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Abstract

Background

Liver steatosis is often observed in chronic HCV infection and associated to genotype or
comorbidities. NAFLD is an important risk factor for end-stage liver disease. We aimed to
analyse the course of NAFLD as a concomitant disease in a cohort of HCV patients.

Methods

The German Hepatitis C-Registry is a national multicenter real-world cohort. In the current
analysis, 8789 HCV patients were included and separated based on the presence of steato-
sis on ultrasound and/or histology. Fibrosis progression was assessed by transient elasto-
graphy (TE), ultrasound or non-invasive surrogate scores.

Results

At the time of study inclusion 12.3% (n = 962) of HCV patients presented with steatosis (+S)
(higher rate in GT-3). Diabetes mellitus was more frequent in GT-1 patients. HCV patients
without steatosis (-S) had a slightly higher rate of fibrosis progression (FP) over time
(30.3%) in contrast to HCV patients +S (26%). This effect was mainly observed in GT-3
patients (34.4% vs. 20.6%). A larger decrease of ALT, AST and GGT from baseline to FU-1
(4—24 weeks after EOT) was found in HCV patients (without FP) +S compared to -S. HCV
patients -S and with FP presented more often metabolic comorbidities with a significantly
higher BMI (+0.58kg/m?) compared to patients -S without FP. This was particularly pro-
nounced in patients with abnormal ALT.

Conclusion

Clinically diagnosed steatosis in HCV patients does not seem to contribute to significant
FP in this unique cohort. The low prevalence of steatosis could reflect a lower
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awareness of fatty liver in HCV patients, as patients -S and with FP presented more met-
abolic risk factors.

Introduction

Liver steatosis is frequently observed in patients with chronic hepatitis C virus (HCV) infec-
tion, occurring in approximately 50% [1], and the presence and severity of steatosis is an
important indicator for progressive liver disease [2]. Non-alcoholic fatty liver disease
(NAFLD) is characterized by an excess hepatic fat accumulation, strongly associated with insu-
lin resistance and the metabolic syndrome, and has an estimated prevalence of 20-30% in the
general population [3]. Recently, the new term Metabolic Dysfunction-Associated Fatty Liver
Disease (MAFLD) has been proposed to emphasize this association [4]. Due to its rising preva-
lence NAFLD represents a major health concern and it will replace HCV as the leading indica-
tion for liver transplantation in the near future in the US [5].

Up to 86% of HCV GT 3 patients show some degree of hepatic steatosis that is associated
with serum viral load and reversible with achievement of sustained virological response rate
(SVR) [6].

In the great majority of non-GT 3, particularly GT 1 infected patients hepatic steatosis is
linked to features of the metabolic syndrome such as BMI, visceral obesity, insulin resistance,
type 2 diabetes mellitus (DM), low HDL-cholesterol levels and is therefore termed “metabolic
steatosis” [2]. HCV per se induces insulin resistance which in turn leads to hepatic steatosis
and aggravates insulin resistance. Thus, insulin resistance can be both a direct consequence of
HCV infection and a result of NAFLD and vice versa [7]. Additionally, genetic background of
the host has an important impact on the development of NAFLD in chronic HCV infections
such as 1148M variant of PNPLA3 and the rs58542926 polymorphism in TM6SF2 [1,8]. In the
pre-DAA antiviral treatment era concomitant metabolic steatosis was associated with lower
SVR to interferon-based treatment with the exception of GT 3 infection [1].

Concomitant NAFLD or so called “metabolic steatosis” in HCV patients induces higher
degree of fibrosis and an increased risk for hepatocellular carcinoma (HCC) [6]. A large num-
ber of prospective or cross-sectional studies analysed the impact of steatosis as an individual
risk factor for fibrosis progression in HCV infection [9]. In a meta-analysis including 3068
HCV-infected individuals liver fibrosis was independently associated with steatosis and liver
inflammation [10]. However, fewer studies found a genotype-dependency of this association
of steatosis and fibrosis [11]. The risk factors of fibrosis progression are similar in HCV-related
liver disease and in NASH. For both liver diseases increased BMI, type 2 DM and age are asso-
ciated to fibrosis progression [2].

Experimental as well as clinical evidence show an association between HCV-related steato-
sis and the risk for HCC [12-14].

Diagnosis of NAFLD in chronic HCV patients can be difficult. The presence of hepatic stea-
tosis or steatohepatitis is needed to define NAFLD in HCV patients after exclusion of alcoholic
fatty liver disease by detailed patient report [15]. Additionally, histological findings with spe-
cific inflammatory and fibrosis pattern can differentiate NASH from HCV [2].

