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Abstract

Purpose The goal of our study is to compare hepatic stiffness measures using gradient-recalled echo (GRE) versus spin-
echo echo planar imaging (SE-EPI)-based MR Elastography (MRE) at 3T used to measure hepatic stiffness in a patients
with suspected liver diseases.

Materials and methods This retrospective study included 52 patients with liver disease who underwent a 3T MRE exam
including both an investigational SE-EPI-based technique and a product GRE-based technique. Regions of interest (ROI)
were placed on the elastograms to measure elastography-derived liver stiffness as well as the area included within the ROIs.
The mean liver stiffness values and area of ROIs were compared.

Results The mean liver stiffness was 3.72 kilopascal (kPa) +1.29 using GRE MRE and 3.78 kPa + 1.13 using SE-EPI MRE.
Measurement of liver stiffness showed excellent agreement between the two pulse sequences with a mean bias of —0.1 kPa
(range — 1.8 to 1.7 kPa) between sequences. The mean measurable ROI area was higher with SE-EPI (313.8 cm?+213.8)
than with the GRE technique (208.6 cm®+ 114.8), and the difference was statistically significant (P <0.05).

Conclusions Our data shows excellent agreement of measured liver stiffness between GRE and SE-EPI-based sequences
at 3T. Our results show the advantage of a SE-EPI MRE sequence in terms of image quality, ROI size and acquisition time
with equivalent liver stiffness measurements as compared to GRE-MRE sequence.
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Introduction

Liver diseases remain a common cause of morbidity and
mortality among adults and children across the globe [1].
In the United States, an increase in prevalence of fatty liver
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has higher acceptance to diagnose liver fibrosis, with the
advantage of being non-invasive [6]. Liver fibrosis results
from collagen deposition which increases the organ’s stiff-
ness [20]. Magnetic resonance elastography (MRE) is an
imaging technique that indirectly assesses the mechanical
properties and can measure tissue stiffness [21-23]. The two
types of acquisition sequences currently in use to obtain liver
stiffness values are the gradient-recalled-echo (GRE) based
and the spin echo (SE) based with echo-planar read out; both
of which have been shown to have excellent correlation [24].

The use of GRE-based sequence has demonstrated to
correlate with histological grading of liver fibrosis in previ-
ous studies and a recent meta-analysis [25-28]. However,
the inherent limitations of GRE-based acquisition on 3T
in addition to enhanced sensitivity to susceptibility, is the
signal drop off due to longer echo time (TE) and relatively
shorter T2 relaxation time of the liver. GRE based MRE
also has relatively lower accuracy in obese patients due to
the increased distance from the driver to the liver. Thicker
layers of fat can result in signal loss and produce limitations
for encoding shear waves in the deeper areas of the liver,
hence reducing the resulting stiffness measurable area [24].
Since chronic liver disease is quite frequently associated
with obesity, radiologists should be aware of the limitations
of GRE-based acquisition in such cases. GRE-based MRE
acquisition also require relatively longer periods of acquisi-
tion and have higher susceptibility to breathing motion. The
current GRE-based protocol, for MRE image acquisition
requires, a breath hold of approximately 20 seconds for a
single slice [21, 29] (Fig. 1a). Echo-planar imaging (EPI),
on the other hand, is a fast magnetic resonance imaging
technique that obtains all spatial-encoding information in a
single radiofrequency (RF) pulse, allowing faster acquisition
times with less motion artifacts [30]. SE-EPI-based images
are advantageous in pediatric patients because they allow for
image acquisition of multiple slices within only one breath
hold, and also enable measuring larger areas of the liver due
to higher waves encoded per relaxation time (TR) [21, 23,
30-32] (Fig. 1b).

The aim of our study was to compare GRE versus SE-
EPI-based sequences in MRE at 3T used to measure hepatic
stiffness in patients with suspected liver disease.

Methods

This was an institutional review board (IRB) approved
and Health Insurance Portability and Accountability Act
(HIPAA) compliant study. We included an investigational
2D SE-EPI MRE sequence in a consecutive series of pedi-
atric patients who underwent 2D GRE MRE for clinical
indications or who were part of existing IRB-approved
research protocols between October 2014 and July 2018.

Informed consent was obtained for the investigational SE-
EPI MRE acquisition. Patients with non-diagnostic studies
were excluded.

