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Purpose: To assess the feasibility of the use of spin-echo echo-planar imaging (SE-EPI)
magnetic resonance elastography (MRE) in livers of children and young adults.
Materials and Methods: Patients (< 20 years old) who underwent 3T SE-EPI MRE
were included retrospectively. Subjects were divided into three groups according to
the purpose of the liver MRI: suspicion of fatty liver or focal fat deposition in the
liver (FAT group), liver fibrosis after receiving a Kasai operation from biliary atresia
(BA group), and hepatic iron deposition after receiving chemotherapy or transfusions
(IRON group). Technical failure of MRE was defined when a stiffness map showed
no pixel value with a confidence index higher than 95%, and the patients were
divided as success and failure groups accordingly. Clinical findings including age,
gender, weight, height, and body mass index and magnetic resonance imaging results
including proton density fat fraction (PDFF), T2*, and MRE values were assessed.
Factors affecting failure of MRE were evaluated and the image quality in wave
propagation image and stiffness map was evaluated using the appropriate scores.
Results: Among total 240 patients (median 15 years, 211 patients in the FAT, 21
patients in the BA, and 8 patients in the IRON groups), technical failure was noted in
six patients in the IRON group (6/8 patients, 75%), while there were no failures noted
in the FAT and BA groups. These six patients had T2* values ranging from 0.9 to 3.8
ms. The image quality scores were not significantly different between the FAT and BA
groups (P > 0.999), while the scores were significantly lower in the IRON group (P <
0.001).

Conclusion: The 3T SE-EPI MRE in children and young adults had a high technical
success rate. The technical failure was occurred in children with decreased T2* value (<
3.8 ms) from iron deposition.

Keywords: Child; Young adult; Liver; Magnetic resonance imaging; Elasticity imaging
techniques
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INTRODUCTION

Pediatric liver diseases including congenital, inflammatory,
and metabolic diseases, if left untreated, can progress to
hepatic fibrosis and eventually liver cirrhosis in the patient
(1, 2). However, if pediatric liver disease can be effectively
treated, there is a high probability that the degree of
fibrosis can be minimized and possibly reversed (3, 4).
Therefore, early diagnosis and monitoring of hepatic fibrosis
are important in pediatric populations to improve beneficial
patient outcomes.

Generally, a liver biopsy is considered the gold standard
for diagnosing hepatic fibrosis. However, the use of liver
biopsy has several disadvantages, including invasiveness,
sampling errors, inter- or intra-observer variability, and
the need for sedation in children (5, 6). For this reason,
non-invasive imaging techniques such as ultrasound
elastography and magnetic resonance elastography (MRE)
are available to assess hepatic fibrosis quantitatively (7). The
use of a MRE offers results from larger areas with superior
repeatability and reproducibility (8, 9). This technique was
approved by the U.S. Food and Drug Administration, and
is considered an accurate method of evaluating hepatic
fibrosis (7).

For imaging the propagating shear waves while applying
mechanical stress in MRE, several sequences have been
introduced, including gradient-recalled-echo (GRE) and
spin-echo echo-planar imaging (SE-EPI). Although GRE
MRE was utilized first, SE-EPI MRE is known to offer faster
acquisition times and can measure stiffness in larger areas
and deeper portions affected by the disease (10). Recently
a few studies reported performance of GRE and EPI MRE in
adults (11-13). One study presented high success rates with
GRE MRE in a pediatric population (14). However, no study
has focused on the performance of SE-EPI MRE at 3T in a
pediatric cohort and reported the factors associated with
technical failure of SE-EPI MRE in children.

Therefore, the purpose of this study was to assess the
feasibility of SE-EPI MRE in livers of children and young
adults.

MATERIALS AND METHODS

Patients

Our Institutional Review Board approved this retrospective
study and waived the requirement for informed consent.
Pediatric patients equal to or under the age of 20 years
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who underwent short liver MRI with SE-EPI MRE according
to clinical demands from April 2015 to November 2017
were included in this study. The subjects were divided into
three groups according to the purpose of the liver MRl
examination: suspicion of fatty liver or focal fat deposition
in the liver (FAT group), liver fibrosis after receiving a Kasai
operation from biliary atresia (BA group), and hepatic
iron deposition after receiving chemotherapy or multiple
transfusions (IRON group). Additionally, age (years), sex,
weight (kg), height (cm), and body mass index (BMI, kg/m?)
of the patients at the time of the MRI examinations were
reviewed retrospectively using electronic medical records.

