous
acoustic vibration through a flexible vinyl tube to the passive
driver. For the GRE sequence, a total of four slices were ac-
quired in four consecutive breath-holds at end-expiration and
end-inhalation phases, respectively. The acquisition time was

Table 1 Characteristics of the

study population Total (n = 109)

Patient characteristics

Age (mean years (range))
Sex (male/female)
Indications for MRE

HCC screening/surveillance
Other malignant lesions
Benign focal liver lesions

63 (31-81)
73/109 (67%)/36/109 (33%)

79/109 (73.1%)
18/109 (16.5%)
8/109 (7.3%)

Others 4/109 (3.6%)

LC, 79/109 (73.1%) Non-LC, 30/109 (26.9%)

CTPA 67/79 (34.8%) CLD 12/30 (40%)
B 8/79 (10.1%) Normal liver 18/30 (60%)
C 4/79 (5.1%)

Etiologies of liver disease, 91/109 (83.5%)

HBV
HCV

Alcohol abuse
Autoimmune
Other

Iron deposition
Technical error
R2* value < 1155~
Ascites

None

Scanty
Moderate
Massive

Normal liver,
18/109 (16.5%)

48/91 (52.7%)
791 (7.6%)

17/91 (18.6%)
1/91 (1.1%)
18/91 (19.7%)

7/109 (6.4%)
102/109 (93.5%)

92/109 (84.4%)
13/109 (11.9%)
1/109 (0.9%)
3/109 (2.7%)

HCC hepatocellular carcinoma, CTP Child-Turcotte-Pugh, CLD chronic liver disease, HBV hepatitis B virus,
HCV hepatitis C virus, LC liver cirrhosis
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Table 2 Technical success rate of MRE based on the sequence
SE-EPI GRE

Inspiration 107/109 (98.1%) 84/109 (77.1%) p <0.0001

Expiration 107/109 (98.1%) 88/109 (80.7%)

The technical success rate of MRE was significantly higher in SE-EPI
than in GRE

GRE gradient-recalled echo, SE-EPI spin-echo echo-planar imaging

76 s, split into four breath-holds. The measurement parameters
for the GRE-MRE sequence were as follows: repetition time/
echo time, 50/23.75 ms; flip angle, 25°; field of view, 380 x
226; matrix size, 128 x 76; band width, 260 Hz/pixel; thick-
ness, 5 mm; and inter-slice gap, 10 mm. For the prototype SE-
EPI sequence, all four slices were acquired in a single breath-
hold at the end-expiration and end-inhalation phases, respec-
tively. The acquisition time was 11 s, during a single breath-
hold. The measurement parameters for the SE-EPI-MRE se-
quence were as follows: repetition time/echo time, 1000/47
ms; flip angle, 90°; field of view, 380 x 380; matrix size,
100 x 100; band width, 2380 Hz/pixel; thickness, 6 mm,;
and inter-slice gap, 12 mm. When the acquisition was com-
plete, the wave images were automatically processed by the
MR scanner, and images were created that delineated the tis-
sue stiffness (elastogram). These images represented relative
shear stiffness in kPa and were expressed in a gray scale or
color scale. In addition, the processing algorithm provided
“confidence” maps as a measure of reliability of the stiffness
estimation as well as elastograms where values with a corre-
sponding confidence value below 95% were marked.

Fig. 2 A 56-year-old man with
HBYV cirrhosis. a MRE acquired
using a two-dimensional GRE
sequence at expiratory breath-
hold; the shear wave pattern is ir-
regular and bizarre, likely indi-
cating technical failure. b MRE
acquired using a two-dimensional
SE-EPI sequence at expiratory
breath-hold; the shear wave is
well stratified and shows regular
intervals between each wave, in-
dicating technical success.
Additionally, there is no pixel
value with a confidence index
higher than 95% in ¢ when com-
pared with d. HBV hepatitis B
virus, GRE gradient-recalled ech-
o, SE-EPI spin-echo echo-planar
imaging, LS liver stiffness

Analysis of MR elastography and assessment
of failure

Two radiologists (S.C. and A.K. with 2-year resident in train-
ing) independently analyzed the MRE data. Technical failure
of an MRE was determined if there was no pixel value with a
confidence index higher than 95% and/or no apparent shear
waves were imaged [11]. LS measurements were performed
using free-drawing regions of interest (ROI) by two observers
in consensus for each data set, avoiding large vessels and
solitary occupying lesion in the liver. Four liver MRE slices
were obtained in one sequence. Thus, a total of 16 ROI values
could be obtained if all sequences were successful in both
GRE and SE-EPI during the inspiratory and expiratory pe-
riods. Technical failure was considered when none of the four
ROI values were obtained from one sequence. Additionally,
the reliable area without cross stripes was measured.

