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Abstract

Purpose To compare 2D gradient-recalled echo (GRE) and 2D spin-echo (SE) echo-planar imaging (EPI) MR elastography
(MRE) for measurement of hepatic stiffness in adult patients with known or suspected liver disease at 3 Tesla.

Materials and methods Three hundred and eighty-seven consecutive patients underwent MRE of the liver at 3 Tesla with
2D-GRE and 2D-SE-EPI sequences. ‘Mean liver stiffness (LLS)’ calculated by averaging 3 ROIs in the right lobe, ‘Maximum
LS’ calculated by an ROl in the right lobe; and ‘Freehand LS’ calculated by an ROI in the entire liver were measured by two
independent readers. Inter-observer and inter-class variability in stiffness measurements were assessed. Stiffness values were
correlated with degree of liver fibrosis (METAVIR scores) in 97 patients who underwent biopsy. The diagnostic performance
was compared by a receiver-operating characteristic analysis.

Results The technical failure rate was 2.8% for 2D-SE-EPI (11/387) and 4.1% for 2D-GRE (16/387, 9 had R,* > 80 5!
indicating iron overload). There is high reproducibility for both GRE and SE-EPI variants (ICC =0.84-0.94 for both GRE
and SE-EPI MRE). The highest sensitivity, specificity, and accuracy of differentiating mild fibrosis (FO-F2) from advanced
fibrosis (F3—-F4) are 0.84 (GRE Freehand measurement), 0.92 (GRE Maximum stiffness measurement), and 0.88 (GRE
Freehand measurement), respectively.

Conclusions High intra-class correlation and intra-reader correlation are seen on measured hepatic stiffness for both 2D-GRE
and 2D-SE-EPI MRE. 2D-SE-EPI has lower failure rate. Diagnostic performance of both sequences is equivalent, with highest
sensitivity for 2D-GRE Freehand stiffness measurement, and highest specificity 2D-GRE Maximum stiffness measurement.
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Regardless of the etiology of liver disease, presence and
severity of hepatic fibrosis are the most important prognos-
tic factors used to determine the urgency of treatment and
predict disease progression and clinical outcomes [3]. In
addition, individuals with advanced fibrosis will require
screening for HCC and endoscopic screening for esopha-
geal varices [4, 5].

Liver biopsy is the gold standard for diagnosing hepatic
fibrosis. However, biopsy is associated with potential
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complications such as hemorrhage. The invasive nature of
biopsy also limits repeated performance at multiple follow-
up visits after interventions, making comparison of treat-
ment effect difficult. In addition, since biopsy only samples
a small fragment of the entire liver, a discordance rate up
to 24% has been reported [6]. As a result, development and
verification of a noninvasive approach to detect hepatic
fibrosis are needed.

Compared with other modalities such as serum markers
or ultrasound-based transient elastography, MR elastography
(MRE) has been demonstrated to have very high accuracy
for detection and staging of liver fibrosis at both 1.5T and
3T [7]. MR elastography assesses tissue stiffness by imag-
ing mechanical shear wave propagation using motion-encod-
ing gradients [8]. Using a cutoff value of 2.93 kPa, MRE
was shown to have 98% sensitivity and 99% specificity for
detecting stage > F1 fibrosis [9]. MRE has also shown high
diagnostic accuracy (AUC 0.90, 95% CI 0.84-0.94) for dif-
ferentiating early fibrosis (F1-F2) from advanced fibrosis
(F3—4) [10]. Similary, it has shown high accuracy for differ-
entiating METAVIR FO-F1 (mild fibrosis) from METAVIR
F2-F4 (moderate to severe/clinically significant fibrosis)
[11, 12]. However, recently lower accuracy (AUC 0.70, 95%
CI 0.59-0.81) was reported for children and young adults,
with significantly lower accuracy in patients with steatosis
(AUC 0.53, 95% C1 0.35-0.71) [13].

Most published MR elastography studies use a phase
contrast gradient-recalled-echo (GRE) sequence with 95%
success rate [14]. While the GRE-MRE sequence is robust
and well verified, it has a few limitations [15]. First, serial
breath-holds (one per slice, typically 4 X 19 s) are required.
Secondly, higher failure rates of the GRE sequence are
observed in patients with fatty liver disease and/or iron
overload. The iron-mediated T2* effects on magnetic field
homogeneity are more prominent at 3T, likely leading to
high reported GRE-MRE failure rates of up to 15% for MR
elastography performed at 3T [16].

An alternative to the GRE sequence is spin-echo (SE)
echo-planar imaging (EPI). The utilization of a spin-
echo pulse makes the echo dependent on T2 instead of
T2* thereby decreasing the sensitivity to iron overload and
increasing the signal-to-noise ratio [17]. Several studies
comparing GRE and SE-EPI MR elastography at 1.5T have
reported equivalent liver stiffness measurements and lower
failure rates in SE-EPI sequences [15, 17]. However, very
few published data exist comparing GRE-MRE and SE-EPI
MRE sequences at 3 Tesla [16, 18].