Acquisition of MRI and MRE

Liver MRI was performed using a 3.0T system (Discovery
750w, GE Healthcare, Milwaukee, WI, USA). Patients who
needed sedation for MRI examination could not undergo this
examination because this MRI system was not supported
by pediatric anesthesiologists according to the institutional
sedation protocol. Here, the sequences were composed of
a single-shot fast-spin-echo (SSFSE) T2-weighted image,
3D volumetric multi-echo gradient sequence (IDEAL-IQ for
proton density fat quantification and T2* decay assessment),
and SE-EPI MRE in axial directions. The SSFSE T2-weighted
image was used to determine gross morphology in the liver
and the MRI parameters for the SSFSE T2-weighted images
were as follows: repetition time (TR) 540 ms, echo time (TE)
80 ms, field of view (FOV) 40 cm, matrix 320 x 256, slice
thickness 8 mm, flip angle 90°, number of signal averages
0.64. The MRI parameters for IDEAL-1Q were as follows:
TR 5.9 ms, TE 2.6 ms, FOV 42 cm, matrix 128 x 128, slice
thickness 8 mm, flip angle 3°, number of signal averages
0.69, six gradients ranging from 0.9 to 4.4 ms. The MRI
parameters for MRE were as follows: TR 1000 ms, TE 620
ms, FOV 38 cm, matrix 64 x 64, slice thickness 8 mm, flip
angle 90°, number of signal averages 2. PDFFs over 6% and
T2* value under 6.4 ms were considered abnormal (15-17).

As noted for MRE, an active driver generated 60 Hz
mechanical waves that passed through a passive driver
attached to the right abdominal wall (18, 19). The driver
amplitude was reduced by 20% according to the previous
study that recommended reduction of 20% in patients older
than 5 years old (18). The 2D SE-EPI sequence was used for
imaging four axial slices in the widest portion of the liver,
with a total acquisition time of 24 seconds. If a patient had
difficulty holding their breath, the acquisition process was
divided in two steps; two slices were obtained in each of
the two 12-second scans (19-21). As a result, magnitude
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and phase images were generated and stiffness maps
(elastograms) in grayscale with 95% confidence maps were
produced (19, 22).

Analysis of MRl and MRE

To measure proton density fat fraction (PDFF, %) and T2*
values (ms) in the liver, an experienced pediatric radiologist
with nine years of experience measured the values in
IDEAL-1Q sequence. A round ROl was drawn in each image
showing the largest homogenous parenchyma of the liver
right lobe avoiding hepatic vessels using a picture archiving
and communication system (Centricity, General Electric
Corporation, Milwaukee, WI, USA).

Next, to measure the MRE value, four freehand ROIs were
drawn in the liver right lobe within the confidence interval,
avoiding hepatic vessels in each slice of the grayscale
stiffness map. Then, the mean MRE value (kPa) from the
four measurements was used as a representative stiffness
value. In this case, all subjects were divided into success and
failure groups according to MRE results by the experienced
pediatric radiologist. Success was defined when a stiffness
map from MRE showed areas appropriate for measuring
stiffness in the liver. If a stiffness map showed no pixel
value with a confidence index higher than 95% in the liver,
leaving no available area in four slices to draw the ROl in
liver parenchyma, the scan was considered to have been a
technical failure, according to the previous study (23). An
MRE value over 2.71 kPa was considered abnormal (19).

To assess the quality of elastography images, the
pediatric radiologist evaluated wave propagation images
and stiffness maps of all patients using a three-point scale
according to the previous studies (13, 23). In this case, the
scoring was performed for the wave propagation image
using following scoring system; score O, disorganized wave
pattern or no visible wave propagation in the entire liver;
score 1, some portion of inappropriate wave propagation,
but overall sufficient quality; score 2, good image quality
showing continuous wave propagation in the liver. Indeed,
the scoring for stiffness map with confidence interval was
done with following scoring system; score 0, no pixel value
higher than 95% confidence interval in entire liver in four
slices; score 1, measurable pixel value area less than 50%
of the liver; score 2, measurable pixel value area more than
50% in the liver.