MRE set up

After consent from both research and referred clinical sub-
jects, MRE of the liver was performed on a 3T MR scan-
ner (MAGNETOM Skyra, Siemens Healthineers, Malvern,
PA, USA) equipped with a pediatric mechanical driver
positioned over the right upper quadrant of the liver cou-
pled with a commercially available active MRE driver
(Resoundant, Rochester, MN) via a length of plastic tub-
ing (Fig. 2a). The mechanical excitation frequency was 60
Hz and was synchronized to the MRE pulse sequence [21].
The initiation and cessation of the vibrations are controlled
by the MR pulse sequence programmed and embedded as
part of the scanner software. The MRE pulse sequence did
not bypass any scanner safety standards as specified by the
manufacturer.

Image acquisition

For the MRE sequences, four contiguous axial slices through
the broadest section of the liver were prescribed from the
coronal localizer images (Fig. 2b). For the GRE sequence,
four contiguous slices were acquired sequentially at 1
breath-hold (BH) per slice for a total of 4 BHs. The SE-
EPI sequence acquired all four different slices in a single
BH. MRE protocol parameters of 2D GRE and 2D SE-EPI
sequences are outlined in Table 1. The frequency of applied
vibrations was kept identical for both pulse sequences at
60 Hz. Geometry parameters, such as field of view, section
thickness, and number of sections, were kept identical on
both sequences. The MRE acquisitions were performed back
to back, with ordering of the sequences determined by the
MR technologist; no effort was made to control the order
of acquisitions. For this study, we focused on a comparison
between the sequences without correlation with clinical data
or liver histopathology. Increased (abnormal) stiffness was
defined as values > 2.9 kPa [22, 23, 29].

Image processing

Both 2D GRE and 2D SE-EPI MRE sequences generated
elastograms for each acquired slice automatically on the
scanner. MRE maps and pulse sequence were generated for
each patient using a multimodal direct inversion algorithm
(Mayo Clinic, Rochester, MN, USA) with regions of interest
(ROIs) independently drawn on each image. 95% confidence
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Fig.1 a GRE and b SE-EPI acquisition sequence timing diagram. RF radiofrequency, Grad gradient, ms milliseconds, Mech mechanical excita-

tion

maps were automatically generated and overlaid on the MR
elastograms during post-processing. These maps are indica-
tive of the quality of the wave data and appear as a checker-
board pattern overlay in areas of low-quality data.
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Image artifact review

All MRE images were reviewed qualitatively on both sets
of images for any breathing or motion artifacts that ren-
dered the images undiagnostic.
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Fig.2 a MRE positioning and b
slice locations

Active driver

]

Table 1 MRE protocol parameters at 3T (scanner model used: Sie-
mens Skyra)

Parameter 2D GRE MRE 2D SE-EPI MRE

TR (msec) 50 1000

TE (msec) 23.7 30

Matrix size 128 x 64 interpolated 100X 100 (true)
to 128 x 128

Voxel size (mm) 1.2x1.2 1.5x1.5

Slice thickness (mm) 6 6

Bandwidth (Hz/Px) 399 2380

No. of averages 1 1

No. of slices 4 4

MEG frequency (Hz) 60 60

MEG direction Z axis (slice) Z axis (slice)

Echo spacing (msec) 24.7 0.5

EPI factor NA 100

Acceleration factor 2 2

Scan time (min:sec) 1:00 0:11

GRE gradient recalled echo, SE-EPI spin echo-echo planar imaging,
2D two dimensional, MRE magnetic resonance elastography, MEG
motion encoding gradients, msec milliseconds, mm millimeters, Hz
hertz, mT/m millitesla/meter, Px pixel, min minutes; sec seconds, NA
not applicable

—

Passive driver

4

Plastic tube N\ ’ 1 /

Image analysis

ROIs were drawn in random order on the elastograms,
magnitude image and confidence maps by a single observer
blinded to the method of acquisition; and liver stiffness
was measured in kilopascals (kPa). ROIs for measurement
of liver stiffness were drawn within the regions bound by
the confidence maps in a manner to include as much of
the liver parenchyma as possible while staying approxi-
mately 2 mm within the outer liver capsule and excluding
large vessels and the central biliary tree. The elastograms
included a superimposed confidence mask represent-
ing the areas where the inversion algorithm deemed the
measured mechanical waves of insufficient quality. ROIs
were drawn on the elastograms avoiding areas with the
confidence mask. The corresponding magnitude image and
wave images were used as a guide. For statistical com-
parisons, liver stiffness was expressed as a mean of mean
stiffness values measured on each section (in kilopascals,
kPa). ROI size (in square centimeters) was recorded for
each section for each patient at each pulse sequence, and
comparison was made between summated ROI sizes (i.e.,
the sum of ROI size across all sections in a given patient).
For each sequence and each slice the mean stiffness was
calculated. Overall liver stiffness was calculated as the
average of stiffness values from each slice, weighted by
the ROI area of each slice.
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Statistical analysis

Mean liver stiffness and summated ROI sizes for each patient
were compared between 2D GRE and 2D SE-EPI MRE
images using paired ¢ tests (two tailed) and Pearson’s cor-
relation. Correlation coefficients were classified using the
following definitions: 0-0.19, very weak; 0.2-0.39, weak;
0.40-0.59, moderate; 0.60-0.79, strong; and 0.80—1.0, very
strong [33]. Our hypothesis is that there is no significant dif-
ference in measured stiffness values between the two acqui-
sition methods. Null hypothesis can be rejected if there is a
statistically significant difference between the two groups.

