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Abstract

Background and Aims: Despite that hepatic fibrosis often affects the liver
globally, spatial distribution can be heterogeneous. This study aimed to inves-
tigate the effect of liver stiffness (LS) heterogeneity on concordance between
MR elastography (MRE)-based fibrosis staging and biopsy staging in patients
with NAFLD.

Approach and Results: We retrospectively evaluated data from 155 NAFLD
patients who underwent liver biopsy and 3 Tesla MRE and undertook a retro-
spective validation study of 169 NAFLD patients at three hepatology centers.
Heterogeneity of stiffness was assessed by measuring the range between
minimum and maximum MRE-based LS measurement (LSM). Variability of
LSM was defined as the stiffness range divided by the maximum stiffness
value. The cohort was divided into two groups (homogenous or heterogene-
ous), according to whether variability was below or above the average for the
training cohort. Based on histopathology and receiver operating characteristic

Abbreviations: 3T, 3 Tesla; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUROC, area under the receiver operating characteristic; BMI,
body mass index; CLDs, chronic liver diseases; ELF, Enhanced Liver Fibrosis; FIB-4, Fibrosis-4; HA, hyaluronic acid; ICC, intraclass correlation coefficient;
LB, liver biopsy; LF, liver fibrosis; LS, liver stiffness; LSM, liver stiffness measurement; MRE, MR elastography; NFS, NAFLD Fibrosis Score; ROC, receiver

operating characteristic; ROI, region of interest.
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INTRODUCTION

NAFLD is a leading cause of chronic liver disease
(CLD), with a global increase in prevalence.[" Currently,
the prevalence of NAFLD is estimated to be 25% in the
general population, with 90% in obese persons and
60% in persons with type 2 diabetic mellitus having
NAFLD. NAFLD ranges from benign nonalcoholic fatty
liver with nonspecific inflammation to NASH with zone
3 hepatocellular ballooning (HB) or fibrosis, which is
progressive and can lead to cirrhosis and Hcc 29

Therefore, early diagnosis of liver fibrosis (LF) and
early interventions for NAFLD are important to reduce
the risk of delayed complications.

Although liver biopsy (LB) remains the gold standard
for the diagnosis of LF in CLDs,® it has disadvantages,
such as complications, high costs,”! and diagnostic
variation, among observers.B-1 Sampling errors have
also been identified as a weakness of this approach.”zl
In recent years, imaging-based methods such as MR
elastography (MRE) have been developed as noninva-
sive methods for the evaluation of LF. The advantages of
MRE are high diagnostic performance and the ability to
assess the stiffness over a large volume of the liver.['*~1"]
It has been suggested that spatial heterogeneity in the
severity of LF may be an important factor when there is
a discrepancy between biopsy- and MRE-based fibrosis
staging.m] The goal of the present study was to investi-
gate the potential relationship between MRE-based evi-
dence of spatial heterogeneity in LF and discrepancies in
biopsy staging in patients with NAFLD.

PATIENTS AND METHODS
Patients

We retrospectively evaluated the data of 155 NAFLD
patients who underwent LB and 3 Tesla (3T) MRE be-
tween March 2014 and June 2021 at Yokohama City
University Hospital. Furthermore, a total of 169 consec-
utive NAFLD patients who underwent LB and 3T MRE
at Gifu Municipal Hospital, Ogaki Municipal Hospital,

(ROC) analysis, optimum LSM thresholds were determined for MRE-based
fibrosis staging of stage 4 (4.43, kPa; AUROC, 0.89) and stage =3 (3.93,
kPa; AUROC, 0.89). In total, 53 had LSM above the threshold for stage 4.
Within this group, 30 had a biopsy stage of <4. In 86.7% of these discordant
cases, variability of LSM was classified as heterogeneous. In MRE-based
LSM stage 23, 88.9% of discordant cases were classified as heterogeneous.
Results of the validation cohort were similar to those of the training cohort.
Conclusions: Discordance between biopsy- and MRE-based fibrosis stag-
ing is associated with heterogeneity in LSM, as depicted with MRE.

and Shin-yurigaoka General Hospital from March 2018
through April 2021 were also enrolled in the study as
a validation cohort. The study was conducted in ac-
cordance with the ethical principles of the Declaration
of Helsinki (2013) and was approved by the Ethics
Committee of Yokohama City University Hospital, and
all patients provided written informed consent.