Statistical Analysis
In this study, the statistical analysis was performed
with SAS (version 9.4, SAS Institute Inc., Cary, NC, USA)
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and R software (version 3.5.1, R Foundation for Statistical
Computing, Vienna, Austria). Data were presented as
median values and interquartile ranges. A Kruskal-Wallis
test or Fisher's exact test was done to compare age, sex,
weight, height, BMI, PDFF, T2*, and MRE values of the FAT,
BA, and IRON groups and Dunn's method was used for
post-hoc analysis. Also, the scores of image quality were
compared between groups using a Kruskal-Wallis test and
Dunn's method was used for post-hoc analysis. In addition,
the clinical and MRI results were compared between groups
with the image quality scores using the Mann-Whitney U
test. A P value of less than 0.05 was considered statistically
significant.

RESULTS

Patients

During the study period, a total of 240 patients (< 20
years old) who underwent liver MRI including SE-EPI MRE
were included in this study. The median age of the included
patients was 15 years and the youngest of included patients
was 4 years old. A total of 171 patients were male and 69
were female. The median weight of all included patients
was 44.5 kg (range, 25-99 kg) and the median height
was 148 cm (range, 118.7-186 cm). Among the total 240
patients, 211 (87.9%) were in the FAT group, twenty-one
patients (8.8%) were in the BA group, and 8 patients (3.3%)
in the IRON group. Therefore, it was determined that among
the IRON group, four patients received chemotherapy, one
patient had multiple transfusions for aplastic anemia, and
three patients were diagnosed with beta thalassemia. A
comparison of clinical findings between the evaluated
groups is presented in Table 1. Age, height, and weight were
noted as being significantly lower in the BA group compared
with the FAT and IRON groups (all Ps < 0.025). With this in
mind, it was noted that the BMI was significantly higher in
the FAT group, compared with the BA and IRON groups (all
Ps < 0.005).

Results of MRI and MRE

The median PDFF of all patients was 13.8% (range,
1-53%), while the median T2* value was 20 ms (range, 0.9-
64 ms). A comparison of MRI results between groups is
presented in Table 1. PDFF values were significantly higher
in the FAT group compared with the BA and IRON groups
and the MRE value was significantly higher in the BA group
compared with the FAT and IRON groups (P < 0.001 and
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0.022, respectively).

Technical failure of SE-EPI MRE was noted in six patients
who were in the IRON group (6/8 patients, 75%). However,
there was no failure in the FAT and BA groups. In this case,
the patients in the failure group had hepatic iron deposition
due to chemotherapy and/or multiple transfusions for
leukemia (n = 3), aplastic anemia (n = 1) and beta-
thalassemia (n = 2). T2* values in the failure group ranged
from 0.9 to 3.8 ms. Primarily noted was that one patient in
both the IRON and success groups was a 16-year-old female
with secondary hemochromatosis from chemotherapy
received 5 years ago for a rhabdomyosarcoma of the
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paranasal sinus. Her T2* value in the liver was 4 ms and her
MRE value was 2.4 kPa (Fig. 1). Additionally, another female
patient included in both the IRON and failure groups was
a 20-year-old who had multiple transfusions for aplastic
anemia. That patient's T2* value in the liver was 3.8 ms and
there was no region adequate for measuring the MRE value
in the stiffness map (Fig. 2).

