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Abstract

Objectives To compare the diagnostic accuracy of US shear wave elastography (SWE) and magnetic resonance elastography

(MRE) for classifying fibrosis stage in patients with nonalcoholic fatty liver disease (NAFLD).

Methods Patients from a prospective single-center cohort with clinical liver biopsy for known or suspected NAFLD under-

went contemporaneous SWE and MRE. AUC:s for classifying biopsy-determined liver fibrosis stages>1,>2,>3, and=4,

and their respective performance parameters at cutoffs providing >90% sensitivity or specificity were compared between

SWE and MRE.

Results In total, 100 patients (mean age, 51.8 + 12.9 years; 46% males; mean BMI 31.6 +4.7 kg/m?) with fibrosis stage

distribution (stage 0/1/2/3/4) of 43, 36, 5, 10, and 6%, respectively, were included. AUCs (and 95% CIs) for SWE and MRE

were 0.65 (0.54-0.76) and 0.81 (0.72-0.89), 0.81 (0.71-0.91) and 0.94 (0.89-1.00), 0.85 (0.74-0.96) and 0.95 (0.89-1.00),

and 0.91 (0.79-1.00) and 0.92 (0.83-1.00), for detecting fibrosis stage>1,>2, >3, and =4, respectively. The differences

were significant for detecting fibrosis stage > 1 and >2 (p <0.01) but not otherwise. At>90% sensitivity cutoff, MRE yielded

higher specificity than SWE at diagnosing fibrosis stage > 1,>2, and > 3. At>90% specificity cutoff, MRE yielded higher

sensitivity than SWE at diagnosing fibrosis stage > 1 and > 2.

Conclusions In adults with NAFLD, MRE was more accurate than SWE in diagnosing stage > 1 and > 2 fibrosis, but not

stage > 3 or 4 fibrosis.

Key Points

e For detecting any fibrosis or mild fibrosis, MR elastography was significantly more accurate than shear wave elastography.

e For detecting advanced fibrosis and cirrhosis, MRE and SWE did not differ significantly in accuracy.

e For excluding advanced fibrosis and potentially ruling out the need for biopsy, SWE and MRE did not differ significantly
in negative predictive value.

o Neither SWE nor MRE had sufficiently high positive predictive value to rule in advanced fibrosis.
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Abbreviations

2D Two-dimensional

AASLD American Association for the Study of Liver
Diseases

BMI Body mass index

CI Confidence interval

CSE Confounder-corrected chemical-shift-encoded

GRE Gradient-recalled-echo

IQR Interquartile range

MRE Magnetic resonance elastography
NAFLD Nonalcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis
PDFF Proton-density fat fraction
pSWE Point shear wave elastography
SWE Ultrasound shear wave elastography
SWS Shear wave speed

TE Transient elastography
Introduction

With an estimated global prevalence of 25%, nonalcoholic
fatty liver disease (NAFLD) is the most common chronic
liver disease worldwide [1]. NAFLD comprises both nonal-
coholic fatty liver and nonalcoholic steatohepatitis (NASH),
the latter of which is characterized by hepatocellular injury,
inflammation, and higher potential for developing fibrosis.
The severity of liver fibrosis in NASH strongly predicts
long-term outcomes including liver transplantation and over-
all mortality [2]. Left untreated, liver fibrosis may progress
to cirrhosis, conferring increased risk of hepatocellular car-
cinoma and liver-related mortality. Early therapeutic inter-
vention in patients with NASH-related fibrosis may stabilize
or even reverse fibrosis [3, 4]. Accurate diagnosis and stag-
ing of liver fibrosis enable risk stratification, monitoring for
progression, and targeting interventions in these patients.
Histology is the current clinical standard for assess-
ing fibrosis stage but liver biopsy is invasive, costly, and
associated with non-negligible complication risk [5].
These drawbacks make histology impractical for screening
patients with NAFLD, and noninvasive methods for assess-
ing liver fibrosis are needed. To address this need, several
elastography techniques have been developed for detecting
and staging fibrosis noninvasively. Two-dimensional shear
wave elastography (SWE, also known as sonoelastography),
an advanced ultrasound-based technique, has comparable
to superior accuracy for diagnosing fibrosis in NAFLD
patients compared to older ultrasound-based techniques

@ Springer

such as transient elastography (TE) and point shear wave
elastography (pSWE) [6, 7]. Magnetic resonance elastogra-
phy (MRE), an MR-based technique, has shown excellent
performance for diagnosing and staging fibrosis in NAFLD
patients [8, 9]. While comparative evidence is accumulating,
the optimal selection of SWE versus MRE remains unclear
in the context of NAFLD. NAFLD may pose specific chal-
lenges to noninvasive techniques due to its association with
steatosis (which alters sonographic echoes and MR signals)
and obesity (which increases the abdominal wall thick-
ness leading to potentially less reliable results). Two recent
studies comparing the diagnostic performance of MRE and
SWE showed either significant difference at staging cir-
rhosis only or no difference between the two methods in
cohorts where the majority had at least significant fibro-
sis (stage >2) [10, 11]. These studies provide important
comparative data on the performance of these methods
in assessing fibrosis in patient populations with relatively
advanced fibrosis stage distributions. However, studies are
lacking that compare the diagnostic accuracy of MRE and
SWE at staging the full spectrum of liver fibrosis severity
in patients with NAFLD, particularly those who might have
earlier stages of fibrosis, using histopathology as the refer-
ence standard.