Scatter plots and Bland-Altman plots were generated
to assess agreement and bias between 2D GRE MRE and
2D SE-EPI MRE-derived liver stiffness values. A P value
<0.05 was considered statistically significant for all infer-
ence testing and 95% confidence intervals were calculated,
where appropriate. Statistical analyses were performed using
statistical software (MedCalc Statistical Software version
15.8, MedCalc, Ostend, Belgium; and SAS version 9.3, SAS
Institute, Cary, NC).

Results
Patients

The study included 52 patients (17 females, 35 males).
All subjects were imaged using both the 2D GRE and 2D
SE-EPI sequences. There were no technical issues that pre-
cluded the acquisition of either sequence during this study.
Mean age of the population with both scans was 17.6 years
+4.7 (range 9.1 to 35.6 years; 6 patients with Fontan had
age > 21 years).

Indications for the MRE examinations included: 39 stud-
ies with prior Fontan operation (75.0%); 4 studies of patients
with ARPKD (7.7%); 4 subjects with liver studies as healthy
controls for a prospective ARPKD study (7.7%), 2 patients
with history of elevated liver enzymes and suspected nonal-
coholic fatty liver disease; 1 patient with Wilson’s disease;
1 patient with chemotherapy- resistant liver metastasis from
primary lymphocytic tumor; and 1 patient with referral for
MRI scan to evaluate liver disease related to Tetralogy of
Fallot.

2D GRE versus 2D SE-EPI liver stiffness measurement
correlation and agreement

The mean liver stiffness values were 3.72 kilopascal (kPa)
+1.29 using GRE MRE and 3.78 kPa + 1.13 using SE-
EPI MRE. Measurement of liver stiffness showed excel-
lent agreement on both pulse sequences. A comparison
of means by t test gives a difference of 0.06 kPa (95% CI
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Fig.3 GRE and SE-EPI MRE correlation. Scatter plot shows strong
correlation between liver stiffness values obtained by GRE and SE-
EPI MRE methods. With the exception of borderline outliers, all val-
ues fall within 95% prediction limits (r=0.74; P <0.001)

g 9r

s L

T 2T +1.96 SD

w

di L 1.7

(2 -

°

& I g M

W ol G ean

s i -0.1

g e

o T -1.96 SD

6 2 | 1.8

8 -

5 of

g -

8 “4nh ) 1 . 1 . 1 A 1 . 1 L 1
1 2 3 4 5 6 7

Mean of GRE MRE and SE-EPI MRE (kPa)

Fig.4 Bland and Altman plot shows all studies fall within two stand-
ard deviations (P <0.001)

—0.41 to 0.53) with a significance level P=0.8. Correlation
between liver stiffness measured on 2D GRE and 2D SE-
EPI MRE sequences was strong (r=0.74; P <0.001). With
the exception of borderline outliers all stiffness values fell
within 95% prediction limits of 2D GRE versus 2D SE-EPI
agreement (Fig. 3). The reason for the outliers was due to
smaller regions of the liver on the GRE method as compared
to larger areas of the liver on the SE-EPI method. Bland—Alt-
man analysis demonstrated a mean bias of —0.1 kPa (range
— 1.8 to 1.7 kPa) between sequences (Fig. 4).

The mean area of the liver stiffness ROI was higher on SE-
EPI (313.8 cm”+213.8) than on GRE (208.6 cm? + 114.8),
and the difference was statistically significant (P =0.002)
(Fig. 5). A representative image of MRE stiffness maps is
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Fig.5 Bar graphs comparing liver parenchyma areas included by
regions of interest. SE-EPI MRE allowed for stiffness measurements
across larger areas of the liver

shown in Fig. 6. Comparison of results between GRE and
SE-EPI based MRE are summarized in Table 2. Although
no scoring was given, relatively higher motion artifacts due
to breathing was observed on the GRE when compared with
the SE-EPI sequence (Fig. 7).