When the image quality was assessed, all six patients in
the failure group and also in the IRON group had score O for
both wave propagation images and stiffness maps. In this
case, the remaining 234 patients had score 2 for stiffness
map. For wave propagation images, 85 patients had score

Table 1. Comparison of Clinical and MRI Results in FAT, BA, and IRON Groups

FAT BA P-value' P-value’ P-value’ P-value*
(n=211) (n=21) (All) (FATvs.BA)  (FATvs.IRON)  (BAvs.IRON)

Age (years) 14 (11-16) 9 (8-11) 17 (13-18) < 0.001 < 0.001 0.167 0.008
Gender (M:F) 159:52 9:12 3:5 0.002 0.003 0.030 0.568
Weight (kg) 67 (49-83) 33 (26-44) 57 (44-63) < 0.001 < 0.001 0.126 0.025
Height (cm) 159 (148-172) 137 (127-149) 163 (156-164) < 0.001 < 0.001 0.695 0.008
BMI (kg/mz) 26.4 (22.2-29.4) 17.6 (15.4-18.5) 21.5 (18.4-23.5) < 0.001 < 0.001 0.005 0.051
PDFF (%) 18 (7-31.1) 2.2 (1.7-4) 4.1 (2.6-5.5) < 0.001 < 0.001 0.002 0.143
T2* (ms) 20 (17-24) 23 (18.5-25.5) 2.6 (2.0-4.0) < 0.001 0.056 < 0.001 < 0.001
MRE (kPa) 2.4 (2-2.8) 3.3(3.1-4.9) 2.1(1.8-) < 0.001 < 0.001 0.332 0.022

Values are presented in median values with interquartile ranges, P values are obtained from a Kruskal-Wallis test or Fisher's exact test, after testing with Dunn’s method for

multiple comparisons.

BA = liver fibrosis after receiving a Kasai operation from biliary atresia; BMI = body mass index; FAT = suspicion of fatty liver or focal fat deposition in the liver; IRON =
hepatic iron deposition after receiving chemotherapy or multiple transfusions; MRE = magnetic resonance elastography; PDFF = MR proton density fat fraction

a

Fig. 1. Technical success of SE-EPI MRE in a 16-year-old female who had multiple chemotherapies for paranasal
rhabdomyosarcoma 5 years ago. (a) T2* value in the liver was 4 ms, suggesting iron deposition in the liver. (b) As in the color
map, there was available area for measuring liver stiffness and the MRE value in the liver was 2.4 kPa.
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1 while 149 patients had score 2. Among the patients with
score 1 on wave propagation images, 75 patients (35.6%
of the FAT group) were in FAT group, 8 patients (38.1% of
the BA group) were in BA group, and 2 patients were in
the IRON group. Among the patients with score 2 on wave
propagation images, 136 patients (64.5% of FAT group)
were in the FAT group and remaining 13 patients (61.9% of
BA group) were in the BA group. Chiefly, it is noted that the
scores were not significantly different between the FAT and
BA groups (P > 0.999), while the scores were significantly
different in the IRON group (P < 0.001) (Table 2). Thus,
when we compare the scores in wave propagation images
according to the groups (Table 3), patients with lower age,
T2* values and higher PDFF values had score 1 rather than
score 2 in the FAT group. In comparison, in the BA group,
patients with higher BMI and PDFF values had score 1

IMRI

rather than score 2. In the IRON group, patients with lower
T2* values had score O rather than score 1.

No patients had technical failures from breathing, motion,
or inadequate wave propagation due to abnormal paddle
locations. Additionally, there were no patients with ascites.
Of the 35 patients (14.6%) under the age of 10, none were
included in the failure group. In fact, only the patients with
a T2* value < 3.8 ms had technical failure of SE-EPI MRE (Fig.
3).

DISCUSSION

The technical failure of SE-EPI MRE was only occurred
in the IRON group in our study, accounting for 75% (6/8)
of the patients in the IRON group. No one under 10 years
old had a technical failure, and the only significant factor

b

Fig. 2. Technical failure of SE-EPI MRE in a 20-year-old female who had multiple transfusions for aplastic anemia. (a) T2*
value in the liver was 3.8 ms, suggesting iron deposition in the liver. (b) As in the color map, there was no area appropriate
for measuring stiffness in the liver because there was no pixel value with a confidence index higher than 95%.