The purpose of this study is to compare the diagnostic
performance of SWE versus MRE for staging fibrosis
in a well-characterized cohort of American adults with
suspected or known NAFLD using histopathology as the
reference standard. Secondarily, we explored the impact
of obesity and hepatic steatosis on performance.

Materials and methods
Study design

This is a cross-sectional study of a prospectively recruited
cohort of patients with known or suspected NAFLD who
underwent liver biopsy for clinical care and contempora-
neous SWE and MRE for research within 180 days of liver
biopsy between July 2016 and June 2019. Confounder-
corrected chemical-shift-encoded (CSE)-MRI was per-
formed as part of the MRE exam in order to estimate
proton-density fat fraction (PDFF), which was used to
stratify the cohort in the exploratory analyses. This study
was approved by the Institutional Review Board and is
compliant with the Health Insurance Portability and
Accountability Act.
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Study participants were recruited at the University of
California, San Diego (UCSD), NAFLD Research Center.
The screening process consisted of a standardized clinical
evaluation which included a detailed physical examination,
biochemical profiling, and an alcohol history assessment
performed using the Alcohol Use Disorders Identification
Test and Skinner Lifetime Drinking questionnaires. Eligible
participants provided written informed consent to undergo
SWE and MRE. Participants were instructed to fast for at
least 8 h prior to SWE and MRE exams.

Histologic analysis

For this research, a single experienced hepatopathologist
(M.A.V.,> 10 years of experience) reviewed the clinically
obtained biopsy specimen and scored the histologic features
using the NASH Clinical Research Network histologic scor-
ing system [12]. Fibrosis was scored from O to 4, steatosis
from O to 3, lobular inflammation from O to 3, and hepatocel-
lular ballooning from O to 2.

Details of eligibility criteria, clinical assessments, liver
biopsy protocol, and histology interpretation are available
as Supplemental Methods.

SWE exam

SWE exams were performed on a clinical ultrasound sys-
tem (GE Logiq E9, GE Healthcare) provided by GE for this
research through an equipment loan agreement. The ultra-
sound system was equipped with the transducer and software
required for SWE.

One of four certified diagnostic medical sonographers
(each with> 10 years of clinical experience in abdominal
US exams and at least 1 year of research experience in SWE)
performed SWE using a convex transducer (C1-6). Sonog-
raphers were scheduled for each exam based on availability.

For SWE, participants were imaged in the dorsal decu-
bitus position with the right arm fully abducted to facilitate
a right intercostal approach. The transducer was oriented
perpendicular to the liver capsule to optimize the acoustic
window. Then, SWE was activated and, once a real-time col-
orized stiffness map of the right liver parenchyma had sta-
bilized during an 8—10-s breath hold at shallow expiration,
the sonographer recorded the stiffness map with a button
press. The sonographer then placed a circular ROI at least
1 cm below the liver capsule but no more than 8 cm from the
skin surface that overlaid as much of the homogeneous color
map as possible while avoiding large blood vessels, portal
tracts, and rib shadowing. The mean and standard deviation
of shear wave speed values within the ROI were recorded.

The above steps were repeated until 10 sequential shear
wave speed (SWS) measurements were acquired per partici-
pant (out of a maximum of 20 attempts), as recommended
by the manufacturer. A study was considered adequate if
the IQR for the 10 measurements was less than 30% of the
median (IQR/median <0.30)[13, 14]. The entire SWE exam
lasted about 10 min.

MR exam: MRE and chemical-shift-encoded MRI

MR exams were performed using a 3-T research scanner
with a 60-cm bore (GE Discovery MR750; GE Healthcare)
and a 32-channel torso radiofrequency coil array. The scan-
ner was fitted with MRE hardware and software licensed
for research (Resoundant) [15, 16]. The entire MR exam
including participant positioning, MRE driver placement,
and MRE and CSE-MRI acquisition lasted about 20 min.