In this study we put-the focus on the clinical course of NAFLD in HCV patients. The aim of
this study was to evaluate the course of NAFLD in a large, prospectively enrolled nation-wide
registry cohort (the German Hepatitis-C Registry). Fibrosis progression based on the combina-
tion of TE, ultrasound and noninvasive surrogate scores were analysed together with clinical
endpoints such as SVR and HCC prevalence in HCV patients with and without hepatic steatosis.
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Methods
Patient characteristics

The German-Hepatitis C Registry (Deutsches Hepatitis C-Register, DHC-R) is an ongoing,
prospective, multicentre, observational cohort study with over 15600 patients enrolled. The
DHC-R is registered at the Federal Institute for Drugs and Medical Devices (BfArM; number
2493) and in the German Clinical Trials Register (DRKS; ID DRKS00009717) [16]. The study
protocol was implemented in accordance with Good Clinical Practice Guidelines and the Dec-
laration of Helsinki. The study was reviewed and approved by Institutional Review Board (Eth-
ics Committee of Arztekammer Westfalen-Lippe; reference number 2014-395-f-S). All
patients had to give written informed consent before enrolment in the registry. Patient data
were collected by a web browser based Electronic Data Capture (EDC) system and data quality
was analysed by plausibility checks and on site monitoring [17].

To analyse the clinical course of NAFLD in the DHC-R two patient cohorts were defined as
following. Patients with steatosis (+S) were diagnosed either by ultrasound and/or by liver his-
tology (ultrasound (n = 944), liver histology (n = 13) or both (n = 5)) after exclusion of signifi-
cant alcohol consumption. Patients without steatosis (-S) had no known liver steatosis and no
reported steatosis by ultrasound or liver histology. Patients without available ultrasound or
liver histology were classified as -S (2031/7827). Exclusion criteria were an abusive alcohol
consumption and/or a regular alcohol consumption for men > 40g/d and women > 30g/d as
reported in the eCRF. According to the study protocol diagnosis of DM includes patients with
type 1 and type 2 DM with 90% type 2 DM (type 1 DM n = 92, type 2 DM n = 772). Only
patients with data of baseline visit and one follow-up (FU) visit (up to 24 weeks after EOT)
were included in the analysis. Fibrosis progression was defined by an increase at least in one of
the following diagnostic procedures ultrasound, transient elastography (TE) or laboratory-
based sum scores as available between baseline visit and FU visit. By the majority of patients
the FU visit was mostly been done up to one year after EOT. In more detail progression of
fibrosis was diagnosed either by newly diagnosed sonographic findings of cirrhosis in the FU
visit (n = 231) by TE with raising stiffness (Fibroscan: increase >7.2kPa with normal baseline
value or increase by >2kPa with baseline value >7.2kPa (n = 97); ARFI: increase >1.3m/s
with normal baseline value or increase >0.3m/s with baseline value >1.3m/s (n = 16)) or by
progression in a combined fibrosis staging score (n = 97) that included progression of fibrosis
stage either in histology or in categorized Fibroscan measurements in kPa (<7 =’F0-F1’; >7 -
<9.5="F2% >9.5 -<12.5 ="F3’; >12.5 = ’F4’) or in categorized ARFI measurements in (m/s)
(<1.27 =’F0-F1’; >1.27 - <1.72 =’F2’). An increase of a non-invasive fibrosis score based on
laboratory findings was defined as following (APRI; progression from <0.7 to >0.7 (n = 295),
FIB-4; progression from <1.45 to >1.45 and >1.45 to >3.25 (n = 2315) and NAFLD fibrosis
risk score (-1,675 + 0,037 x age + 0,094 x BMI + 1,13 x insulin resistance or diabetes (yes = 1,
no = 0) + 0,99 x AST/ALT Ratio- 0,013 x thrombocytes- 0,66 x albumin); progression from
< -1.455to > -1.455 and > -1.455 to > 0.676 (n = 356)). According to the study protocol his-
tology was only available to the time point of study inclusion and therefore fibrosis progression
based on histology could not be included in the data analysis. A data extract of 8789 HCV
patients was analysed in this study. Detailed patient characteristics are described in the results.

Statistical analysis

The data were analysed based on a data base extract on behalf of Leberstiftungs-GmbH
Deutschland. This analysis includes data through 15 July 2018. Fisher’s exact test was used to
compare hepatic steatosis, fibrosis progression, DM, hypertension, dyslipidemia, SVR and
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HCC occurrence in different genotypes. A two-sided T-test was used for comparison of two
paired groups, e.g. for absolute values of TE analysis. Changes of serum liver enzymes from BL
to EOT were analysed by Wilcoxon signed rank test. The pairwise comparison of groups for
changes in liver enzymes from BL to FU1 was performed by a two-sided Median test. The dif-
ference in BMI between different patient groups (+S and -S +/- fibrosis progression) together
with ALT elevation was analysed by Anova.