Table 2. Comparison of Technical Failure and Image Quality of SE-EPI MRE in FAT, BA, and IRON Groups

FAT BA P-value' P-value? P-value’ P-value*
(n=211) (PAD) (All) (FAT vs.BA)  (FAT vs.IRON) (BA vs. IRON)
Failure (n) 0 0 6 (75%) < 0.001 > 0.999 < 0.001 < 0.001
Wave
. propagation 0/75/136 0/8/13 6/2/0 < 0.001 > 0.999 < 0.001 < 0.001
Image quality .
image (0/1/2)
scores (n) Stiffness ma
P 0/o/21 0/0/21 6/0/2 < 0.001 > 0.999 < 0.001 < 0.001

(0/1/2)

P values are obtained from a Kruskal-Wallis test after testing with Dunn's method for multiple comparisons.
BA = liver fibrosis after receiving a Kasai operation from biliary atresia; FAT = suspicion of fatty liver or focal fat deposition in the liver; IRON = hepatic iron deposition after
receiving chemotherapy or multiple transfusions; MRE = magnetic resonance elastography
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Table 3. Comparison of Clinical and MRI Results in FAT, BA, and IRON Groups According to the Image Quality Scores in Wave

Propagation Map

P-value

FAT group

BA group P-value IRON group

Scores in wave

propagation map 1(n=75) 2(n=136) 1(n=8) 2(n=13) 0(n=6) 1(n=2)
Age 13 (10-16)  14.5(12-17) 0.024 10 (9-13.8) 9(7.5-11.0) 0.185 17(14.3-18.5) 10.5(5.0-) 0.180
BMI 26.5(23.6-29.7) 26 (21.5-29.4) 0.171 18.3(17.8-22.3) 15.7 (15.2-18.0) 0.012 22.1(19.7-23.8) 17.6 (13.3-) 0.317
PDFF 25(13-38)  14.6 (4.4-26.0) <0.001 3.7 (2.7-5.0) 19(1.6-26) 0035 4.1(1.8-53)  43(3.0-) 0.558
T2* 18 (16-22) 21(18-25) <0.001 21(18-23.8) 24 (20-27) 0136 23(1.7-29)  45(4.0-) 0.046
MRE 2.4(20-28) 2.4(20-28) 0964 3.2(28-40) 3.5(3.2-5.9)  0.345 NA 2.1(1.8-) NA

Values are presented in median values with interquartile ranges, P values are obtained from a Mann-Whitney U test.
BA = liver fibrosis after receiving a Kasai operation from biliary atresia; BMI = body mass index; FAT = suspicion of fatty liver or focal fat deposition in the liver; MRE =
magnetic resonance elastography; NA = not applicable; PDFF = MR proton density fat fraction
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Fig. 3. T2* values in all 240 patients. A total of 2.5% of
patients who had T2* values < 3.8 ms had technical failure
of SE-EPI MRE.

associated with failure was a T2* value < 3.8 ms. This study
was meaningful because we assessed the performance and
image quality of SE-EPI MRE in a 3T system with a large
study population of children and young adults, and we
included patients as young as 4 years old. In addition, we
assessed failure rates according to the underlying diseases
and presented a T2* value for influencing technical failure
of MRE.

In general, the GRE sequence has been more frequently
used in liver MRE for adults and children. In GRE MRE,
TR and TE are greater than the period of the active driver,
causing significant signal dephasing when the T2* transverse
relaxation time is short (24). Therefore, the short T2*
transverse relaxation time with iron-overloaded liver causes
frequent technical failure of GRE MRE (25, 26). Considering
the shorter T2* relaxation time of 3T MRI compared to 1.5T
MRI, failure in GRE MRE is increased in iron-overloaded
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liver at 3T. However, under these circumstances SE-EPI MRE
is less sensitive to transverse relaxation signal decay, has
a shorter acquisition time, and a higher signal-to-noise
ratio to permit imaging larger and deeper waves compared
with GRE MRE (11). Therefore, the use of SE-EPI MRE offers
benefits for patients with iron-overloaded liver, for children
due to its shorter acquisition time, and for obese patients
who have a large liver with a deep location. However, it is
noted that few reports use SE-EPI MRE in pediatric patients
(10, 27).