Factors of MRE failure

For the evaluation of clinical factors related to the technical
success rate of an MRE, we assessed the etiology of the liver
disease, presence of ascites, iron deposition, height, weight,
body mass index (BMI), and liver morphology (cirrhosis vs.
non-cirrhosis). If a patient had LC, we assessed the Child-
Turcotte-Pugh (CTP) score. For the evaluation of ascites, the
amount of ascites was graded on a scale between 0 and 3, as
follows: 0, none; 1, scanty; 2, moderate; and 3, massive
amount of ascites. [ron deposition was assessed using region
of interest placements with R2*(1/T2*) imaging, avoiding
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Fig. 3 Graphs showing that height, weight, and BMI are significantly associated with MRE failure (acquired with two-dimensional GRE sequence at

expiratory breath-hold). BMI body mass index, GRE gradient-recalled echo

large vessels and solitary occupying lesions in the liver. The
mean value was obtained from the values of three circular
ROIs. An R2* value of 115 s ' or more was defined as a
significant increase in iron deposition [19].

Statistical analysis

The results are presented as median values for quantitative
data. Median LS values between SE-EPI and GRE-MRE in
the same patients were compared using the Wilcoxon signed
rank test (paired samples Wilcoxon test) for both inspiration
and expiration periods. In addition, the Bland-Altman plot
was used to prove that there was no significant LS value
difference between SE-EPI and GRE-MRE when the breath-
ing period is the same. The significant parameters in the uni-
variate analysis were assessed with the independent ¢ test and
Mann-Whitney test, depending on the parametric or nonpara-
metric method. The technical success rates of MRE in SE-EPI
and GRE were analyzed using McNemar’s test. All analyses
were performed using the commercially available statistical
software MedCalc® (version 18.6). A two-sided p value of
less than 0.05 was considered statistically significant.

Results

Patient characteristics

Because one patient underwent MRE measurements repeated-
ly, a total of 109 MRE examinations were assessed in this

100%

80%

60%

40%

| ]

0% Alcohol  Aut

HBV ~ HCy ool Aule g
abuse immune

mFailure rate 20.84% 0.00% 17.60% 100.00% 33.30%

study. The indications for liver MR imaging included HCC
evaluation or follow-up (n = 79; 73.1%), other malignant le-
sions including metastases (n = 18; 16.5%), focal liver lesions
(n=8;7.3%), and others (n = 4; 3.6%). None of these patients
showed significant iron deposition: R2* value < 115s ' (n =
102; 93.5%) and technical error (n = 7; 6.4%). Among the
included study patients, 79 patients had LC, 12 patients
showed CLD configuration, and 18 patients showed normal
liver configuration. The majority of the included patients had
no ascites (n = 92), whereas the others presented with the
following degrees of ascites: scanty (n = 13), moderate (n =
1), and massive (n = 3). The etiologies of liver disease were as
follows: hepatitis B virus (HBV), hepatitis C virus (HCV),
alcohol abuse, autoimmune, and others. Details are shown in
Table 1.

Failure rate and factors of MRE failure

The technical success rate of MRE in SE-EPI was significant-
ly higher than that in GRE during both the inspiratory and
expiratory phases: 98.1% (SE-EPI inspiration (IN)) vs.
77.1% (GRE_IN) and 98.1% (SE-EPI expiration (EX)) vs.
80.7% (GRE_EX), p < 0.0001) (Table 2 and Fig. 2). On the
basis of univariate analysis, the parameters height, weight, and
BMI were significantly associated with MRE failure
(p <0.05). According to the multivariate analysis, only height
was a significant independent factor (p = 0.0312). The mean
value of ascites was higher in the failure group than in the
success group, but this result was not statistically significant
(0.38 vs. 0.19, p = 0.29) (Fig. 3). The failure rates according to

40%
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® Failure rate 25.00%

Fig.4 Graphs showing the distributions of the MRE failure rates (acquired with two-dimensional GRE sequence at expiratory breath-hold) in relation to
the etiology of the liver disease or the CTP score. GRE gradient-recalled echo, CTP Child-Turcotte-Pugh
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Table 3 LS values, GRE vs. SE-EPI Table 4 LS values, inspiration vs. expiration
GRE SE-EPI Inspiration Expiration