The liver stiffness (LS) in MR elastography can be meas-
ured by a single small circular Region Of Interest (ROI),
averaging multiple small ROIs, or by a Freehand ROI cover-
ing the entire liver on the stiffness map. In our own experi-
ence, choosing the best ROI to report the liver stiffness can
often be challenging given the heterogeneity of values in
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the stiffness maps. Lee et al. showed that mean LS meas-
urements obtained from multiple ROIs had high intra- and
inter-observer agreement (ICC 0.945) [19]. Toguchi et al.
reported that small circular ROI measurements at 1.5T MR
elastography had higher accuracy than Freehand ROI for
detection of significant fibrosis (F2+) [20]. No published
data exist on the optimal cutoff values for differentiating
varying stages of fibrosis using Mean, Maximum, and Free-
hand ROI stiffness measurements.

Our aims were to (1) compare 2D-GRE and 2D-SE-EPI
sequences to measure liver stiffness at 3 Tesla correlating
with pathology and (2) evaluate inter-observer variability
and accuracy of varying ROI measurements to assess stiff-
ness measurements for both sequences.

Materials and methods

This retrospective single-center IRB-approved, HIPAA-
compliant study included 387 consecutive patients older
than 18 years with known or suspected liver disease who
underwent MR elastography of liver using both 2D-GRE
and prototype 2D-SE-EPI sequences between May 2017 and
December 2017.

MRI and MR elastography

The liver MRI was performed at a 3 T system (MAG-
NETOM Skyra, Siemens Healthcare, Erlangen, Ger-
many) using the standard spine and body matrix coils.
The MR elastography utilized an acoustic driver system
(Resoundant, Rochester, MN) with the passive driver
placed at the patient’s right upper quadrant inducing shear
waves at 60 Hz. Both 2D-GRE and 2D-SE-EPI sequences
were acquired in each patient. The MRE parameters
are summarized in Table 1. Data acquired with either

Table 1 MR Elastography pulse sequence parameters

2D GRE 2D SE-EPI

Number of slices 4 transversal 4 transversal

Slice thickness 5 mm 6 mm

FOV 320 x 400 380 x 380
Matrix 128 x 82 100x 100
TR/TE 50720 1000745

Flip angle 25° 90°

Fat saturation none SPAIR

Wave frequency 60 Hz 60 Hz

MEG frequency 60 Hz 60 Hz

MEG amplitude 17.6 mT/m, z-axis 36 mT/m, z-axis
GRAPPA acceleration factor 2 2

Acquisition time 88 s (22 s/slice) 11s
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sequence was processed by the same inversion algorithm.
The prototype SE-EPI MRE implementation employed a
modified background masking algorithm.

Liver stiffness measurement

The liver stiffness was independently measured by an
experienced radiology attending and a PGY2 radiology
resident (Fig. 1). Three different methods were used for
each patient: (1) Mean liver stiffness (LS), calculated by
averaging 3 ROIs placed in the right lobe; (2) Maximum
LS, calculated by placing an ROI of at least 3 cm? in the
area of the right lobe with coherent wave propagation,
away from the liver edge, devoid of vessels, bile ducts and
focal lesions; and (3) Freehand LS, calculated by plac-
ing a hand-drawn ROI in the entire measurable liver on
the stiffness map. The corresponding magnitude images,
anatomy images, and wave images were simultaneously
evaluated to avoid areas just beneath the driver, bile ducts,
blood vessels, and any other regions with incoherent wave
propagation for maximum and freehand measurements
as well. Measurements were restricted to areas where the
confidence parameter of the stiffness reconstruction was
above 95%.

A) GRE MRE liver stiffness map

Pathological correlation

Ninety-seven patients in this study cohort underwent liver
biopsy. After reviewing the pathology reports, the fibrosis
stage for each patient was recorded and used as the reference
to compare the diagnostic performance of SE-EPI MRE and
GRE MRE.

Statistical analysis

Restricted maximum likelihood estimate of variance com-
ponents in a random-effects model was used to estimate the
intra-subject (inter-reader) and inter-subject (intra-reader)
component of the overall variance in each measure. The
estimated components were used to estimate the intra-class
correlation (ICC) and intra-subject coefficient of variation
(CV) to assess the inter-reader variation (reproducibility)
of each measure. A Bland—Altman analysis was used to
estimate the mean intra-subject difference between readers
(bias), computed for each subject as the value from reader
1 minus the value from reader 2, and the 95% limits of
agreement (LoA). The LoA constitute a 95% confidence
interval for the difference between readers in terms of the
measures they would provide for any one new randomly
selected subject. A paired-sample t test was used to com-
pare readers in terms of the measures they provided for the

Fig. 1 Liver stiffness (LS) measurement on the stiffness map for GRE
MRE (a) and SE-EPI MRE (b). Left: Mean LS, measured by averag-
ing 3 ROIs placed in the right lobe; Middle: Maximum LS, measured

by placing an ROI in the right lobe; Right: Freehand LS, measured by
placing a hand-drawn ROI in the entire measurable liver avoiding the
left lobe and area just underneath the driver
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same patient; a significant result would imply that the bias
was significantly different from zero.