P values < 0.05 were considered statistically significant. Statistical analyses were performed
using SPSS version 26.

Results
Cohort characteristics

In total, 8,789 HCV patients were included in this analysis. 962 patients (11.0%) were diag-
nosed with steatosis (+S) and 7,827 (89%) without steatosis (-S). In this real-world cohort the
diagnosis of steatosis was assessed either by ultrasound (n = 944), liver histology (n = 13) or
both (n = 5). The actual frequency of hepatic steatosis diagnosis in this population is lower
than the expected NAFLD prevalence in the general population as well as the previously
described frequency of steatosis in other HCV patient cohorts. In patients with GT 3 infection
prevalence of steatosis (n = 199) was significantly higher compared to non-GT 3 (n = 763)
patients (16.7% vs. 10.0%; p<<0.001). All patients received antiviral treatment from baseline
visit to FU visit. A large majority received DAA treatment (-S 98.8%; +S 99.1%) and only a
minority had Interferon +/- Ribavirin (-S 1.2%; +S 0.9%). Further patient characteristics at BL
are depicted in Table 1.

HCYV patients (all GT) +S had a significantly higher BMI compared to patients -S (BMI
mean + SD: +8 28.3+5.6kg/m” vs. -S 25.6+4.5kg/m? p<0.001). This result was likewise
observed when analysing only GT 1 patients +S vs. GT 1 patients -S or GT 3 patients +S vs. GT
3 patients -S (Table 2). However, no difference in BMI was observed for GT 1 patients (+S and
-S) vs. non-GT 1 patients (BMI GT 1: 26.014.8kg/m2 vs. non-GT 1 25.9i4.7kg/m2; p=0.13).
Hypertension, DM and hyperlipidemia occurred significantly more often in patients +S
including all genotypes as well as in patients with GT 1 +S compared to GT1 -S (Table 2). GT
1 patients had higher frequency of DM and hypertension compared to non-GT 1 patients
(DM: GT 1: 10.5% vs. non-GT 1: 7.6%, p < 0.001; hypertension: GT 1: 26.6% vs. non-GT 1I:
17.2%, p<0.001), but no significant difference in baseline BMI and hyperlipidemia. ALT
serum levels were significantly higher in patients (all genotypes) +S compared to patients-S
(+S94.9+77.3 U/L vs.-S 85.7+75.9 U/L, p < 0.01). No significant difference between serum

Table 1. Baseline characteristics of HCV patients including all genotypes.

Patient characteristics % (n)

All Gentoypes

sex m/f

age (y) (MW+SD)
BMI kg/m* (MW+SD)
Hypertension % (n)
DM % (n)
Hyperlipidemia % (n)
ALT (U/L) (MW+SD)
AST (U/L) (MW+SD)

https://doi.org/10.1371/journal.pone.0264741.t001

-S (n=7827) +S (n =962) p-values
60 (4597)/ 40 (3230) 60 (580)/ 40 (382) 0.367
53.0+12.8 52.8 £11.7 0.716
25.6+4.5 28.3£5.6 < 0.001
22.6 (1769) 27.9 (268) < 0.001
9.4 (734) 13.4 (129) < 0.001
2.1 (163) 4.6 (44) < 0.001
85.7+75.9 94.9+77.3 <0.01
67.2+49.5 69.7+47.9 0.154
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Table 2. Baseline characteristics of HCV GT 1 and GT 3 patients.

Patient characteristics % (n)

Genotype 1 (GT1) -S (n = 6082) +S (n = 661) p-values
BMI kg/m> (MW+SD) 25.6+4.5 28.5£5.6 < 0.001
Hypertension % (n) 24.9 (1514) 30.1 (199) < 0.01
DM % (n) 10.0 (608) 15.0 (99) < 0.001
Hyperlipidemia % (n) 2.2 (134) 5.1 (34) < 0.001
ALT (U/L) (MW=SD) 81.7£75.9 86.5£67.5 0.108
AST (U/L) (MWSD) 65.3+47.7 65.9142.0 0.778
Genotype 3 (GT3) -S (n=991) +S (n=199)

BMI kg/m2 (MW1SD) 25.8+4.7 27.5£5.7 < 0.001
Hypertension % (n) 12.3 (122) 14.6 (29) 0.414
DM % (n) 6.6 (65) 7.0 (14) 0.757
Hyperlipidemia % (n) 1.5 (15) 2.0 (4) 0.542
ALT (U/L) (MW=SD) 113.0£93.3 118.6+94.5 0.439
AST (U/L) (MW+SD) 83.34£59.2 81.4457.3 0.704

https://doi.org/10.1371/journal.pone.0264741.t002
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ALT and AST was observed for GT1 or GT 3 patients +S compared to GT1/GT3 patients -S
(Table 2).