LB was performed within 6 months after MRE.
Patients with a history of significant alcohol intake,
chronic hepatitis, including viral and autoimmune hep-
atitis, and use of medications associated with fatty
liver were excluded. Additionally, to avoid an incorrect
assessment of liver stiffness measurement (LSM), pa-
tients were examined after fasting, and patients with
known portal hypertension or passive hepatic conges-
tion attributable to cardiac failure were also excluded
(Figure S1).

Basic demographic data, including the age and sex
of study participants, and relevant medical history, in-
cluding diabetes mellitus, hypertension, or dyslipidemia,
were acquired from medical records. Body mass index
(BMI) was calculated as body mass in kilograms divided
by the square of height in meters (kg/m?). Aspartate ami-
notransferase (AST), alanine aminotransferase (ALT),
y-glutamyl transpeptidase (GGT), C-reactive protein,
creatinine, fasting blood plasma glucose, fasting insulin,
and hemoglobin A1c (HbA1c) were measured.

Histopathological evaluations

LB specimens were obtained from all patients using
a 16-gauge needle biopsy kit (Bard MONOPTY; C.R.
Bard, Inc., Murray Hill, NJ). For each patient, care was
taken to collect a specimen sufficiently large for analy-
sis. Adequate LB specimens were defined as those that
were at least 15 mm in length and/or included at least six
portal tracts. Central pathology determination was used
for histological evaluation. LB slides, stained with hema-
toxylin and eosin as well as Masson stain, were evalu-
ated by a single experienced central pathologist (S.A.)
who specializes in liver histopathology. In addition, the
intra- and interobserver variations for pathological LF
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stages were analyzed by rereading by a central patholo-
gist (S.A,, reader 1) and hepatologist (reader 2).

Steatosis, lobular inflammation, and ballooned he-
patocytes were classified as follows. Steatosis affecting
<5%, 5%—33%, >33%—66%, and >66% of hepatocytes
was classified as grades 0, 1, 2, and 3, respectively.
Lobular inflammation was graded according to the
number of inflammatory foci per field of view (FOV) at a
magnification of 200x, with 0, <2, 2—4, and >4 foci per
field classified as grades 0, 1, 2, and 3, respectively.
HB involving no, few, and many cells was classified as
grades 0, 1, and 2, respectively. Fibrosis severity was
scored as described."®

Serum biomarker

Serum hyaluronic acid (HA) was measured as a bio-
marker for LF, using the latex agglutination immunoas-
say method (Mitsubishi Chemical, Tokyo, Japan).['!
The Enhanced Liver Fibrosis (ELF) score, considering
tissue inhibitor of metalloproteinases 1, amino-terminal
propeptide of type Ill procollagen, and HA, was also
measured as a biomarker for LF.12*

Scoring systems

Based on a review of the literature, the following scores
were calculated for each patient to evaluate LF: Fibrosis-4
(FIB-4) index [age (year) x AST (IU/L) / (platelet count
(x10%/L) x VALT (IU/L))]*"; NFS (NAFLD Fibrosis Score
[-1.675 + 0.037 x age (year) + 0.094 x BMI (kg/m?) +
1.13 x impaired fasting glycemia/diabetes (present = 1,
absent = 0) + 0.99 x AST (IU/L)/ALT (IU/L) — 0.013 x
platelet count (x10%/L) — 0.66 x albumin (g/dL)].??

MRE

All eligible patients underwent hepatic MRE using 3T
imagers (GE Healthcare, Milwaukee, WI) installed in
our hospital. MRE was performed after fasting for 12
h. Continuous longitudinal mechanical waves (60 Hz)
were generated using a passive acoustic driver placed
against the anterior chest wall. According to previous
methods, ™ a two-dimensional spin-echo planar MRE
sequence was used to acquire wave images in trans-
verse sections with the following parameters: repetition
time ms/echo time ms, 50/23; continuous sinusoidal vi-
bration, 60 Hz; FOV, 32—42 cm; matrix size, 256 x 64;
flip angle, 30 degrees; section thickness, 10 mm; four
evenly spaced phase offsets; and four pairs of 60-Hz
trapezoidal motion-encoding gradients with zero- and
first-moment nulling along the through-plane direction.
All processing steps were applied automatically, with-
out manual intervention, to yield quantitative images of