MRE sequence and analysis

An active acoustic driver set to the standard frequency of
60-Hz delivered vibrations via a passive pneumatic driver
that was centered over the liver and secured snugly to the
abdominal wall by an elastic band. A two-dimensional (2D)
gradient-recalled-echo (GRE) MRE sequence modified
with bipolar motion encoding gradients synchronized to
the applied vibration imaged the shear wave displacement.
Four 10-mm contiguous axial slices were acquired through
the widest transverse section of the liver, each with a 16-s
breath hold performed at relaxed end-expiration. Acquisi-
tion parameters are listed in Supplemental Methods. Using
MRE reconstruction software, the MR scanner automatically
processed the wave images into cross-sectional 2D shear-
stiffness maps; unreliable pixels (goodness-of-fit R* < 95%)
were cross-hatched to exclude them from analysis [17].

One of two trained image analysts (each with> 1 year of
experience in MRE analysis) downloaded the raw and pro-
cessed MRE data for offline analysis. Using MRE analysis
software (“MRE Quant”, Resoundant), the analyst manually
drew free-form ROIs on portions of the right hepatic lobe on
the wave images while avoiding the liver edge (outer 1 cm),
major vessels, and areas of nonplanar or low amplitude wave
propagation [4, 18, 19]. The ROIs were drawn on all four
slices and colocalized to the shear-stiffness maps. The mean
of liver stiffness in the ROIs (shear stiffness, in kilopascals)
and cumulative ROI size over four slices (in pixels) were
automatically reported by the software. An MRE exam was
considered adequate if the total number of pixels over four
slices acquired in a participant was greater than or equal to
700 pixels [20].

@ Springer
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Chemical-shift-encoded MRI acquisition and analysis

A 2D multi-echo spoiled gradient-recalled-echo sequence
with magnitude reconstruction was performed through the
entire liver. Using a previously described custom algorithm,
the MR scanner automatically processed the source images
into cross-sectional PDFF maps [21-24], which were ana-
lyzed offline to calculate mean liver PDFF values. Acqui-
sition and analysis details are described in Supplemental
Methods.

Blinding

The pathologist was blinded to imaging data. Sonographers
were blinded to clinical, histological, and MRI data. MR
analysts were blinded to clinical, histological, and ultrasound
data.

Statistical analyses

Statistical analysis was performed by a postdoctoral fellow
(Y.N.Z., 2 years of experience) under the supervision of a
biostatistician (T.W., with 25 years of experience) using “R”
statistical computing software (R version 3.4.2 [2016]; R
Foundation for Statistical Computing).

Sample size was based on feasibility. The target enroll-
ment was set to > 100 participants who complied with the
study protocol and completed SWE and MRE.

Diagnostic performance

Analyses of diagnostic performance were performed in
participants in whom both SWE and MRE were adequate,
as defined earlier. Spearman’s correlation was used to
evaluate the relationship between SWE, MRE, and fibro-
sis stages.

ROCs and AUCs with DeLong 95% confidence inter-
vals (CIs) were computed for SWE and MRE for clas-
sifying each dichotomized fibrosis stage. AUCs were
compared using the DeLong test for dependent ROCs.
The shear wave speed cutoffs (SWE) or stiffness cut-
offs (MRE) providing at least 90% sensitivity or at least
90% specificity for each dichotomization were identified.
Performance parameters at those cutoffs were compared
using McNemar’s test for paired proportions. The Bonfer-
roni correction was applied to each grouped comparison
of AUC, sensitivity at 90% specificity, and specificity at
90% sensitivity. A p value less than 0.05 (or individual
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p value <0.05/3=0.017 after the Bonferroni correction)
was considered statistically significant. We chose a priori
not to formally compare additional performance met-
rics (PPV, NPV, total accuracy) to reduce the number of
comparisons.

Exploratory analyses

To evaluate the impact of obesity and steatosis on both
techniques, the above analyses were repeated separately in
obese (BMI >30) and nonobese (BMI <30) participants
and in those with none-to-mild and moderate-to-severe
steatosis as determined noninvasively by published PDFF
cutoffs (none-to-mild: PDFF < 17.43%; moderate-to-severe:
PDFF >17.43%) [21].

Results
Participants

Between July 2016 and June 2019, 118 patients with liver
biopsies to evaluate known or suspected NAFLD met inclu-
sion criteria, of whom 18 were excluded (Fig. 1), leaving
100 participants in the final analysis.

Table 1 summarizes the baseline demographic, biochemi-
cal, histological, and imaging data for these 100 participants.
Sixty-four participants (64%) were obese (BMI>30.0).
The median PDFF was 14.2%. Median time intervals were
27 days between SWE and biopsy, 28 days between MRE
and biopsy, and 0 days between SWE and MRE. The average
(+ standard deviation [SD]) of biopsy size and number of
portal triads were 21.8 (+7.3) mm and 14.5 (£ 3.7), respec-
tively. In total, 43, 36, 5, 10, and 6 had fibrosis stages O, 1,
2, 3, and 4, respectively.