Spearman rank correlations were used to assess the
association of fibrosis stage with the results from each
reader.

To assess the diagnostic utility of the measures for pre-
dicting high-stage fibrosis (variously defined as F1-F4,
F2-F4 and F3-F4), ROC analyses were conducted. The
Youden index was used to identify a cutoff value of each
measure that was optimal for declaring patients test-pos-
itive for high stage fibrosis. Since reader-specific cutoff
values would have negligible clinical utility, the data from
the two readers were combined for the purpose of the ROC
analysis in order to determine a single reader-independent
optimal cutoff. The accuracy of each measure was charac-
terized in terms of area under the ROC curve (AUC) and
the sensitivity and specificity pooled over the two readers
that was achieved using the same optimal criterion for both
readers.

All statistical tests were conducted at the two-sided 5%
significance level using SAS 9.3 software (SAS Institute,
Cary, NC).

Results
Demographics

The study population consisted of 387 patients with
known or suspected chronic liver disease, including 215
males (mean age 53.6 years) and 172 females (mean age
53.9 years). The common known etiologies included Hep-
atitis C, Hepatitis B, NAFLD, and alcoholic liver disease

Fig. 2 Fibrosis etiologies and indications for MR elastography studies
in the study cohort

@ Springer

(Fig. 2). There were 11 patients with R,* values greater
than 80 s~!, indicating hepatic iron overload [21].

Failure rate

Technical failure was defined as no liver pixel having a confi-
dence value greater than 95%. This included cases where the
background masking algorithm was erroneously removing
the liver. The technical failure rate was 2.8% for 2D-SE-EPI
(11/387) and 4.1% for 2D-GRE (16/387), as summarized in
Table 2. The most common known cause of GRE-MRE fail-
ure includes high R, * values (>80 s™! in 9 patients) result-
ing in vanishing confidence intervals (3 patients, Fig. 3a),
and failed background masking (5 patients, Fig. 3b), or both
(1 patient). Three patients had failed background masking
unrelated to iron overload (R,* <80 s7h. Two patients with
failed GRE MRE had a severely atrophic liver (Fig. 3c) that
possibly altered the wave propagation resulting in poor SNR.
GRE MRE in 1 patient failed because of interposed lung
resulting in inadequate wave propagation. Ten out of 11
cases of SE-EPI MRE failure were due to severe fat ghost-
ing (Fig. 3d). The cause for failure could not be determined
in 2 patients (with GRE in 1 patient and with SE-EPI in 1
patient).

Reproducibility

Intra-class correlation (ICC) analysis (Table 3) showed
excellent inter-reader agreement, ICC =0.89 (Mean), 0.94
(Maximum), and 0.84 (Freehand) for GRE; ICC=0.84
(Mean), 0.94 (Maximum), 0.84 (Freehand) for SE-EPI.
Maximum ROI showed the highest intra-class correlation.
The intra-subject coefficient of variation (CV) for almost all
measures is higher than 15% (Table 3), indicating significant
inter-reader variations. The bias for two independent readers
is small for Maximum ROI (0.13 kPa or 3.3% of average LS
for GRE and 0.10 kPa or 2.6% of average LS for SE-EPI),
and Mean ROI (—0.24 kPa or 6.6% of average LS for GRE
and —0.22 kPa or 5.8% of average LS for SE-EPI), but the
bias is higher for Freehand ROI (0.61 kPa or 18% of aver-
age LS for GRE and 0.65 kPa or 18% of average LS for SE-
EPI). There is also strong intra-reader correlation between

Table 2 Reasons for failed GRE and EPI sequences

Failure reasons GRE EPI

R,*>80s7! 9 0

Failed background masking (without 3 0
iron overload)

Failure of fat suppression n/a 10

Miscellaneous 4 1

Total 16 11
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Fig.3 Representative failed cases. a A case of failed GRE MRE
in a patient with iron overload (R,*=219 s™!) with vanishing con-
fidence (left), and successful EPI sequence (right). b A case of
failed background masking in GRE MRE (left) but not in EPI MRE

nal T1-weighted contrast-enhanced image in a patient with severely
atrophic liver (no iron overload) and failure of GRE sequence (not
shown), possibly due to altered wave propagation. d A case of suc-
cessful GRE sequence (left) and failed EPI sequence (right) due to fat

(right) in a patient with minimal iron overload (R,*=100). ¢ Coro- ghosting

Table3 The overall mean, the Measure Mean CV (%) ICC Bias p value Lower Upper

CV and ICC as measures of

refproducli)l?ility, th(;, estfimate Freehand Stiff_EPI 3.39 23.0 0.84 0.61 <0.001 -1.22 2.45

of mean bias, p value from .