HCYV patients without steatosis and GT 3 had more fibrosis progression

Fibrosis progression over time was defined by an increase at least in one of the following diag-
nostic procedures transient elastography (TE) (n = 113, 4.3%), ultrasound (n = 231, 8.8%) or
laboratory-based sum scores as available (n = 2275, 86.9%) between baseline visit and one fol-
low-up (FU) visit. By the majority of patients the FU visit was mostly been done up to one year
after EOT. Interestingly, HCV patients -S (30.3%, 2,369/7,827) had a slightly higher fibrosis
progression rate over time compared to HCV patients +S (26%, 250/962, p<0.001), Fig 1. This
effect was even more pronounced in GT 3 patients -S (34.4%, 341/991) compared to patients
+S (20.6%, 41/199, p<0.001). In non-GT 3 patients no significant difference was observed for
patients -S (29.7%, 2028/6836) and patients +S (27.4%, 209/763, p = 0.195). Concomitant liver
steatosis showed no increase of fibrosis progression in this real-world cohort.
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Fig 1. Rate of fibrosis progression over time in % for patients with steatosis (+5) at baseline and without steatosis (-S) at baseline. ** = p < 0.01, *** =

p < 0.001.

https://doi.org/10.1371/journal.pone.0264741.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0264741

June 16, 2022 5/13


https://doi.org/10.1371/journal.pone.0264741.t002
https://doi.org/10.1371/journal.pone.0264741.g001
https://doi.org/10.1371/journal.pone.0264741

PLOS ONE

Steatosis in the course of chronic HCV infection

ALT change from BL to FU1
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In a smaller patient cohort (n = 313) TE measurements were available at BL and FU1 (up to
24 weeks after EOT). Elevation in liver stiffness by TE (>7.2kPa) was measured at BL, but no
difference was observed in patients +S (59.6%) and -S (56.1%). TE measurements decreased
over time and after antiviral treatment. A significant decrease in mean stiffness was observed
for HCV patients -S with (+) and without (-) fibrosis progression from BL to first follow-up
(FU1) visit (-S—fibrosis progression: 12.6 + 8.4kPa (BL), 8.4 + 7.1kPa (FU1); -S + fibrosis pro-
gression: 20.0 £ 13.7kPa (BL), 15.3 £ 11.6kPa (FU1); p<0.001 respectively). HCV patients +S
—fibrosis progression had also a significant change in liver stiffness from BL to FU1 (+S—
fibrosis progression: 9.8 + 4.1kPa (BL), 7.1 + 2.7kPa (FU1); p<0.01; n = 19). But no statistically
significant change in liver stiffness from BL to FU1 was observed for HCV patients +S + fibro-
sis progression (+S + fibrosis progression: 19.0 + 18.5kPa (BL), 9.4 + 3.9kPa (FU1); p = 0.076;
n = 12). The decrease in liver stiffness in patients -S +/- fibrosis progression and +S-fibrosis
progression probably shows an effect of antiviral treatment and especially a decrease of
necroinflammation. In HCV patients +S + fibrosis progression concomitant NAFLD might
hinder the statistically significant difference. Repeated TE measurements showed a decrease in
liver stiffness after antiviral treatment with the exception of HCV patients with concomitant
liver steatosis.

Liver enzymes were higher in HCV patients with steatosis over time

A significant decrease of ALT, AST and GGT from BL to end of antiviral treatment (EOT) was
observed for all patient groups (-S +/- fibrosis progression as well as +S +/- fibrosis progression
in all GT as well as GT 3 and non-GT 3 patients) reflecting the effect of antiviral treatment.
When analyzing the changes in liver enzymes from BL to FU1 with pairwise comparisons of
groups patients +S—{fibrosis progression had a larger decrease of ALT, AST and GGT com-
pared to patients -S—fibrosis progression (Fig 2). The more pronounced the decrease of ALT,
AST and GGT in +S patients -fibrosis progression could reflect an improvement of concomi-
tant NAFLD in these patients. In order to complete the results of this analysis a significant
larger decrease of ALT was also observed for +S—fibrosis progression compared to -S + fibrosis
progression (mean decrease + SD: -66.0+74.2U/L vs. -51.5+£68.0U/L; p<0.001) and for AST a
significant difference in decrease was observed for -S + fibrosis progression vs. -S—fibrosis
progression (mean decrease + SD: -39.5+57.1U/L vs. -35.6+42.1U/L; p<0.05).