Diagnostic performance

Mean shear wave speed and stiffness values are shown in
Fig. 2. Mean shear wave speed and stiffness values increased
monotonically with fibrosis stages (Spearman’s correlation
coefficient for shear wave speed values and fibrosis stages is
0.392 (p <0.01), and for stiffness values and fibrosis stages
is 0.654 (p <0.01). Representative SWE and MRE images
are shown in Fig. 3. The mean (+ SD) area of the captured
SWE ROIs was 1.19 (+0.39) cm?, and the mean (+ SD)
cumulative ROI size over 4 slices of MRE for each partici-
pant was 3350 (£ 1498) pixels (469 cm?+210 cm?).
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The AUCs of MRE were significantly higher than those of
SWE for diagnosing any fibrosis (0.81 [95% CI: 0.72-0.89]
vs. 0.65 [95% CI: 0.54-0.76], p=0.005) and stage > 2 fibro-
sis (0.94 [95% CI: 0.89-1.00] vs. 0.81 [95% CI: 0.71-0.91],
p=0.009). The AUC point estimates of MRE were nomi-
nally higher than those of SWE for stage >3 and stage=4
fibrosis, but the differences were not significant (Table 2).

Cutoffs and performance parameters for the classification
of dichotomized fibrosis stages given predefined sensitivity
or specificity > 90% are summarized in Tables 3 and 4.

At sensitivity of at least 90%, the SWE cutoffs were 1.27,
1.49, 1.46, and 1.59 m/s for stage > 1 fibrosis, stage > 2 fibro-
sis, stage > 3 fibrosis, and stage 4 fibrosis, respectively; the
MRE cutoffs were 2.01, 2.77, 2.77, and 2.77 kPa, respec-
tively. MRE had higher specificity than SWE for all stages of
fibrosis, and the difference was significant for stage > 1,>2,
and >3 (p <0.001). The point estimate for PPV was higher
for MRE than for SWE for all stages of fibrosis among this
particular cohort, though formal statistical comparisons
were not performed.

At specificity of at least 90%, the SWE cutoffs were 1.75,
1.79, 1.78, and 1.81 m/s for stage > 1 fibrosis, stage > 2 fibro-
sis, stage >3 fibrosis, and stage 4 fibrosis, respectively; the
MRE cutoffs were 2.60, 3.06, 3.17, and 3.42 kPa, respec-
tively. MRE had higher sensitivity than SWE for all stages
of fibrosis, and the difference was significant for fibrosis
stages>1 and>2 (p <0.01). The point estimate for NPV
was higher for MRE than for SWE for all stages of fibro-
sis except cirrhosis (stage 4) among this particular cohort,
though formal statistical comparisons were not performed.

Exploratory analyses

In stratified analysis of obese (n =64) and nonobese (n=36)
participants, MRE was superior to SWE at diagnosing
stage > 1 fibrosis among obese participants (p =0.008). In
stratified analysis of participants with none-to-mild steato-
sis using PDFF cutoff < 17.43% (n=68) and moderate-to-
severe steatosis using PDFF cutoff > 17.43% (n=32), MRE
was superior to SWE at diagnosing stage >?2 fibrosis among

Fig. 1 Flowchart of participant
selection. NAFLD, nonalco-
holic fatty liver disease; NASH,
nonalcoholic steatohepatitis;

118 patients with liver biopsies to
evaluate known or suspected NAFLD
met inclusion criteria

SWE, shear wave elastography;
MRE, magnetic resonance
elastography

Excluded cases (n=18)

¢ Inadequate liver biopsy (n=5)

¢ Could not be scheduled for MRE within
180 days of biopsy (n=2)

¢ Could not be scheduled for SWE within
180 days of biopsy (n=3)

¢ Two patients had other liver diseases on
biopsy (n=2)

v

v

¢ One patient enrolled in a NASH clinical
trial between biopsy and imaging (n=1)

¢ One patient was diagnosed with multiple
myeloma and underwent chemotherapy
and bone marrow transplant between
biopsy and imaging (n=1)

¢ Inadequate MRE (n=3)

¢ Inadequate SWE (n=1)

100 participants included in the analysis

@ Springer
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Table 1 Demographic,

° . ¢ - Characteristic Values
biochemical, histological, and
imaging characteristics of study Demographic, anthropometric, biochemical, and imaging data (n=100)
participants Participant sex
Male 46 (46%)
Female 54 (54%)
Mean age (year), mean+SD [range] 51.8+12.9 [25-78]
Mean body mass index (kg/mz), mean + SD [range] 31.6+4.7[21.5-43.3]
Self-reported race
Black or African American 3 (3%)
Asian 16 (16%)
White 55 (55%)
Other 26 (26%)
Self-reported ethnicity
Hispanic 33 (33%)
Non-Hispanic 66 (66%)
Declined to state 1 (1%)
Biochemical profile, mean +SD
Aspartate aminotransferase level (U/L) 43.7+18.6
Alanine aminotransferase level (U/L) 64.7+36.9
Alkaline phosphatase level (IU/L) 83.2+20.1
Total bilirubin (mg/dL) 0.5+0.2
Albumin level (g/dL) 4.4+0.7
Glucose (mg/dL) 116.0+32.9
Platelet count (billion/L) 270.2+71.1
Prothrombin time (s) 11.1+0.7
International normalized ratio 1.0+0.1