Discussion

MRE has become an important diagnostic tool for the detec-
tion and serial evaluation of liver fibrosis. This technique is
more precise than ultrasound and has significant advantages
relative to liver biopsy as it is non-invasive and capable of
a global assessment [34]. Although, most published studies
performed on pediatric patients up until now have used the
traditional GRE-based MRE acquisition sequence [3, 21,
23, 35, 36], we believe there may be advantages to using the
new SE-EPI-based acquisition sequence. An investigation
SE-EPI-based MRE sequence was available at our institu-
tion which offered an alternative technique that was less
sensitive to susceptibility-induced signal loss, more robust
at 3T and offered greater patient comfort with fewer and
shorter breath-holds. We found that the liver stiffness meas-
urements using the SE-EPI-based sequence was superior to
the GRE sequence in detecting liver stiffness in children
with suspected liver disease in capturing larger regions of
liver parenchyma, thereby further reducing sampling error.
In addition, SE-EPI based sequences are advantageous as all
the slices are acquired in a single breath hold, making it a
much faster acquisition sequence. Qualitatively, we observed
between both sequences that GRE overall presented a

Fig.6 Representative image of a 19-year-old female with hypoplastic right ventricle status post Fontan procedure. a Magnitude, b elastogram
and ¢ wave image from GRE based MRE and d magnitude, e elastogram and f wave image from SE-EPI based MRE
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Table2 Summary of results from GRE and SE-EPI MRE compari-
son

Method GRE MRE SE-EPI MRE
Number of patients 52 52

Mean liver stiffness (kPa) 3.72+1.29 3.78+1.13
Range of liver stiffness (kPa) 1.67-6.88 1.61-6.20
Mean cumulative ROI (cm?) 208.6+114.8 313.8+£213.8
Range of ROI (cm?) 39.2-475.8 51.5-978.8

GRE gradient recalled echo, SE-EPI spin echo-echo planar imaging,
kPa kiloPascals, ROI region of interest

relatively higher rate of motion artifacts due to breathing
when compared with the SE-EPI sequence. A similar dif-
ference has been reported in previous studies [37], in which
GRE sequence required that the patient perform sequential

breath holds (four at 20 s each) to sample multiple sections
of the liver [25, 28, 38—41]. This may be difficult for children
to achieve without anesthesia support and could result in
breathing motion artifacts and hence poor quality of stiffness
maps when using the GRE method.

Image quality depends on signal and field strength, and
previous studies on children were performed on 1.5T MRI
machines [7, 39, 40, 42]. However, at our center, we rou-
tinely use 3T MR machines for liver imaging. On 3T, SE-
EPI method has an inherent limitation of higher sensitivity
to chemical shift effects. A use of fat saturation pulse can
alleviate this effect. The signal acquired from using SE-EPI
on 3T has increased sensitivity to susceptibility-based signal
loss; whereas, the signal from the GRE-based MRE acquisi-
tion tends to decay faster due to relatively shorter liver T2
on 3T as compared to 1.5T scanner. Therefore, this tech-
nical difference could be a major factor to consider in the

Fig.7 Representative image of a 11-year-old female showing the importance of shorter breath hold. a Magnitude and b elastogram from GRE-
based MRE versus ¢ magnitude and d elastogram from SE-EPI-based MRE on the same patient obtained subsequently scanned back to back
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evaluation of liver fibrosis. Our study, like previous studies
by Felker et al. performed at 3T, has shown equally excel-
lent agreement in stiffness values between GRE and SE-
EPI sequences [43]. No pediatric patients were included in
this prior study. Similar results were also seen in a study
by Bae et al. on adult healthy organ donors [40]. Contrary
to our findings, a relatively larger ROI was found on GRE-
based MRE as compared to SE-EPI MRE. This may be due
to the use of two acoustic pressure drivers placed on the
patient’s right and left upper abdomen adjacent to the liver
and spleen. Our study, in comparison, used a single acoustic
driver. In addition, the study by Bae et al. did not involve
pediatric subjects.

Our study presents some limitations. In addition to the
small and heterogeneous patient population, one of the limi-
tations of our study was that we did not perform an invasive
assessment of the liver for determination and quantification
of fibrosis, fat and iron content as a standard of reference.
However, our intent was only to compare MRE-derived stift-
ness values from two different acquisition methods. Sec-
ond, we did not perform follow-up assessment on patients
to determine whether the larger ROIs available on SE-EPI
versus GRE sequence could lead to better outcomes. For
this, prospective studies would be needed.

Conclusion

Our data shows excellent agreement on measured liver
stiffness between 2D GRE and 2D SE-EPI sequences. Our
results also show the advantage of a SE-EPI MRE sequence
in terms of image quality and ROI size.
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