-
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Fig 2. Change of serum liver enzymes from BL to FU1 for HCV patients with steatosis (+S) and without steatosis (-S) and without fibrosis progression.

Mean = SD. * =p < 0.05,** =p < 0.01.

https://doi.org/10.1371/journal.pone.0264741.9002
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Table 3. Metabolic features in HCV patients -S with and without fibrosis progression.

HCYV patients -S % (n)

BMI (MW+SD)
Hypertension % (n)
DM % (n)
Hyperlipidemia % (n)
ALT (U/L) (MW+SD)
AST (U/L) (MWSD)

with fibrosis progression without fibrosis progression p-values
(n =2369) (n =5458)

26.0 £4.9 254 %43 < 0.001
27.8 (658) 20.4 (1111) < 0.001
14.7 (348) 7.1 (386) < 0.001
2.6 (62) 1.9 (101) < 0.05
85.5+71.1 85.9+78.0 0.827
78.9£56.9 61.4+44.3 < 0.001

https://doi.org/10.1371/journal.pone.0264741.t003

A higher reduction of liver enzymes after antiviral treatment was observed in patients with
concomitant liver steatosis and without fibrosis progression.

Analysis of baseline BMI together with liver enzymes might reflect
underdiagnosis of NAFLD

At BL visit HCV patients -S + fibrosis progression had a significantly higher BMI compared to
HCV patients -S—fibrosis progression (BMI mean + SD; -S + fibrosis progression:

26.0 + 4.9kg/m?; -S—fibrosis progression: 25.4 + 4.3kg/m?, p<0.001). This significant differ-
ence in BMI at BL was observed in patients with elevated ALT at BL (BMI mean + SD; -S

+ fibrosis progression/ALT elevation: 26.3 + 4.8kg/m?; -S—fibrosis progression/ALT elevation:
25.7 + 4.2kg/m?, p<0.001), but not in patients with normal ALT values at BL (BMI

mean + SD; -S + fibrosis progression/normal ALT: 25.0 + 4.7kg/m?; -S—fibrosis progression/
normal ALT: 24.6 + 4.4kg/m”, p = 0.39). These findings might indicate a lower awareness and
missed diagnosis of NAFLD in this HCV cohort, as HCV patients -S + fibrosis progression
had a higher BMI at BL compared to patients -S—fibrosis progression. Furthermore, HCV
patients -S + fibrosis progression had a significantly higher frequency of hypertension, DM
and hyperlipidemia in comparison to HCV patients -S—fibrosis progression (Table 3)
strengthening the hypothesis of underdiagnosed NAFLD. An overview of these findings is
depicted in Fig 3. HCV patients without diagnosed steatosis and with fibrosis progression had
more metabolic risk factors compared to patients without fibrosis progression.

No difference in SVR in HCV patients with and without steatosis

HCV patients +S and -S had no significant difference in SVR to antiviral treatment (96.3%,
identical for both groups). However, HCV patients +S and -S + fibrosis progression had a sig-
nificant lower SVR compared to HCV patients +S and -S—fibrosis progression (-S—fibrosis
progression 97.5% vs. -S + fibrosis progression 93.5% (p<0.001), +S—fibrosis progression
97.5% vs. +S + fibrosis progression 92.8% (p<0.01)).

No difference in HCC prevalence for HCV patients with steatosis

The HCC frequency showed no difference in HCV patients +S and -S over time. In patients -S
HCC occurred in 0.4% (n = 30) at end of antiviral treatment, 0.4% (n = 29) at FU24w, 1.2%
(n=41) at FUly, 1.3% (n = 32) at FU2y. HCV patients +S had a HCC frequency of 0.1%

(n =1) at end of antiviral treatment, 0.5% (4) at FU24w, 1.1% (n = 1) at FUly, 1.2% (n = 3) at
FU2. One can speculate that the patient numbers in the HCV patient group +S are not suffi-
cient to analyse the contribution of NAFLD in HCC development in HCV patients.
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Fig 3. Overview of fibrosis progression and metabolic comorbidities in patients +S and -S.
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Discussion