the t test of the bias, and the Freehand Stiff_GRE 3.57 25.5 0.84 0.65 <0.001 -1.57 2.88

upper and lower 95% limits Max Stiff_GRE 3.94 14.6 0.94 -0.13 0.002 -1.74 1.48

of agreement from a Bland— Max Stiff_EPI 3.80 16.9 0.94 0.10 0.031 -1.70 1.91

Altman analysis Mean Stiff_EPI 3.65 23.8 084  -024 <0001  -265 218

Mean Stiff_GRE 3.82 19.2 0.89 -0.22 <0.001 -2.26 1.81

. - r(R1)=0.96 ) r(R1)=0.91 : r(R1)=0.90
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Fig.4 Scatter plots and best fit of liver stiffness by GRE MRE and SE-EPI MRE measured by reader 1 (blue) and reader 2 (red) using Mean ROI

(left), Maximum ROI (middle), and Freehand ROI (right)
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measurements by SE-EPI and GRE sequences (Fig. 4). The
strongest correlation is for Reader 1 in Mean ROI measure-
ment (r=0.96). The other measurements all have correlation
in the range of 0.90-0.92.

Pathological correlation

The spearman analysis (Table 4) showed similar correla-
tion between fibrosis stage and result from each reader for
all measures except Mean ROI measurement of SE-EPI
sequence, for which Reader 2 demonstrated higher correla-
tion (0.47 for Reader 1 vs. 0.62 for Reader 2). The meas-
urement with the most consistent high correlation is Free-
hand ROI for GRE (0.62-0.63) and Mean ROI for GRE
(0.61-0.62).

Accuracy, sensitivity and specificity

ROC AUC analysis showed similar accuracy between differ-
ent measurement methods in SE-EPI and GRE MRE (Fig. 5
and Table 5). AUCs for differentiating early fibrosis (FO-F2)
from advanced fibrosis (F3—F4) for Mean, Maximum, and
Freehand measurements were 0.87, 0.83, 0.88 for GRE

Table 4 Spearman correlation between fibrosis stage and the results
from each reader

Measure Reader 1 Reader 2
Freehand_Stiff EPI 0.58 0.59
Freehand_Stiff GRE 0.62 0.63
Max_Stiff_GRE 0.59 0.58
Max_Stiff_EPI 0.47 0.44
Mean_Stiff EPI 0.47 0.62
Mean_Stiff GRE 0.61 0.62

Every correlation was significant at p <0.001
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MRE, and 0.81, 0.75, and 0.83 for SE-EPI MRE. Based on
the ROC curve, the optimal cutoff for Mean, Maximum, and
Freehand measurements for differentiating early (FO-F2)
from advanced fibrosis (F3-F4) were 3.7 kPa, 4.2 kPa, and
3.0 kPa for GRE MRE, and 3.7 kPa, 3.5 kPa, and 3.1 kPa for
SE-EPI MRE (Table 5). Sensitivity and specificity of both
variants are also summarized in Table 5.

Overall, GRE MRE demonstrated higher accuracy than
SE-EPI MRE in the assessment of most fibrosis stages. Both
GRE and SE-EPI MRE showed higher accuracy for more
advanced fibrosis than for lower-stage fibrosis. The most
sensitive measurement for differentiating early (FO-F2) from
advanced fibrosis (F3—F4) was the Freehand stiffness meas-
urement on GRE MRE (0.84). The most specific measure-
ment for differentiating early from advanced fibrosis was
Maximum ROI stiffness measurement on GRE MRE (0.92).