tissue shear stiffness in kilopascals. On each section
of the MR magnitude image from the MRE acquisition,
regions of interest (ROIs) were drawn to include only
the parenchyma of the right lobe, avoiding the edges of
the liver and large blood vessels. The mean of meas-
urements in four slices was used for analysis.l"® If there
were no liver parenchyma that could be measured by
elastograms using reliability maps, the study was con-
sidered invalid. ROls also excluded regions where the
phase signal-to-noise ratio (the ratio of the wave ampli-
tude to the noise in the wave images) was <5. The LSM
obtained at the time of examination was entered into
the database and extracted for this study.

Analysis of liver stiffness heterogeneity

Variability in liver stiffness (LS) was used as an indica-
tor of LS heterogeneity in MRE. The lowest and highest
sites of LS were measured using 1-cm? ROls. Variability
was defined as the difference between the maximum
and minimum LS values, divided by the maximum value,
and is expressed in percentage. In addition, the amount
of overlap of the stiffness ranges below cut-off values for
each fibrosis stage, such as stage 4, fibrosis stage =3, fi-
brosis stage 22, and fibrosis stage =1, was calculated for
each case. Overlap was defined as (cut-off value — the
minimum ROI stiffness value) / (maximum — minimum
ROI stiffness value) and is expressed in percentage.

Statistical analysis

Continuous variables were summarized as means
and SDs. Because many variables were not normally
distributed, the Kruskal-Wallis test was used for com-
parisons of more than two independent groups, and p
values <0.05 were considered statistically significant.
Cut-off values were calculated by using the Youden
index. All statistical analyses were performed using
JMP software (Pro 15; SAS Institute Inc., Cary, NC).
We used the intraclass correlation coefficient (ICC) to
assess the intra- and interobserver variation for path-
ological LF stages in the training cohort. ICCs were
obtained using a two-way random-effects model for
absolute agreement and a single rater./??!

RESULTS
Patient characteristics

In this retrospective study, 155 patients with LB-proven
NAFLD were enrolled in the training cohort and 169 pa-
tients with LB-proven NAFLD were enrolled in the valida-
tion cohort. Principal features, laboratory characteristics,
pathological LF stages, and other pathological findings
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TABLE 1
of patients

Clinical, serological, and histological characteristics

Characteristic Training Cohort Validation Cohort

n 155 169
Age, years, mean 59.3 + 13.6 61.8 £12.5
+SD
Sex, male/female  86/69 76/93
BMI, kg/m?, mean 29.91 +5.73 27.67 +4.85
+ SD
Platelets, /10* ul,  19.60 + 6.88 20.82 £6.35
mean + SD
AST, IU/L, mean  51.3+27.3 51.0 + 28.1
+SD
ALT, IU/L, 65.2+42.0 64.3+43.4
mean + SD
GGT, mean+SD  86.2 +£93.7 75.1+£70.0
Fasting blood 116.8 £ 29.2 113.5+27.4
glucose, mg/
dL, mean = SD
HbA1c, mean + SD 6.47 £ 1.09 6.21+0.87
Diabetes 87 (56.1) 61 (36.1)
mellitus, %
Hypertension, % 76 (49.0) 92 (54.4)
Dyslipidemia, % 102 (65.8) 85 (50.3)
Steatosis grade, n
0 9 14
1 72 118
2 50 34
3 24 &
Lobular
inflammation, n
0 7 4
1 115 88
2 32 76
3 1 1
Liver cell
ballooning, n
0 65 30
1 62 72
2 28 65
NAS, n
0/1/2/3/415/6/7/8  3/6/32/37/41/24/10/1/1  1/7/16/42/54/34/14/1
Fibrosis, n
0 12 9
1 35 55
2 42 45
3 43 43
4 23 17

Abbreviation: NAS, NAFLD Activity Score.

are summarized in Table 1. Intra- and interobserver vari-
ations in pathological fibrosis stages are demonstrated
in Table S1. ICCs for both were good or excellent.