NAFLD and chronic HCV infection are the leading liver diseases worldwide and hepatic stea-
tosis is often observed as a comorbidity in patients with chronic HCV infection. In this study
the clinical course of NAFLD in HCV patients undergoing DAA therapy was analysed in a
large, prospectively enrolled nation-wide registry cohort (the German Hepatitis-C Registry).
Fibrosis progression was analysed in HCV patients with steatosis (+S) and without steatosis
(-S) during almost exclusively successful viral clearance and clinically diagnosed steatosis does
not seem to contribute to significant fibrosis progression in this large cohort. No significant
difference was observed in clinical endpoints such as SVR and HCC incidence. The surpris-
ingly low prevalence of steatosis in this cohort seems to reflect a low awareness towards
NAFLD particularly as an accompanying disease. This may have led to underdiagnosis of
NAFLD in HCV patients, which should have been more frequently detectable as HCV patients
-S + fibrosis progression presented more metabolic co-components such as a higher BMI,
higher frequency of hypertension, DM and hyperlipidemia compared to patients -S—fibrosis
progression.

NAFLD is closely related to the metabolic syndrome with a high prevalence of obesity, type
2 DM and dyslipidemia [18]. In HCV GT 1 infection hepatic steatosis is linked to features of
the metabolic syndrome such as BMI, visceral obesity, insulin resistance, type 2 DM, low
HDL-cholesterol levels [2]. In this analysed cohort HCV patients +S (all GT as well as GT 1
only) presented more often components of the metabolic syndrome such as higher BMI,
higher frequency of DM, hypertension and dyslipidemia compared to patients -S strongly
indicating a concomitant metabolic liver disease.

Regarding fibrosis progression HCV patients +S did not show a higher rate of fibrosis pro-
gression in this analysis, but even a lower rate of fibrosis progression compared to patients -S.
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This effect was especially observed for GT 3 patients, but not for non-GT 3 patients (Fig 1).
HCV GT 3 has the highest prevalence of steatosis when compared to other HCV genotypes
and is a unique entity in chronic HCV infection [1,6,19]. HCV GT 3 modulates host lipid
metabolism and seems to influence unique mechanisms of fat metabolism and transportation
within hepatocytes [20]. Studies support the association of higher grades of steatosis with
higher rates of fibrosis progression, but the burden of data does not support pathogenic evi-
dence for enhanced direct viral mediated fibrogenesis in GT 3 infection [19]. In this real-
world cohort hepatic steatosis was more frequent in GT 3 patients compared to non-GT 3
patients, but still with a much lower rate of only 16.7% (199/1190) compared to the literature
of up to 86% (5). These obvious differences can be explained by the diagnostic modality for
steatosis assessment since most references from the literature rely on histological steatosis
grading whereas steatosis assessment in times of elastometry fibrosis staging is mostly based
on ultrasound as in our study. Furthermore, one can speculate that this significant difference
between fibrosis progression in HCV GT 3 patients +S and -S could be explained by a different
attitude on NAFLD as a concomitant disease to viral hepatitis, particularly since the latter is
eventually characterized by increased echogenicity in ultrasound as well.

Liver enzymes were significantly decreased form BL to EOT for all patient groups (+S +/-
fibrosis progression and -S +/- fibrosis progression). A rapid decline in liver enzymes after
HCV treatment with DAA stands mainly for an improvement in necroinflammation [21,22].
In this cohort HCV patients +S-fibrosis progression showed a larger decrease of ALT, AST,
GGT from BL to FU1 compared to patients -S-fibrosis progression. One obvious explanation
for this difference in a longer time period after antiviral treatment could be changes in lifestyle
under regular supervision of DAA treatment leading to the amelioration of concomitant meta-
bolic steatosis. Like in the placebo arms of randomized clinical trials, these findings highlight
the sole impact of regular clinical visits even without specific metabolic intervention.

In a small patient subcohort with available TE data a significant reduction of TE value from
BL to FU1 was observed for HCV patients -S with and without fibrosis progression as well as
for patients +S and without fibrosis progression. Reduction of liver stiffness after DAA treat-
ment in chronic HCV infection is observed at the end of the treatment period as well as in the
FU period up to 24 and 48 weeks after EOT [19,22-24]. Early changes of liver stiffness are
rather due to reduced necroinflammation and to a lesser extent to reduction of fibrosis espe-
cially in advanced liver disease [25]. Reduction in hepatic steatosis after antiviral treatment is
often observed using mainly CAP measurements or evaluation by magnetic resonance imag-
ing-determined proton density fat fraction (PDFF) [26-28]. Liver stiffness over time was
reduced non-significantly in our analysis of +S patients with fibrosis progression, but a limited
number of only 12 subjects available for TE analysis from BL to FU1 largely limit the interpre-
tation of this data. In this specific patient group concomitant metabolic liver disease may pre-
vent liver stiffness reduction to some extent. Considering the real-world setting of this study
no non-invasive data for changes in liver steatosis over time was available in sufficient
number.