Discussion

In this study, we evaluated the feasibility, technical failure
rate, and accuracy of 2D-GRE and 2D-SE-EPI MR elas-
tography on 387 patients at 3 Tesla. Our results show that
the failure rate for SE-EPI MRE (2.8%) was less than for
GRE MRE (4.1%) at 3T. This is significantly lower than
previously reported failure rates of up to 15.3% at 3T [22].
56% (9/16) of patients with failed GRE MRE had hepatic
iron overload. These results are comparable to the previously
published literature, reporting up to 70% of failure attributed
to iron overload [14]. GRE MRE failed in 30% (9/30) of
patients with R,* values greater than 80 s~!. All of these
9 patients had successful SE-EPI MRE. These results are
comparable to the previously published literature on 1.5T
which show that SE-EPI MRE succeeds in patients with
failed GRE MRE due to iron overload [17]. The SE-EPI
acquisition is insensitive to T2* decay and hence less prone
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Fig.5 ROC analysis of MRE performance compared with liver biopsy pathology, using Freehand, Maximum and Mean ROI to differentiate FO
from F1 to F4 (left), FO-F1 from F2 to F4 (middle) and FO-F2 from F3 to F4 (right)
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Table 5 numbers of patients Measure Outcome N+ N- AUC Criterion Sensitivity Specificity
that were reference-standard-
positive (N+) and reference- Freehand_Stiff EPI ~ F1-F4 146 40 066  >29 60.96 65.00
standard -negative (N =) for Frechand_Stff GRE ~ FI-F4 140 38 069  >3.5 50.71 86.84
each outcome (i.e., high-stage
fibrosis according to each Max_Stiff_EPI F1-F4 147 40 0.60 >33 59.86 57.50
definition), the AUC achieved Max_Stiff_GRE F1-F4 141 38 0.66 >4.6 37.59 89.47
by each measure as a predictor Mean_Stiff_EPI F1-F4 148 40 064  >48 27.70 95.00
of each outcome, the optimal Mean_Stiff_GRE FI-F4 142 38 067  >43 41.55 92.11
reader-independent criterion
for classifying patients as Freehand_Stiff_EPI F2-F4 122 64 0.76 >2.7 78.69 64.06
test-positive for each outcome, Freehand_Stiff GRE F2-F4 116 63 0.78 >3.5 58.62 87.10
the sensitivity and specificity Max_Stiff_EPI F2-F4 123 64 071 >3.3 68.29 67.19
(pooled over readers) achieved 1 g GRE F2-F4 17 6 078  >35 71.79 72.58
using the optimal threshold
Mean_Stiff_EPI F2-F4 124 64 0.76 >34 59.68 78.12
Mean_Stiff GRE F2-F4 118 63 0.79 >4.1 53.39 91.94
Freehand_Stiff_EPI F3-F4 96 90 0.83 >3.1 71.87 80.00
Freehand_Stiff GRE F3-F4 90 88 0.88 >3.0 84.44 77.27
Max_Stiff_EPI F3-F4 97 90 0.75 >35 72.16 72.22
Max_Stiff_GRE F3-F4 91 88 0.83 >4.2 63.74 92.05
Mean_Stiff_EPI F3-F4 98 90 0.81 >3.7 61.22 88.89
Mean_Stiff GRE F3-F4 92 88 0.87 >3.7 73.91 85.23

Variation in N+ or N— across measures for a given outcome was due to missing data

to failure in iron overload. There were two patients with
R,* of 98 s™! and 100 s™! (indicating minimal hepatic iron
overload) where the SE-EPI sequence failed but the GRE
sequence did not. However, the SE-EPI sequence failed in
these patients due to failure of fat suppression (Fig. 3d).

The relatively higher failure rates of GRE MRE in case
of iron overload might be attributed to the longer TE of
20 ms, which may cause significant signal decay. Garteiser
et al. described fractional encoding for GRE MRE, which
reduced TE to 6.9 ms at 3T [23]. While TE is reduced, frac-
tional encoding comes with the disadvantage of decreased
encoding efficiency [24]. Recently, Guenthner et al. reported
refinements that further improved fractional encoding in
GRE MRE [24], which may potentially lower the failure
rates of GRE MRE. Of note, fractional encoding can also be
combined with SE-EPI MRE. The comparison of GRE and
SE-EPI MRE utilizing fractional encoding in clinical setting
needs further investigations.

The iron overload associated high failure rates in MRE
can be overcome by different noninvasive imaging tech-
niques not affected by susceptibility artifact. Ultrasound
elastography has been reported to achieve accuracy of
0.78-0.99 to differentiate > F2 fibrosis in NAFLD patients
[25]. But it is limited by presence of ascites, high body mass
index and multiple confounding factors including techni-
cal variations [25]. Liver stiffness can also be evaluated by
tagged MRI, which measures liver tissue strain induced by
nearby cardiac motion [26]. Mannelli et al. demonstrated
that cirrhotic patients have significantly higher liver strain
than healthy controls [27]. However, MR tagging requires

substantial postprocessing, and optimal strain cutoff for dif-
ferent fibrosis stages is not yet clear.

While the prototype SE-EPI MRE used the same inver-
sion algorithm as GRE MRE, it employed an improved
background masking algorithm. The background masking
serves to restrict stiffness calculation within tissues. The
improvement in masking algorithm likely led to the absence
of reconstruction failures in SE-EPI MRE, compared to 8
cases with failed background masking in GRE-MRE (5 with
R,*>80 s~! and 3 with R,* <80 s™!). The new masking
algorithm has in the meantime been integrated into the GRE-
MRE product. Another advantage of the SE-EPI sequence
is the shorter acquisition time (4 slices in a single breath
hold, at a shorter breath-hold time of 11 s) decreasing risk
of motion artifacts. However, none of the GRE MRE failures
in this study were due to respiratory motion.