Diagnostic accuracy of serum
biomarkers and scores for LF detection in
patients with NAFLD

HA and ELF were measured as serum biomarkers of
fibrosis. Additionally, the FIB-4 index and NFS were
used for scoring fibrosis. The diagnostic performance
of these four parameters as well as their areas under
the receiver operating characteristic curves (AUROCSs)
and their optimal cut-off levels for diagnosing LF stages
22, 23, and 4 are shown in Table S2.

Diagnostic accuracy of MRE for LF
detection in patients with NAFLD

LSM was determined using MRE in patients with
NAFLD, to assess the stage of LF. Mean LSM values
for MRE were 2.40, 2.78, 3.58, 4.83, and 5.67 kPa for
patients with biopsy-determined stages 0, 1, 2, 3, and 4,
respectively (Figure S2). Results of these analyses re-
vealed step-wise increases in the LSM obtained using
MRE with increasing histological severity of hepatic fi-
brosis (p < 0.0001, Kruskal-Wallis test). To investigate
the diagnostic accuracy of the LSM obtained using MRE
for LF in this cohort, we performed receiver operating
characteristic (ROC) analysis, with AUROC and cut-off
values shown in Table S3 and ROC curves in Figure S3.

Heterogeneity of LS

Distribution of stiffness variability is shown in Figure 1.
Variability according to the pathological fibrosis stage
is shown in Figure S4. The mean variability value was
30.59%. A high rate of variability corresponds to a more
heterogeneous distribution of LSM, whereas a low rate
of variability reflects a more homogeneous distribution of
LSM. The mean value of variability was used to divide the
MRE exams into two groups: relatively heterogeneous
and relatively homogeneous. Figure 2 shows representa-
tive MRE images of higher variability and lower variability
in LS. Additionally, patient characteristics of heterogene-
ous and homogeneous types were compared (Table S4).

Discordance between MRE-based and
pathological fibrosis staging with
pathological underestimation and
relationship to LS heterogeneity

Based on the ROC-defined optimum cut-off value of
4.43 kPa, 53 patients were classified as having stage
4 fibrosis by MRE in the training cohort (Table 2).
Histopathological staging was discordant (showing less
than stage 4 fibrosis) in 30 patients in this group. Based
on the cut-off value of 4.43 kPa, 32 patients were
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FIGURE 1 Histogram illustrating the distribution of stiffness
variability in the training study cohort, where variability was defined
as the difference between maximum and minimum LS values
(measured in 1-cm? ROIs), divided by the maximum value and
expressed in percentage

(A) Convensional MRE elastogram

Homogeneous type Heterogeneous type

(B)3D images of MRE elastogram

o T -

Homogeneous type

Heterogeneous type

FIGURE 2 (A) MRE images demonstrating more
heterogenous (right) and less heterogeneous (left) LS patterns.
The homogeneous type with advanced LS appears as a
uniformly red signal on conventional MRE images. However, in
the heterogeneous type, only partial areas show the red signal,
indicating advanced LS. (B) Conventional MRE images were
converted into three-dimensional (3D) images by representing
the high and low LS regions as contour lines, making it easier to
assess the areas with highest and lowest LS visually

classified as having stage 4 fibrosis by MRE in the vali-
dation cohort (Table 2). Histopathological staging was
discordant (showing less than stage 4 fibrosis) in 15

patients in this cohort. Among the discordant cases,
86.7% or 80.0% had LS patterns classified as hetero-
geneous, whereas in the concordant cases, only 43.5%
or 12.5% had LS patterns classified as heterogeneous
in the training cohort or validation cohort (Table 3).
Nevertheless, the mean values of laboratory biomark-
ers HA, ELF, FIB-4 index, and NFS in the group of 30
discordant cases exceeded the cut-off values for stage
4 fibrosis (Table 3).

A total of 67 patients were classified as having
stage =3 fibrosis by MRE using the ROC-defined op-
timum cut-off value of 3.93 kPa in the training cohort
(Table 2). Histopathological staging was discordant
in only 9 patients. Based on the cut-off value of 3.93
kPa, a total of 42 patients were classified as having
stage 23 fibrosis by MRE in the validation cohort
(Table 2). Histopathological staging was discordant
in only 10 patients. Among the discordant cases,
88.9% or 80.0% had LS patterns classified as het-
erogeneous, whereas in the concordant cases only
62.1% or 34.4% had patterns classified as hetero-
geneous in the training cohort or validation cohort
(Table 4). Mean values of HA, FIB-4 index, and NFS
in the group of 9 discordant cases exceeded the cut-
off values for stage 3 fibrosis. Mean values of ELF
were slightly below the cut-off values, but almost the
same for stage 3 fibrosis.