The prevalence of clinically diagnosed hepatic steatosis in this real-world cohort was lower
as expected. This can be explained by an ultrasound-based, non-invasive diagnosis of steatosis,
which leads on one hand to a high number of recruited patients, but on the other hand a lower
sensitivity for steatosis detection. In a detailed analysis of HCV patients -S with and without
fibrosis progression -S patients with fibrosis progression presented significantly more often
components of the metabolic syndrome (DM, hypertension and dyslipidemia) compared to -S
patients without fibrosis progression. Furthermore, HCV patients -S with fibrosis progression
had a higher BMI in comparison to -S without fibrosis progression. This significant difference
in BMI was mainly observed for patients -S with ALT elevation, but not for patients with ALT
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in normal range. Taken together these findings lead to the assumption that in patients -S with
fibrosis progression a concomitant NAFLD was underdiagnosed. In a large primary-care
record study of 17.7 million adults of four European countries the same diagnostic gap for
NAFLD was observed with a much lower rate of at best ~1/6 and more likely only ~1/12 of the
estimates based on cohort data [29]. Randomly selected patient data (n = 10 826 456) from
Medicare in the US demonstrate likewise that NAFLD is grossly underdiagnosed in real-world
setting and in a US cohort of 7033 subjects more than 95% of subjects with suspected NAFLD
were unaware of having a liver disease [30,31]. As the lack of awareness and diagnosis of
NAFLD per se is common, one can assume that the diagnosis of coexistence of NAFLD in
chronic HCV patients is probably even lower and explain the low records of hepatic steatosis
in this real-world cohort study. Formally, the presence of hepatic steatosis or even steatohepa-
titis is needed to define NAFLD in HCV patients and the reference standard to diagnose these
patterns is still by histology [15]. Here, steatosis is mainly diagnosed by ultrasound with the
known limitations for hepatic fat content of less than 30% [32]. Thus, the diagnosis of hepatic
steatosis in our large real-world data is only a weak indicator for the real presence of concomi-
tant NAFLD, especially lower grades of steatosis, and is a limitation of our study due to the
real-world setting. The final interpretation of HCC development as a clinical endpoint is like-
wise limited in this analysis due to the low patient number in the group of HCV patients +S.
This may explain different findings from recent other cohorts [33,34]. Nevertheless the overall
incidence of HCC in non-cirrhotic NAFLD patients is low and no specific recommendations
can be based on epidemiological data from large cohorts [35].

Due to the nature of this large real-world cohort there are some limitations in our study. At
first not all patients -S had an ultrasound without steatosis at the date of inclusion. There are
patients without any available ultrasound and no known diagnosis of steatosis or diagnosed
steatosis by ultrasound or histology who are treated as patients -S for this analysis. In the
absence of histology as the gold standard of steatosis detection no analysis of true negative
HCV -S patients is possible in this study. Fibrosis progression over time was defined by com-
bined non-invasive parameters such as ultrasound, TE and lab scores. No repeated histology
was available for a more exact assessment of fibrosis progression. As all patients had antiviral
treatment, the natural course NAFLD as a concomitant disease to persistent HCV infection
could not be analysed, since HCV has been eradicated in more than 98% of patients. However,
preexisting structural damage by HCV may still affect the clinical course of mostly untreated
NAFLD. Therefore, our analysis focused on the awareness and impact of clinically diagnosed
hepatic steatosis with a background of former HCV infection in a real-world setting. These
limitations are due to the real-world setting of a large register study primarily focused on HCV
and could not be avoided in this NAFLD oriented analysis.

In this present study clinically diagnosed steatosis does not seem to contribute to significant
fibrosis progression in a large real-world cohort of HCV patients. This finding may be relevant
and different from other “natural cause” studies, since these patients are prone to pre-existing
liver damage by HCV for variable time and extent. The association of fibrosis progression and
BMI in those patients without diagnosed NAFLD, however, points towards a role of metabolic
cofactors in disease progression in this particular setting. The surprisingly low prevalence of
steatosis in this cohort could reflect a lower awareness and diagnosis of NAFLD in HCV
patients. As NAFLD is the most common cause of chronic liver disease, it is important to raise
awareness of metabolic liver disease not only as unique but also as concomitant liver disease
amongst physicians to early identify especially patients at risk. Regular follow-up and attempts
to treat NAFLD even after successful HCV clearance may be more important than currently
perceived in clinical practice.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264741 June 16, 2022 10/13


https://doi.org/10.1371/journal.pone.0264741

PLOS ONE

Steatosis in the course of chronic HCV infection

Acknowledgments

Data were derived from the German Hepatitis C-Registry (Deutsches Hepatitis C-Register,
DHCR), a project of the German Liver Foundation (Deutsche Leberstiftung), managed by
Leberstiftungs-GmbH Deutschland in cooperation with the Association of German gastroen-
terologists in private practice (bng). Statistical analysis support was provided by Heike Pfeif-
fer-Vornkahl (e.factum GmbH).