Three of our patients with failed GRE MRE had poor
wave propagation; two of these had severely atrophic liver
(Fig. 3c), which possibly resulted in altered wave propaga-
tion and poor SNR as proposed by Kim et al. [18]. While
other factors such as interposition of fat, lung, and colon, as
well as driver position, are expected to affect both GRE and
SE-EPI MRE, none of these patients had failure of SE-EPI
MRE. This is possibly related to better base SNR of the SE-
EPI sequence, and better motion encoding with the settings
used here. In contrast, 10 out of 11 cases with failed SE-EPI
MRE were likely due to a mis-adjustment of the water center
frequency. Interestingly, SE-EPI MRE failed on follow-up
MR elastography performed 3 months later in one patient
with severe obesity, while GRE MRE succeeded.
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The Mean, Maximum, and Freehand ROI stiffness meas-
urements demonstrated high reproducibility in measuring
hepatic stiffness with high intra-class correlation for both
the GRE and SE-EPI variants. The relatively high coefficient
of variation might result from the large sample size in this
study, which enables detection of small but significant varia-
tions between readers. Of note, Freehand ROI measurement
demonstrated significant bias up to 18% of average liver stiff-
ness measured in both GRE and SE EPI MRE (Table 3). One
possible reason is that Freehand ROI measurement requires
inclusion of all measurable liver parenchyma. Excluding
regions with incoherent wave propagation (see Methods
section) while drawing the largest possible ROI can be chal-
lenging and heavily dependent on the reader’s experience. In
contrast, the biases for Maximum ROI (2.6-3.3% of average
LS) and Mean ROI (5.8-6.6% of average LS) were found to
be relatively small. Therefore, both the Maximum and Mean
ROI measurements are highly reproducible methods while
reporting the stiffness measurements regardless of exper-
tise of the reader. Lee et al. reported high intra- and inter-
observer agreement in liver stiffness measurements by using
Mean ROI measurements (six ROIs) with high intra-class
correlation (ICC: 0.945) [19]. In our study, the Maximum
ROI measurement demonstrated the highest inter-observer
agreement compared with average of 3 ROIs (ICC 0.94 vs
0.84-0.89).

The accuracy of Mean, Maximum, and Freehand ROI
measurements for liver stiffness were compared using
ROC analysis. AUC for detection of significant fibrosis
was similar across all three measurements, and compara-
ble to previously published literature [10, 13]. For all three
measurements, GRE MRE demonstrated higher accuracy
than SE-EPI MRE (0.88, 0.83, and 0.87 vs 0.83, 0.75, and
0.81 for Freehand, Maximum, and Mean ROI). Accuracy
for Freehand measurements was marginally higher com-
pared to Mean and Maximum measurements for both vari-
ants (0.88 and 0.83 for GRE and SE-EPI, respectively). In
contrast, Toguchi et al. reported better accuracy for small-
ROI measurements compared to Freehand ROIs for detec-
tion of significant fibrosis (F2+) — AUC: 0.93 vs 0.89 [20].
Freehand ROI measurements, however, have slightly higher
inter-reader variability, likely dependent on the expertise of
the reader.

Most importantly, in our study, there were significant dif-
ferences in the optimum cutoff values determined by the
Youden index for differentiating varying degrees of fibrosis
for Mean, Maximum, and Freehand measurements. The opti-
mum cutoff values for Freehand stiffness measurements for
differentiating early (FO-F2) from advanced fibrosis (F3—F4)
were lower (3.0, 3.1 kPa) for both GRE and SE-EPI MRE.
In comparison, the optimal cutoff for Mean stiffness meas-
urements for differentiating early from advanced fibrosis for
both sequences was 3.7 kPa. The cutoffs identified in this
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study are lower than most previously reported studies. For
instance, Ichikawa reported 4.0 kPa as the optimal cutoff for
differentiating early (FO-F2) from advanced (F3-F4) fibrosis
[28]. Kim et al. in their study performed at 3T also reported
low optimal cutoff for identifying clinical cirrhosis (3.03 kPa
for 2D-GRE MRE and 3.06 kPa for 2D-SE-EPI MRE) [18].

Using 4.2 kPa as the optimal cutoff, Maximum ROTI stiff-
ness measurements on GRE MRE had the highest specificity
(92%) but low sensitivity (63.7%). Mean ROI stiffness meas-
urements for both sequences had high specificity (85.2% for
GRE and 88.8% for SE-EPI) but relatively low sensitivity
(73.9% and 61.2%, respectively). Sensitivity and specificity
for Freehand ROI stiffness measurements were 84.4% and
77.3% for GRE-MRE and 71.9% and 80% for SE-EPI MRE.

There are several limitations of this study. First, the
majority of the patients did not undergo liver biopsy. Sec-
ond, studies with low signal-noise-ratio such as those with
less than 30% liver within the confidence map as defined
by Mariappan et al. [17] were not excluded from the study
cohort. Third, we did not compare the image quality and size
of the confidence region for the SE-EPI and GRE sequences.
Fourth, pathological fibrosis stage was not re-reviewed by an
expert pathologist. High inter- and intra-observer variability
has been reported in pathological staging of liver biopsy
specimens with ICC up to 0.91 [29-31].