To further evaluate the relationship between con-
cordance and stiffness heterogeneity, a two-sample
(variability and range overlap) Hotelling T-squared
test statistic was computed along with its associated p
value. Distribution of concordant and discordant cases
based on two metrics (variability and overlap) and its
associated p value by the two-sample Hotelling T-
squared test analysis for the training and validation co-
hort are shown in Figure 3A,B (left column) and Table 5.
Distribution of concordant and discordant cases was
clearly separated for MRE-based LSM stage 4 and =3
(Figure3A,B, left column). The p value showed a strong
statistically significant difference between the discor-
dant group and concordant group in MRE-based LSM
stages 4 and =3 (Table 5). In the combined cohort,
the significance of the difference was even greater.
Distribution of concordant and discordant cases by the
two-sample Hotelling T-squared test analysis for com-
bined cohort is shown in Figure S5 (left column).

Similar results were obtained in lower fibrosis stages,
such as MRE-based LSM stage 2, compared with higher
fibrosis stages. All of the discordant cases were of the
heterogeneous type in the training cohort (Table S5). In
the validation cohort, 87.5% of discordant cases were
classified as the heterogeneous type. However, based
on the p value by the two-sample Hotelling T-squared
test analysis, there was a trend, but it did not reach sig-
nificance between the discordant and concordant groups
even in the combined cohort (Figure 3A,B and Figure S5;
Table S5). Italic indicates significant P values <0.05.
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TABLE 2 Discordance between MRE-based LSM stage and pathologically advanced fibrosis stage
Training Cohort Validation Cohort
MRE-Based LSM MRE-Based LSM
Stage 4 Stage >3 Stage =2 Stage 4 Stage >3 Stage =2
(Cutoff, 4.43 (Cutoff, 3.93 (Cutoff, 3.00 (Cutoff, 4.43 (Cutoff, 3.93 (Cutoff,
kPa) kPa) kPa) kPa) kPa) 3.00 kPa)
n 53 67 106 32 42 85
Pathological fibrosis stage
0 0 0 0
1
2 8 34 9 24
3 23 35 43 10 15 36
4 23 23 23 17 17 17
TABLE 3 Association between MRE-based high LSM (stage 4) and pathological fibrosis stage in terms of variability and fibrosis
markers in the training and validation cohorts
MRE-Based LSM Stage 4
Training Cohort Validation Cohort
Discordant Concordant Discordant Concordant
n 30 23 15 17
Heterogeneous, % 86.7 (n = 26) 43.5 (n=10) 80.0 (n = 12) 12.5 (n=2)
HA, mean £ SD 200.0 +210.4 2141 £ 2474 N/A N/A
ELF, mean + SD 11.18 £ 0.96 11.28 £ 0.94 N/A N/A
FIB-4 index, mean * SD 3.81+£1.92 3.88 +1.89 3.60 +£1.32 3.46 £ 1.97
NFS, mean + SD 116 + 1.29 1.04 £1.16 -0.11+£1.72 0.22+1.22
Note: Cut-off values of HA, ELF, FIB-4 index, and NFS for fibrosis stage 4 were 83, 10.77, 2.13, and —0.59, respectively.
Abbreviation: N/A, not applicable.
TABLE 4 Association between MRE-based high LSM (stage 23) and pathological stage in terms of variability and fibrosis markers
MRE-Based LSM Stage 23
Training Cohort Validation Cohort
Discordant Concordant Discordant Concordant
n 9 58 10 32
Heterogeneous, % 88.9 (n=8) 62.1 (n = 36) 80.0 (n = 8) 34.4 (n=11)
HA, mean + SD 117.8 £ 86.7 195.7 +217.2 N/A N/A
ELF, mean £ SD 10.70 £ 0.81 11.19 £ 0.91 N/A N/A
FIB-4 index, mean + SD 3.32+1.33 3.61+1.98 2.55+0.68 3.58 + 1.66
NFS, mean £ SD 0.76 £1.73 0.75 £ 1.46 -0.88 +1.20 0.26 £1.27

Note: Cut-off values of HA, ELF, FIB-4 index, and NFS for fibrosis stage 23 were 69, 10.73, 2.09, and —1.06, respectively.