Biopsy sample, mean+SD

Sample length (mm) 21.8+7.3

No. of portal tracts 14.5+3.7
Histology, n (%)
Fibrosis

0 (no fibrosis) 43 (43%)

1 (perisinusoidal or periportal) 36 (36%)

2 (perisinusoidal and periportal) 5(5%)

3 (bridging fibrosis) 10 (10%)

4 (cirrhosis) 6 (6%)
Steatosis

0 (<5% hepatocytes) 6 (6%)

1 (5-33% hepatocytes) 43 (43%)

2 (33-66% hepatocytes) 40 (40%)

3 (> 66% hepatocytes) 11 (11%)
Lobular inflammation

0 (no foci) 7 (7%)

1 (<2 foci per 200 x field) 68 (68%)

2 (24 foci per 200 x field) 19 (19%)

3 (>4 foci per 200 x field) 6 (6%)
Ballooning

0 (no ballooned cells) 51 (51%)

1 (few ballooned cells) 45 (45%)

2 (many ballooned cells or prominent ballooning) 4 (4%)
Imaging

SWE, m/s, mean + SD 1.5+0.2
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Table 1 (continued) Characteristic Values
MRE, kPa, mean + SD 2.6+0.9
MRI-PDFF—per protocol, %, mean (median) + SD 139 (14.2) £ 8.1
SWE to biopsy time interval, days, mean (median) +SD 37.6 (27)+34.8

MRE to biopsy time interval, days, mean (median) +SD
SWE to MRE time interval, days, mean (median)+ SD

33.3(28)+31.7
15.3 (0)+26.9

SWE shear wave elastography, MRE magnetic resonance elastography, m/s meters per second, kPa kilopas-

cals

participants with none-to-mild steatosis (p =0.009), and at
diagnosing stage > 1 fibrosis among participants with mod-
erate-to-severe steatosis (p =0.024).

Discussion

Noninvasive imaging methods for estimating fibrosis in
NAFLD patients have been suggested both for initial detec-
tion and staging and for longitudinal monitoring, a scenario
in which invasive tests like biopsy are not feasible. Patients
with NAFLD pose several challenges (e.g., obesity, steato-
sis) that may impact imaging study performance. Hence, the
optimal test or combination of tests has yet to be defined.
Our study aimed to compare MRE and SWE against histo-
logical reference standard in a NAFLD population. While
MRE was significantly more accurate than SWE for diag-
nosing lower stages of fibrosis (stage > 1 and >2), the two
techniques did not differ significantly at higher stages of
fibrosis (stage >3 and =4). In exploratory analyses, MRE
also showed a trend towards better performance than SWE
in all participant subgroups regardless of the presence of
obesity or the severity of steatosis, though the differences
between subgroups were sometimes significant only in the
lower fibrosis stages.

Our study is the first to detect a significant difference in
performance between SWE and MRE at diagnosing lower
stages of fibrosis. A previous study by Furlan et al.on Ameri-
can adults with NAFLD examined the diagnostic perfor-
mance of SWE and MRE at detecting significant fibrosis
(stage >?2) and advanced fibrosis (stage > 3) and did not find
a statistically significant difference, while a recent study
by Imajo et al. on Japanese adults with NAFLD examined
the diagnostic performance of SWE and MRE at detecting
the full spectrum of fibrosis and found that MRE offered
superior performance at staging cirrhosis only [10, 11]. The
small number of participants in both studies who had no
liver fibrosis (1 in Furlan et al. and 9 in Imajo et al. had no
liver fibrosis) may have limited their statistical power for
comparing the diagnostic performance of SWE and MRE
for detecting any fibrosis. Similarly, the relatively small
number of participants in both studies who had mild disease

(fibrosis stage <2) (18 in Furlan et al. and 59 in Imajo et al.,
compared to 79 in our study) may have reduced the power
to detect differences in performance at diagnosing earlier
stages of fibrosis. At advanced fibrosis (stage > 3), we—like
Furlan et al.and Imajo et al.—found that there is no statisti-
cally significant difference in performance between SWE
and MRE. Conversely, the small number of participants in
our study with cirrhosis (6 out of 100) likely reduced our
power to detect differences in performance for diagnosing
cirrhosis, and may explain why our results do not replicate
the finding by Imajo et al. that MRE is superior to SWE for
diagnosing cirrhosis. Despite the small number of partici-
pants with cirrhosis, our overall cohort was comparatively
large, which allowed for exploratory analysis of NAFLD
patients stratified by fibrosis severity and obesity, two poten-
tial confounders for noninvasive techniques.