In summary, we observed high inter-class agreement on
measured hepatic stiffness for both 2D-GRE and 2D-SE-EPI
MR elastography. Failure rates of both the 2D-SE-EPI MRE
and 2D-GRE-MRE sequence at 3T are comparable to those
at 1.5T, and significantly lower than what was previously
reported. 2D-SE-EPI MRE is a quicker, single-breath-hold
sequence with lower failure rate than the 2D-GRE-MRE
sequence, especially in patients with iron overload. 2D-GRE
MRE had a slightly higher accuracy for staging liver fibro-
sis than 2D-SE-EPI MRE. The optimal cutoff values for
differentiating early from advanced fibrosis are lower for
‘Freehand’ measurements compared to the ‘Maximum’ and
‘Mean’ stiffness measurements.

Compliance with ethical standards

Conflict of interest Stephan Kannengiesser and Matthias Fenchel are
the Employee of Siemens Healthineers. All other author declare that
they have no conflict of interest.

Ethical approval This study is IRB-approved and HIPAA-compliant.

References

1. Browning, J.D., L.S. Szczepaniak, R. Dobbins, P. Nuremberg, J.D.
Horton, et al. (2004) Prevalence of hepatic steatosis in an urban



Abdominal Radiology (2019) 44:1825-1833

1833

10.

11.

13.

14.

15.

16.

population in the United States: impact of ethnicity. Hepatology,
40(6): p. 1387-95.

Younossi, Z.M., M. Stepanova, M. Afendy, Y. Fang, Y. Younossi,
et al. (2011) Changes in the prevalence of the most common
causes of chronic liver diseases in the United States from 1988 to
2008. Clin Gastroenterol Hepatol, 9(6): p. 524-530 el; quiz e60.
Everhart, J.E., E.C. Wright, Z.D. Goodman, J.L. Dienstag, J.C.
Hoefs, et al. (2010) Prognostic value of Ishak fibrosis stage: find-
ings from the hepatitis C antiviral long-term treatment against
cirrhosis trial. Hepatology, 51(2): p. 585-94.

Garcia-Tsao, G., A.J. Sanyal, N.D. Grace, W. Carey, D. Practice
Guidelines Committee of the American Association for the Study
of Liver, et al. (2007) Prevention and management of gastroesoph-
ageal varices and variceal hemorrhage in cirrhosis. Hepatology,
46(3): p. 922-38.

Bruix, J., M. Sherman, and D. American Association for the
Study of Liver (2011) Management of hepatocellular carcinoma:
an update. Hepatology, 53(3): p. 1020-2.

Ratziu, V., F. Charlotte, A. Heurtier, S. Gombert, P. Giral, et al.
(2005) Sampling variability of liver biopsy in nonalcoholic fatty
liver disease. Gastroenterology, 128(7): p. 1898-906.

Mannelli, L., E. Godfrey, M.J. Graves, A.J. Patterson, P. Beddy,
et al. (2012) Magnetic resonance elastography: feasibility of liver
stiffness measurements in healthy volunteers at 3T. Clin Radiol,
67(3): p. 258-62.

Muthupillai, R., D.J. Lomas, P.J. Rossman, J.F. Greenleaf, A.
Manduca, et al. (1995) Magnetic resonance elastography by
direct visualization of propagating acoustic strain waves. Science,
269(5232): p. 1854-7.

Yin, M., J.A. Talwalkar, K.J. Glaser, A. Manduca, R.C. Grimm,
et al. (2007) Assessment of hepatic fibrosis with magnetic reso-
nance elastography. Clin Gastroenterol Hepatol, 5(10): p. 1207-
1213 e2.

Dulai, P.S., C.B. Sirlin, and R. Loomba (2016) MRI and MRE
for non-invasive quantitative assessment of hepatic steatosis and
fibrosis in NAFLD and NASH: Clinical trials to clinical practice.
J Hepatol, 65(5): p. 1006-1016.

Loomba, R., C.B. Sirlin, B. Ang, R. Bettencourt, R. Jain, et al.
(2015) Ezetimibe for the treatment of nonalcoholic steatohepatitis:
assessment by novel magnetic resonance imaging and magnetic
resonance elastography in a randomized trial (MOZART trial).
Hepatology, 61(4): p. 1239-50.

. Chen, J., J.A. Talwalkar, M. Yin, K.J. Glaser, S.O. Sanderson,

et al. (2011) Early detection of nonalcoholic steatohepatitis in
patients with nonalcoholic fatty liver disease by using MR elas-
tography. Radiology, 259(3): p. 749-56.

Trout, A.T., R.M. Sheridan, S.D. Serai, S.A. Xanthakos, W. Su,
et al. (2018) Diagnostic Performance of MR Elastography for
Liver Fibrosis in Children and Young Adults with a Spectrum of
Liver Diseases. Radiology, 287(3): p. 824-832.

Yin, M., K.J. Glaser, J.A. Talwalkar, J. Chen, A. Manduca, et al.
(2016) Hepatic MR Elastography: Clinical Performance in a
Series of 1377 Consecutive Examinations. Radiology, 278(1): p.
114-24.