In a recent study of adults, the technical failure rate was
evaluated as lower in SE-EPI than in GRE MRE (4% vs. 10%)
at 3T MRI (12). In another study with adults, the failure rate
for SE-EPI MRE was much lower than for GRE MRE at 3T
(1.2% vs. 10.7%) (28). It was noted that among the failed
patients using GRE MRE, 67% of patients had lower T2*
values from iron deposition and the remaining participants
had poor wave propagation. The reported median T2*
value of the failure group from GRE was 8.8 ms with an
interquartile range of 4.4-20 ms, which was higher than
our study. Another study, by Wagner et al. (23), showed a
similar technical failure rate for GRE MRE (8%) while SE-
EPI MRE showed no technical failure in adults. In that case,
the reported T2* values from the failure group were also
under 4.4 ms.

A few studies have assessed technical failure of MRE in
pediatric patients. Joshi el al. (14) first reported that the
technical failure rate of GRE MRE in children and young
adults at 1.5T was 3.8%. The common reasons given for
failure were poor wave propagation due to inappropriate
paddle location (28%) and hepatic iron overload (22%). The
Wagner et al. (13) study included patients as young as 12
years old, and revealed that the technical failure rate for
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GRE MRE at 3T was higher than at 1.5T (15.3% vs. 3.5%).
They showed that a technical failure of GRE MRE was
associated with BMI, iron overload, massive ascites, and the
use of a 3T system. The Serai et al. (10) study assessed the
utility of GRE and SE-EPI MRE in children and young adults
using a 1.5T system. Even though they did not report failure
rates, GRE MRE showed a higher incidence of moderate
to severe breathing artifacts than was seen with SE-EPI
(27.5% vs. 0%). On the same topic, Serai et al. (27) recently
published a study assessing the diagnostic performance of
SE-EPI MRE at 1.5T and demonstrated that approximately
23% of children who had T2* values lower than 4.3 ms had
technical failures. However, there are no reports that have
assessed the performance and image quality of SE-EPI MRE
at 3T in children and young adults.

In our study, inadequate wave propagation observed in
GRE MRE did not occur in our study using SE-EPI MRE. Also,
we fixed the paddle with bandages on the patients, and
thus, there was no inadequate positioning or movement of
paddle during the acquisitions. Additionally, there was no
patient who had motion artifact that affected acquisition of
MRE, because of the fast acquisition of stiffness map. When
we assessed the image quality in wave propagation images
and stiffness maps, the scores were lower in the IRON
group. The stiffness map showed an adequate area over
500% of the liver, even though the wave propagation images
had both scores 1 and 2. In six patients with failure in the
IRON group had score 0 on both wave propagation image
and stiffness map. The factor contributing to failure of SE-
EPI MRE at 3T was a T2* value < 3.8 ms. Another key point
is that the reported cut-off value of 3.8 ms was also the
lowest value compared with previous studies, including the
study with SE-EPI MRE in a 1.5T system (27). In addition,
our failure rate of SE-EPI MRE at 3T was comparable with
that of an adult study reporting 0-4%. Although the success
rate of MRE could be affected by the composition of the
disease in the study population, this study is meaningful,
in that we included large numbers of patients and reported
the lowest cut-off value for obtaining MRE results from
a wide range of T2* values. In our study, the utility of SE-
EPI sequence for MRE and reduced acquisition time to 12
sec for two slices could result in a high success rate in
pediatric liver MRE. We therefore suggest using SE-EPI MRE
as an alternative to GRE MRE at 3T in children with iron
deposition, with patients at younger ages, and with patients
who experienced an increased PDFF.

Notably, there are several limitations of this study. First,
because of the retrospective study design, patients with
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ascites or infants who required sedation were not subjected
to MRE and the effect of free breathing was not assessed in
our study population. Second, the pathologic evaluation of
fibrosis, iron or fat deposition in the liver was not assessed
from ethical problem in children. Further studies with
pathologic results are needed to know accurate factors
affecting MRE performance and methods to overcome
failure of MRE.

In conclusion, our study showed that technical failure
of SE-EPI MRE at 3T occurred only in the IRON group of a
study population of children and young adults. Decreased
T2* value (< 3.8 ms) was associated with technical failure of
SE-EPI MRE.
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