Compared to published studies on the diagnostic perfor-
mance of SWE for fibrosis staging in NAFLD patients, we
found lower diagnostic accuracy as assessed with AUCs
[7, 10, 25-27]. Differences in stage distribution may
account in part for the discrepancy. A majority of partici-
pants (58.3% to 78.4%) in published studies had stage > 2
fibrosis compared to a minority (21%) in our cohort. The
higher proportion of patients with more severe fibrosis
in published studies is expected to increase the observed
AUC, since greater separation between shear wave speed
or shear stiffness values are observed at higher fibrosis
stages [28]. Compared to study cohorts that skew towards
the more severe spectrum of liver fibrosis, our results may
be most applicable to the outpatient NAFLD hepatology
clinic from which we enrolled our participants.

The diagnostic performance of MRE across all dichoto-
mized fibrosis stages in our study was consistent with prior
studies on NAFLD patients and overweight-to-obese patients,
which included patients with similar fibrosis stage distribution
[8,9, 29]. We intentionally reported two sets of cutoff values
for MRE and SWE—one set that would yield at least 90% sen-
sitivity and one set that would yield at least 90% specificity—
for each dichotomized fibrosis stage instead of the Youden
index. While the Youden index maximizes the combination
of sensitivity and specificity for a particular test, it is not as
helpful in informing clinical application and interpretation.
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Fig.2 Distribution of shear a 2D SWE on fibrosis stage
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For instance, recent guidelines from the American Associa-
tion for the Study of Liver Diseases (AASLD) suggest the use
of noninvasive tests to detect patients with high likelihood of
advanced stage fibrosis—i.e., those patients who may have the
greatest benefit-to-risk ratio for biopsy [30]. This context of
use requires high sensitivity and NPV to rule out fibrosis in
order to appropriately direct biopsy to those at high risk. For
this purpose, SWE and MRE did not differ in performance:
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Fibrosis stage on histology

SWE can accurately exclude stage > 3 fibrosis with sensitivity
of 94-100% and NPV of 97-100% while MRE can do so with
sensitivity of 94-100% and NPV of 99-100%.

As opposed to ruling out disease, ruling in disease
requires high specificity and PPV. Although we identified
high-specificity (>90%) cutoffs, our cohort was assembled
from an outpatient setting, where the pre-test probabil-
ity of advanced fibrosis tends to be low. In this situation,
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Fig.3 Transverse colorized MR elastograms (3-T GE 750 scanner
using 2D GRE technique, top) and ultrasound-based SWE images
with colorized elasticity in the ROIs (GE Logiq E9 with C1-6 trans-
ducer, bottom) demonstrate increasing shear stiffness estimates (kPa)
or shear wave speed estimates (m/s) as histologically determined
liver fibrosis stage (Nonalcoholic Steatohepatitis Clinical Research
Network) increases in patients with nonalcoholic fatty liver dis-
ease. From left to right: stage 0 in a 46-year-old woman; stage 1
in a 56-year-old woman; stage 2 in a 44-year-old man; stage 3 in a

despite applying high-specificity cutoffs, the PPVs for rul-
ing in advanced fibrosis (62% PPV for MRE, 56% PPV
for SWE) are not sufficient to avoid biopsy altogether.
Our results are consistent with those reported by Loomba
et al., where an MRE stiffness cutoff of 3.63 kPa yielded
a specific result (91%) and a high NPV of 97% for exclud-
ing stage >3 fibrosis in NAFLD patients, but a PPV of
only 68% for ruling it in [31]. Furlan et al.reported similar
MRE stiffness cutoff of 3.4 kPa for excluding stage >3
fibrosis with a specificity of 91.7%, but a lower NPV of
91.7% and a much higher PPV of 87% compared to our
results [10]. The higher prevalence of stage >3 fibrosis
in Furlan et al. compared to this study (39% versus 16%)
contributed at least in part to the differences in reported
NPV and PPV. Thus, if confirmation of advanced fibrosis
is desired, then further evaluation possibly including a
liver biopsy may be needed. Combining noninvasive tests
with clinical decision support tools such as the NAFLD
fibrosis score or the FIB-4 test might also improve the
PPV [32, 33].