Inspiration 3.02 kPa 3.03 kPa p =0.5250 GRE 3.02 kPa 2.89 kPa p=0.0350
(95% CI, 2.65-3.41) (2.94-3.19) (95% CI, 2.65-3.41) (2.54-3.19)

Expiration 2.82 kPa 2.92 kPa p=0.1942 SE-EPIL 3.09 kPa 2.94 kPa p <0.0001
(2.49-3.16) (2.71-3.20) (2.99-3.23) (2.75-3.18)

There was no significant difference in LS values between GRE and SE-
EPI

GRE gradient-recalled echo, SE-EPI spin-echo echo-planar imaging, LS
liver stiffness, CI confidence interval

etiology were as follows: HBV (20.8%; 10 of 48), alcohol
(17.6%; 3 of 17), autoimmune (100.0%; 1 of 1), and others
(33.3%; 6 of 18); there was no failure detected in the HCV
etiology group. Among the patients with LC (n = 79), the CTP
scores were categorized as class A (n = 67), class B (n = 8),
and class C (n = 4). The failure rates, according to these CTP
score, were as follows: CTP A (20.8%; 14 of 67), CTP B (37.
5%; 3 of 8), and CTP C (25.0%; 1 of 4) (Fig. 4). The technical
success rate of MRE in the non-LC group was higher than that
of the LC group in all sequences, including both inspiratory
and expiratory phases; the results were as follows: non-LC vs.
LC group, SE-EPI IN (100%; (30 of 30) vs. 97.4%; (77 of
79)), SE-EPI_EX (100%; (30 of 30) vs. 97.4%; (77 of 79)),
GRE_IN (83.3%; (25 of 30) vs. 74.6%; (59 of 79)), and
GRE _EX (90%; (27 of 30) vs. 77.2%; (61 of 79)).

GRE vs. SE-EPI and inspiration vs. expiration

There was no significant difference in the LS values between
GRE and SE-EPI during both inspiration and expiration:
GRE_IN (3.02, (2.65-3.41, 95% confidence intervals (Cls))
kPa) vs. SE-EPI IN (3.03 (2.94-3.19) kPa), and GRE EX

25
20}
15

ol

0.5

+1.96 SD

0.0

GRE_EX - EPI_EX

-0.5

-1.0

-1.5

Y N T T T R T S TR
1 2 3 4 5 6 7 8 9
Mean of GRE_EX and EPI_EX
Fig. 5 The Bland-Altman plot for GRE_EX and SE-EPI EX shows that
there is no significant difference in LS values between GRE and SE-EPI
during expiration (most of the scattered dots are within the error range).
GRE gradient-recalled echo, SE-EPI spin-echo echo-planar imaging, IN
inspiration, EX expiration

LS values were significantly higher during inspiration than during
expiration

GRE gradient-recalled echo, SE-EPI spin-echo echo-planar imaging, LS
liver stiffness, CI confidence interval

(2.82 (2.49-3.16) kPa) vs. SE-EPI_EX (2.92 (2.71-3.20)
kPa) (Table 3 and Fig. 5). However, LS values were signifi-
cantly higher during inspiration than expiration in both GRE
and SE-EPI: GRE IN (3.02, (2.65-3.41) kPa) vs. GRE_EX
(2.89 (2.54-3.19) kPa) and SE-EPI _IN (3.09 (2.99-3.23) kPa)
vs. SE-EPI_EX (2.94 (2.75-3.18) kPa) (Table 4).
Additionally, the mean value of reliable area for measurement,
without cross stripes, was significantly larger for the SE-EPI
sequence: GRE EX (1768.47 (1383.75-2158.61) mm?) vs.
SE-EPI_EX (4665.66 (4294.68-4908.17) mm?), p < 0.0001)
(Fig. 6).