Abbreviation: N/A, not applicable.

Discordance between MRE-based and
pathological fibrosis staging with MRE
downestimation and relationship to LS
heterogeneity

There were no cases with MRE-based LSM stage <3
and histopathological fibrosis stage 4.

A total of 66 patients had histopathological fibrosis
stage =3 in the training cohort. Among this group, 8 pa-
tients were classified as having stage <2 by MRE using
a cut-off value of 3.93 kPa (Table S6). In the validation
cohort, a total of 60 patients had histopathological fi-
brosis stage 23. Based on the ROC-defined optimum
cut-off value of 3.93 kPa, 28 patients were classified as
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(A) Left column: graph showing two metrics of LS heterogeneity (variability and overlap, as defined in the text) for each

MRE-based LSM stage in the training cohort. Cases in which histopathology staging was lower than MRE-based LSM staging are shown in
red. Probability distributions of concordant and discordant cases were significantly different, except MRE-based LSM stage 2. Discordant
biopsy results were associated with higher metrics of LS heterogeneity. Right column: similar graph for each histopathological fibrosis stage
in the training cohort. Discordant cases, in which MRE-based LSM stage was lower than pathological fibrosis stage, are shown in red.
Probability distributions of concordant and discordant cases were significantly different. (B) Similar graph to (A) in the validation cohort

having stage <2. In the training cohort, mean values of
fibrosis markers and scores in discordant cases sup-
ported fibrosis stage <2, except for the NFS (Table S6).

Similar results were obtained for patients with lower
histopathological fibrosis, such as stage 22 and stage
21, in the training and validation cohorts. There were 8
or 28 discordant cases with MRE-based LSM stage <1
in the training or validation cohort, respectively. There
were 35 or 67 discordant cases with MRE-based LSM
stage 0 in the training or validation cohort, respectively
(Table S6).

To evaluate the relationship between concordance
and stiffness heterogeneity, a two-sample (variabil-
ity and range overlap) Hotelling T-squared test statis-
tic was computed along with its associated p value.

Distribution of concordant and discordant cases based
on two metrics (variability and overlap) and its associ-
ated p value by the two-sample Hotelling T-squared test
analysis for the training and validation cohort are shown
in Figure 3A,B (right column) and Table 5. Distribution
of concordant and discordant cases was clearly sepa-
rated for each pathological fibrosis stage (Figure 3A,B,
right column). The p value showed a strong statistically
significant difference between the discordant group
and concordant group in all fibrosis stages (Table 5). In
the combined cohort, the significance of the difference
was even greater. Distribution of concordant and dis-
cordant cases by the two-sample Hotelling T-squared
test analysis for the combined cohort is shown in Figure
S5 (right column).
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TABLE 5 A two-sample (variability and overlap) hotelling
T-squared test p values for each fibrosis stage based on MRE or
biopsy in the training, validation, and combined cohorts

Training Validation Combined
Cohort Cohort Cohort
MRE, stage
22 0137 0.205 012
>3 0.033 0.022 0.0014
24 8.60x107* 776 x 107 1.7 x107°
Biopsy, stage
>1 111 x 107 788x107° 1.1 x 107"
22 766 x 107" 9.84x10°  2.0x107"?
>3 1.84x10°  215x107° 1.1 x 107°

Italic indicates significant p values < 0.05.

DISCUSSION

Multiple published studies have provided evidence that
MRE has high diagnostic performance for detecting
and staging LF in NAFLD patients.[">~""! Similarly, MRE
showed high diagnostic accuracy for staging LF in this
study as reported.[24'25] The diagnostic performance
demonstrated in many studies approaches the limit that
can be demonstrated, given the known limitations of reli-
ability of biopsy-based staging attributable to subjective
interpretation and sampling error. However, one report
suggested that MRI-based proton density fat fraction is
superior to LB for the assessment of hepatic steatosis
rather than fibrosis, because of sampling error.?°!

Although sampling error is often acknowledged as
a limitation of biopsy, the evaluation of whether discor-
dance with MRE-based fibrosis staging is associated
with spatial heterogeneity of stiffness as depicted by
MRE is a strength of this study.