Our study has several limitations. First, the small sample
sizes of obese and nonobese subsets as well as the nonuni-
form stratification of steatosis severity by PDFF cutoff val-
ues limited our assessment of obesity and steatosis and their
confounding effects on SWE and MRE. Future studies are

42-year-old woman; stage 4 in a 68-year-old woman. Magnitude of
complex modulus in kPa, ROIs, and an automated confidence grid
set to 95% are overlain on the MR elastograms. ROIs depicted in the
MRE imaging examples for stages 0, 1, 2, 3, and 4 are 158 cm?, 63
cm?, 80 cm?, 90 cm?, and 126 cm?, respectively. Shear wave speed
estimates are overlain on the SWE images. ROIs depicted in the SWE
imaging examples for stages 0, 1, 2, 3, and 4 are 1.2 cm?, 0.7 cm?, 0.9
cm?, 1.1 cm?, and 0.9 cm?, respectively

needed to verify our preliminary finding from the explora-
tory analyses that MRE is superior to SWE regardless of
body habitus and steatosis severity. Also, the distribution
of liver fibrosis in our cohort is skewed towards the milder
end of the spectrum. Although this may increase the appli-
cability of our results to common clinical contexts such as
fibrosis screening, the relatively low number of participants
with fibrosis stage >2 compared to fibrosis stage 0—1 limits
discrimination between adjacent advanced fibrosis stages.
For instance, for a predefined sensitivity > 90%, MRE cutoff
is the same for fibrosis stages 2, 3, and 4 (2.77 kPa) while
SWE cutoff for fibrosis stage 3 is lower than for fibrosis
stage 2. For the purposes of comparing SWE and MRE,
fibrosis distribution affects both techniques equally and
would not introduce a bias in favor of one method. Second,
this study was conducted using US and MRI systems from a
single manufacturer at a single subspecialty center focused
on NAFLD research, which may limit the generalizability
of its results to other settings such as community centers or
sites with systems from other vendors. Third, as technol-
ogy advances rapidly, it is possible that newer technologies
would have provided more accurate performance. For SWE,
this might include the use of software that provides real-
time feedback on the quality of shear wave propagation and
the use of time-harmonic elastography techniques in obese
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Table2 AUCSs and AUC comparisons for SWE and MRE by dichotomized fibrosis stage

Method Fibrosis stage 0 vs. 1-4

Fibrosis stage 0-1 vs. 2—4

Fibrosis stage 0-2 vs. 3—4

Fibrosis stage 0-3 vs. 4

All participants (n=100)
Stage 0=43; stage 1-4=57
SWE 0.65 (0.54-0.76)
MRE 0.81 (0.72-0.89)
p* 0.005*
Subset of obese participants (n=64)
Stage 0=24; stage 1-4=40
SWE 0.65 (0.51-0.79)
MRE 0.84 (0.74-0.94)
p? 0.008*
Subset of nonobese participants (n=36)
Stage 0=20; stage 1-4=16

SWE  0.66 (0.48-0.85)
MRE  0.75 (0.58-0.92)
P 0.354

Stage 0—1=79; stage 2-4=21
0.81 (0.71-0.91)

0.94 (0.89-1.00)

0.009*

Stage 0—1=48; stage 2-4=16
0.81 (0.69-0.92)

0.92 (0.85-1.00)

0.056

Stage 0-1=31; stage 2-4=5
0.85 (0.62—-1.00)

0.99 (0.98-1.00)

0.214

Stage 0-2=284; stage 3-4=16
0.85 (0.74-0.96)

0.95 (0.89-1.00)

0.053

Stage 0-2=51; stage 3-4=13
0.83 (0.70-0.96)

0.93 (0.87-1.00)

0.093

Stage 0-2=33; stage 34=3
0.99 (0.96-1.00)

1.00 (1.00-1.00)

0.480

Subset of participants with moderate-to-severe steatosis (PDFF* > 17.43%) (n=32)

Stage 0=10; stage 1-4=22

SWE  0.59(0.34-0.83)
MRE  0.83 (0.68-0.98)
P 0.024%

Stage 0—1=27; stage 2-4=5
0.77 (0.57-0.97)

0.81 (0.63-1.00)

0.655

Subset of participants with none-to-mild steatosis (PDFF* < 17.43%) (n=68)

Stage 0=33; stage 1-4=35

SWE 0.72 (0.59-0.84)
MRE 0.82 (0.72-0.92)
p? 0.127

Stage 0-1=52; stage 2-4=16
0.82 (0.70-0.95)

0.98 (0.96-1.00)

0.009*

Stage 0-2=29; stage 3-4=3
0.74 (0.41-1.00)

0.82 (0.60-1.00)

0.424

Stage 0-2=155; stage 3-4=13
0.88 (0.76-0.99)

0.98 (0.95-1.00)

0.075

Stage 0-3=94; stage 4=6
0.91 (0.79-1.00)

0.92 (0.83-1.00)

0.720

Stage 0-3=59; stage 4=35
0.90 (0.75-1.00)

0.90 (0.78-1.00)

0.972

Stage 0-3=35; stage 4=1
NA
NA
NA

Stage 0-3=31; stage 4=1
NA
NA
NA

Stage 0-3=63; stage 4=5
0.96 (0.92-1.00)