Discussion

Our results show the advantages of a SE-EPI-MRE sequence
in terms of technical success rate, image quality, and increased
size of measurable image area according to the confidence
value, with equivalent LS values, as compared with a standard
GRE-MRE sequence. With increased ROI-size in the SE-EPI-
MRE, the measured LS values would likely represent a more
generalized assessment of the liver [11]. In addition, SE-EPI-
MRE is less sensitive to transverse relaxation signal decay and
shows more solid results than GRE-MRE, according to recent
studies [2, 11, 12]. Furthermore, because of its shorter acqui-
sition time [20], SE-EPI-MRE allows multiple slice acquisition
in a single breath-hold, which results in increased liver cover-
age and a more tolerable experience for the patient. The clinical
significance of our study findings is that SE-EPI sequences
used in commercially available MRE implementations can be
expected to provide better performance than GRE-MRE
sequences—which have been validated in prior studies, in
terms of good image quality, faster acquisition times, and high
technical success rates. Our results are in agreement with prior
studies [7, 11, 12, 21], in which SE-EPI-MRE showed a better
subjective image quality, larger ROI-measurable area, and
higher technical success rate compared with GRE-MRE.

In terms of factors related to technical failure, our study
showed that height, weight, and BMI were significantly asso-
ciated with MRE failure. These findings are consistent with
those of previous studies in that high technical failure occurred
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Fig. 6 A 32-year-old woman with a focal solid lesion in the liver (con-
firmed benign). MRE acquired using a two-dimensional GRE sequence
during inspiratory (a) and expiratory (b) breath-holds. MRE acquired
using a two-dimensional SE-EPI sequence during inspiratory (c¢) and
expiratory (d) breath-holds. In both sequences, the LS values are

in patient groups with high BMIs and weight [7]. It has been
speculated that the fat tissue in obese people, disturbs the
delivery of vibration from the generator to the liver [22].
However, in our study, the technical failure rate was higher
in the taller group as well. Even though there is no established
hypothesis, this result may be attributed to difficulty with
placing the generator at an optimal location for taller patients.
Unlike the results of a previous large population study [7], we
found that the amount of ascites was not a predictive factor of
liver MRE failure. However, there were only three patients
with massive ascites in our study population; thus, determin-
ing the technical effect of ascites on MRE cannot be per-
formed based on the results of our study. It is known that
increased hepatic iron depositions lead to higher technical
failure rates [10, 12]. However, no study patient exhibited
significant iron accumulation. Therefore, it was not possible
to evaluate the effect of iron deposition on MRE failure rate.
The technical success rate of MRE in the non-LC group was
higher than that in the LC group, which is in agreement with a
previous large population study [7]; this may be because as the
degree of cirrhosis increases, the liver architectural distortion
becomes worse, making the propagation of vibration difficult.
According to Pang et al [23], a higher liver stiffness value in
TE is one of the determinants of poorly reliable liver stiffness
measurements. Although this is a study using TE, the result is
consistent with that in our study.

Conventionally, MRE has been performed during end-
expiratory breath-hold, because increased portal flow during
inspiration has been believed to affect LS [16]. Additionally,
the measurement variability can be minimized at end-
expiration [17]. However, to the best our knowledge, there
was only small population study (n = 9) [17] that investigated
the effects of respiratory phases on MRE. In our study, the LS
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significantly higher during inspiration than expiration. Additionally, the
reliable area for measurement, without cross stripes, is significantly larger
with the SE-EPI sequence than with the GRE sequence, reflecting stabil-
ity and reliability of the examination. GRE gradient-recalled echo, SE-
EPI spin-echo echo-planar imaging, LS liver stiffness

values were significantly higher during inspiration than during
expiration in both GRE and SE-EPI. According to Millonig
et al [16], increased venous pressure due to congestive heart
failure or the Valsalva maneuver strongly interferes with the
liver stiffness measured with TE. Although this study exam-
ined the relationship between TE and respiration, the results
are consistent with those of our study, in that increased portal
flow affected the LS value.

This present study has several limitations. Firstly, the LS
values obtained with MRE were not compared with other
conventional methods, such as liver biopsy and TE; biopsy
was not performed because of its invasiveness, and TE was
only performed in a few cases. Secondly, the study population
of patients with CLD was heterogeneous, owing to the retro-
spective nature of this study. Thirdly, all MRE examinations
were performed using a single MR unit. Consequently, it
would be difficult to generalize our study results to an actual
clinical setting where various MR units and other parameters
may be used. Lastly, the study population was not large
enough to evaluate the performance of MRE for each etiologic
cause and according to the CTP score or the degree of iron
deposition. Therefore, a future prospective study using multi-
ple MR units in a large patient population will be necessary.

In conclusion, the technical success rate of SE-EPI-MRE
was significantly higher than that of GRE-MRE, but there was
no significant difference in the LS values; however, these
values were significantly higher during inspiration than expi-
ration. Thus, MRE in SE-EPI during expiratory breath-hold
can be used as a reliable examination in patients with liver
fibrosis.
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