In an LB, only 1/50,000th of the whole liver tissue is
evaluated, raising a substantial possibility of sampling
error. In a previous study, Ratziu et al.? performed two
percutaneous LBs in each of 51 patients with NAFLD
and reported on sampling variability. They showed that
in 41% of patients, the two specimens demonstrated
different stages of fibrosis. They speculated that the
discordance between specimens is likely attributable
to heterogeneous distribution of pathological features
throughout the liver. In another study with a different
etiology of LF, Regev et al.l?’l reported that biopsies
from the right and left lobes of the liver differed by more
than one pathological stage in 30% of patients in HCV
patients.

Despite not discussing the discordance between
pathological fibrosis stage and MRE-based LSM,
Caussy et al.l®l reported discordance between fibro-
sis stages obtained by MRE and vibration-controlled
transient elastography (VCTE) in ~45% of patients with
NAFLD. They showed that the higher the BMI of the
patient, the greater the discrepancy. They speculated

that the higher BMI resulted in a higher skin-to-capsule
distance. Additionally, they also proposed that VCTE
assesses LS in distinct locations, whereas MRE may
reduce sampling error given that it assesses the whole
liver. Bedossa et al.l?”! argued that sampling variabil-
ity in HCV patients is affected by length of the biopsy
specimen.

Based on these and other publications, there is a
reasonable expectation that heterogeneity in the se-
verity of LF in CLDs, such as NAFLD and HCV, may
contribute to discordance between biopsy-based fi-
brosis staging and noninvasive staging methods that
assess a larger volume of the liver—such as MRE.
Presence of marked heterogeneity in LS is often ob-
served with MRE, as illustrated in Figure 2. The results
of this study provide support for the hypothesis that
discordant results between MRE- and biopsy-based
fibrosis staging can be the result of sampling error. In
patients with global LSMs consistent with either stage
4 or stage 23 fibrosis, discrepant biopsy results were
more common in the presence of marked LS hetero-
geneity. In patients with LSM consistent with stage =2
fibrosis, there was a tendency for LS classified into the
heterogeneous pattern in patients with discrepant bi-
opsy results, although the analysis using a two-sample
(variability and overlap) Hotelling T-squared test did
not reveal significant differences. This result was also
observed in the validation cohort and was postulated
to be influenced by the small sample size; thus, it was
also examined in the combined cohort. The results did
indeed show a smaller p value, despite still not being
statistically significant. Thus, it is possible that a sta-
tistically significant difference could be obtained by in-
creasing the sample size. However, in cases where the
MRE results are lower than the pathological fibrosis
stage, the presence of marked LS heterogeneity was
more common. Similar results were obtained in the
validation cohort. In other words, the involvement of
heterogeneity in LS was suspected even in discordant
cases in which biopsy was not only underestimated,
but also overestimated (MRE downestimation). These
results support the hypothesis that LS heterogeneity is
responsible for the discordance with biopsy results. In
this study, the validity of MRE-based fibrosis staging
was supported by concordance of other fibrosis mark-
ers, such as HA, ELF, FIB-4 index, and the NFS.

Clinically, it may be important to recognize that an LB
is more likely to result in understaging because of sam-
pling error in patients with high spatial heterogeneity in
LS. Hence, biopsy staging may need to be interpreted
with more caution when high heterogeneity is present
in clinical trials or to determine treatment efficacy.

The limitations of this study were that it was a ret-
rospective study with the number of cases limited to
324 (155 patients in the training cohort and 169 in
the validation cohort). Another limitation was that we
were unable to obtain supportive data, such as fibrosis
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markers, for the validation cohort because of the lack of
serum samples. Moreover, the method of obtaining the
ROI was subjective, and the exact location of the LB
was not shown in the MRE.

In this study, we provide evidence that heterogeneity
in the spatial severity of LF, as reflected in LS heteroge-
neity, may be instrumental when there is discordance
between MRE-based staging and pathological stag-
ing in patients with NAFLD. In particular, patients with
spatially heterogeneous LS may be more likely to have
erroneously over-/downestimated pathological fibrosis
staging because of sampling error if an LB is used as the
gold standard. Further research is needed to explore the
implications of these findings in patients with NAFLD.
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