0.96 (0.90-1.00)

0.883

AUC area under the receiver operating characteristic curve, SWE shear wave elastography, MRE magnetic resonance elastography, PDFF proton-
density fat fraction; 95% confidence interval in parenthesis

#Mean proton-density fat fraction (%) of 9 liver segments

“p value, as calculated by DeLong’s test to compare the AUCs of MRE and SWE. Using Bonferroni correction, individual p value <0.05/3 (for
grouped AUC, sensitivity, and specificity) is considered significant (asterisk)

Table 3 Diagnostic performance of SWE and MRE at classifying dichotomized fibrosis stages for predefined sensitivity > 90%

Fibrosis stage N positive N negative Method Cutoff Sensitivity Specificity PPV NPV Accuracy
Stage 14 vs. 0 57 43 MRE 2.01 kPa 0.912 0.488* 0.703 0.808 0.730
SWE 1.27 m/s 0.912 0.116 0.578 0.500 0.570
Stage 2—4 vs. 0-1 21 79 MRE 2.77 kPa 0.905 0.848* 0.613 0.971 0.860
SWE 1.49 m/s 0.905 0.430 0.297 0.944 0.530
Stage 3-4 vs. 0-2 16 84 MRE 2.77 kPa 0.938 0.810* 0.484 0.986 0.830
SWE 1.46 m/s 0.938 0.393 0.227 0.971 0.480
Stage 4 vs. 0-3 6 94 MRE 2.77 kPa 1.000 0.734 0.194 1.000 0.750
SWE 1.59 m/s 1.000 0.617 0.143 1.000 0.640

MRE magnetic resonance elastography, SWE shear wave elastography, PPV positive predictive value, NPV negative predictive value; kPa kilo-
pascals, unit for shear stiffness as measured by MRE; m/s meters per second, unit for shear wave speed as measured by SWE

“Specificity of MRE is significantly higher than that of SWE based on two-tailed McNemar’s test, p <0.001. Using Bonferroni correction, indi-
vidual p value <0.05/3 (for grouped AUC, sensitivity, and specificity) is considered significant
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Table 4 Diagnostic performance of SWE and MRE at classifying dichotomized fibrosis stages for predefined specificity >90%
Fibrosis stage N positive N negative Method Cutoff Sensitivity Specificity PPV NPV Accuracy
Stage 1-4 vs. 0 57 43 MRE 2.60 kPa 0.579* 0.907 0.892 0.619 0.720
SWE 1.75 m/s 0.333 0.907 0.826 0.506 0.580
Stage 24 vs. 0-1 21 79 MRE 3.06 kPa 0.810* 0911 0.708 0.947 0.890
SWE 1.79 m/s 0.476 0911 0.588 0.867 0.720
Stage 3-4 vs. 0-2 16 84 MRE 3.17 kPa 0.813 0.905 0.619 0.962 0.890
SWE 1.78 m/s 0.625 0.905 0.556 0.927 0.860
Stage 4 vs. 0-3 6 94 MRE 3.42 kPa 0.667 0.904 0.308 0.977 0.890
SWE 1.81 m/s 0.833 0.904 0.357 0.988 0.900

MRE magnetic resonance elastography, SWE shear wave elastography, PPV positive predictive value, NPV negative predictive value; kPa kilo-
pascals, unit for shear stiffness as measured by MRE; m/s meters per second, unit for shear wave speed as measured by SWE

“Sensitivity of MRE is significantly higher than that of SWE based on two-tailed McNemar’s test, p <0.01. Using Bonferroni correction, indi-
vidual p value < 0.05/3 (for grouped AUC, sensitivity, and specificity) is considered significant

patients. For MRE, this might include a spin-echo echo pla-
nar imaging sequence rather than a GRE sequence and/or
the use of thin flexible blanket-like torso phased array coils.
Finally, we did not test the longitudinal reproducibility of the
two modalities, a factor that would be important for deter-
mining the best test for monitoring treatment response. The
comparative performance of SWE and MRE for longitudinal
monitoring remains a gap in knowledge for which future
research is needed.

In conclusion, this prospective study provided direct com-
parison of SWE versus MRE for staging fibrosis in a cohort
of participants with known or suspected NAFLD and clini-
cally indicated liver biopsy. We showed that in patients in
whom both methods are adequate, MRE had significantly
higher accuracy than SWE for diagnosing earlier (> 1
and > 2) fibrosis stages. For purposes of directing biopsy to
detect advanced fibrosis, SWE and MRE performed equally
well, both demonstrating high NPV for excluding disease.
Future studies that aim to evaluate the relative reproducibil-
ity of these modalities for longitudinal monitoring and the
cost-effectiveness of various diagnostic approaches using
combinations of SWE, MRE, biopsy, and clinical decision
support will further inform optimal usage of both methods
for clinical care and clinical trials.
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