Serai, S.D., J.R. Dillman, and A.T. Trout (2017) Spin-echo Echo-
planar Imaging MR Elastography versus Gradient-echo MR Elas-
tography for Assessment of Liver Stiffness in Children and Young
Adults Suspected of Having Liver Disease. Radiology, 282(3): p.
761-770.

Felker, E.R., K.S. Choi, K. Sung, H.H. Wu, S.S. Raman, et al.
(2018) Liver MR Elastography at 3 T: Agreement Across Pulse
Sequences and Effect of Liver R,* on Image Quality. AJR Am J
Roentgenol: p. 1-7.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Mariappan, Y.K., B. Dzyubak, K.J. Glaser, S.K. Venkatesh, C.B.
Sirlin, et al. (2017) Application of Modified Spin-Echo-based
Sequences for Hepatic MR Elastography: Evaluation, Comparison
with the Conventional Gradient-Echo Sequence, and Preliminary
Clinical Experience. Radiology, 282(2): p. 390-398.

Kim, Y.S.,J.S. Song, S. Kannengiesser, and S.Y. Seo (2017) Com-
parison of spin-echo echoplanar imaging and gradient recalled
echo-based MR elastography at 3 Tesla with and without gadox-
etic acid administration. Eur Radiol, 27(10): p. 4120-4128.

Lee, Y., J.M. Lee, J.E. Lee, K.B. Lee, E.S. Lee, et al. (2014) MR
elastography for noninvasive assessment of hepatic fibrosis: repro-
ducibility of the examination and reproducibility and repeatability
of the liver stiffness value measurement. J Magn Reson Imaging,
39(2): p. 326-31.

Toguchi, M., M. Tsurusaki, N. Yada, K. Sofue, T. Hyodo, et al.
(2017) Magnetic resonance elastography in the assessment of
hepatic fibrosis: a study comparing transient elastography and
histological data in the same patients. Abdom Radiol (NY), 42(6):
p. 1659-1666.

Banerjee, R., M. Pavlides, E.M. Tunnicliffe, S.K. Piechnik, N.
Sarania, et al. (2014) Multiparametric magnetic resonance for the
non-invasive diagnosis of liver disease. J Hepatol, 60(1): p. 69-77.
Wagner, M., 1. Corcuera-Solano, G. Lo, S. Esses, J. Liao, et al.
(2017) Technical Failure of MR Elastography Examinations of the
Liver: Experience from a Large Single-Center Study. Radiology,
284(2): p. 401-412.

Garteiser, P., R.S. Sahebjavaher, L.C. Ter Beek, S. Salcudean,
V. Vilgrain, et al. (2013) Rapid acquisition of multifrequency,
multislice and multidirectional MR elastography data with a frac-
tionally encoded gradient echo sequence. NMR Biomed, 26(10):
p. 1326-35.

Guenthner, C. and S. Kozerke (2018) Encoding and readout strate-
gies in magnetic resonance elastography. NMR Biomed, 31(10):
p.- €3919.

Dhyani, M., A. Anvari, and A.E. Samir (2015) Ultrasound elas-
tography: liver. Abdom Imaging, 40(4): p. 698-708.

Chung, S., E. Breton, L. Mannelli, and L. Axel (2011) Liver stift-
ness assessment by tagged MRI of cardiac-induced liver motion.
Magn Reson Med, 65(4): p. 949-55.

Mannelli, L., G.J. Wilson, T.J. Dubinsky, C.A. Potter, P. Bhargava,
et al. (2012) Assessment of the liver strain among cirrhotic and
normal livers using tagged MRI. J Magn Reson Imaging, 36(6):
p. 1490-5.

Ichikawa, S., U. Motosugi, T. Ichikawa, K. Sano, H. Morisaka,
et al. (2012) Magnetic resonance elastography for staging liver
fibrosis in chronic hepatitis C. Magn Reson Med Sci, 11(4): p.
291-7.

, A.A., S.G. Sheth, and S. Chopra (2001) Liver biopsy. N Engl J
Med, 344(7): p. 495-500.

Regev, A., M. Berho, L.J. Jeffers, C. Milikowski, E.G. Molina,
et al. (2002) Sampling error and intraobserver variation in liver
biopsy in patients with chronic HCV infection. Am J Gastroen-
terol, 97(10): p. 2614-8.

Runge, J.H., A.E. Bohte, J. Verheij, V. Terpstra, A.J. Nederveen,
et al. (2014) Comparison of interobserver agreement of magnetic
resonance elastography with histopathological staging of liver
fibrosis. Abdom Imaging, 39(2): p. 283-90.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	MR elastography of liver at 3 Tesla: comparison of gradient-recalled echo (GRE) and spin-echo (SE) echo-planar imaging (EPI) sequences and agreement across stiffness measurements
	Abstract
	Purpose 
	Materials and methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	MRI and MR elastography
	Liver stiffness measurement
	Pathological correlation
	Statistical analysis

	Results
	Demographics
	Failure rate
	Reproducibility
	Pathological correlation
	Accuracy, sensitivity and specificity

	Discussion
	References