Author Contributions
Conceptualization: Monika Rau, Jorn M. Schattenberg, Andreas Geier.

Data curation: Peter Buggisch, Stefan Mauss, Klaus H. W. Boeker, Hartwig Klinker, Tobias
Miiller, Albrecht Stoehr, Jorn M. Schattenberg, Andreas Geier.

Formal analysis: Monika Rau, Andreas Geier.
Funding acquisition: Monika Rau.

Investigation: Monika Rau.

Methodology: Monika Rau.

Supervision: Jorn M. Schattenberg, Andreas Geier.
Visualization: Monika Rau.

Writing - original draft: Monika Rau, Andreas Geier.

Writing - review & editing: Monika Rau, Peter Buggisch, Stefan Mauss, Klaus H. W. Boeker,
Hartwig Klinker, Tobias Miiller, Albrecht Stoehr, Jérn M. Schattenberg, Andreas Geier.

References

1. Stevenson HL, Utay NS. Hepatic steatosis in HCV-infected persons in the direct-acting antiviral era.
Trop Dis Travel Med Vaccines. 2016; 2:21. https://doi.org/10.1186/s40794-016-0038-5 PMID:
28883965; PubMed Central PMCID: PMC5530934.

2. Ramesh S, Sanyal AJ. Hepatitis C and nonalcoholic fatty liver disease. Seminars in liver disease. 2004;
24(4):399—-413. Epub 2004/12/18. https://doi.org/10.1055/s-2004-860869 PMID: 15605308.

3. Weiss J, Rau M, Geier A. Non-alcoholic fatty liver disease: epidemiology, clinical course, investigation,
and treatment. Deutsches Arzteblatt international. 2014; 111(26):447-52. Epub 2014/07/16. https://doi.
org/10.3238/arztebl.2014.0447 PMID: 25019921; PubMed Central PMCID: PMC4101528.

4. Eslam M, Newsome PN, Anstee QM, Targher G, Gomez MR, Zelber-Sagi S, et al. A new definition for
metabolic associated fatty liver disease: an international expert consensus statement. Journal of hepa-
tology. 2020. Epub 2020/04/12. hitps://doi.org/10.1016/j.jhep.2020.03.039 PMID: 32278004.

5. WongRJ, Aguilar M, Cheung R, Perumpail RB, Harrison SA, Younossi ZM, et al. Nonalcoholic steato-
hepatitis is the second leading etiology of liver disease among adults awaiting liver transplantation in the
United States. Gastroenterology. 2015; 148(3):547-55. Epub 2014/12/03. https://doi.org/10.1053/j.
gastro.2014.11.039 PMID: 25461851.

6. Adinolfi LE, Rinaldi L, Guerrera B, Restivo L, Marrone A, Giordano M, et al. NAFLD and NASH in HCV
Infection: Prevalence and Significance in Hepatic and Extrahepatic Manifestations. International journal
of molecular sciences. 2016; 17(6). https://doi.org/10.3390/ijms17060803 PMID: 27231906; PubMed
Central PMCID: PMC4926337.

7. Lonardo A, Adinolfi LE, Loria P, Carulli N, Ruggiero G, Day CP. Steatosis and hepatitis C virus: mecha-
nisms and significance for hepatic and extrahepatic disease. Gastroenterology. 2004; 126(2):586—97.
Epub 2004/02/06. https://doi.org/10.1053/j.gastro.2003.11.020 PMID: 14762795.

8. Coppola N, Rosa Z, Cirillo G, Stanzione M, Macera M, Boemio A, et al. TM6SF2 E167K variant is asso-
ciated with severe steatosis in chronic hepatitis C, regardless of PNPLAS3 polymorphism. Liver interna-
tional: official journal of the International Association for the Study of the Liver. 2015; 35(8):1959-63.
Epub 2015/01/13. https://doi.org/10.1111/liv.12781 PMID: 25581573.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264741 June 16, 2022 11/13


https://doi.org/10.1186/s40794-016-0038-5
http://www.ncbi.nlm.nih.gov/pubmed/28883965
https://doi.org/10.1055/s-2004-860869
http://www.ncbi.nlm.nih.gov/pubmed/15605308
https://doi.org/10.3238/arztebl.2014.0447
https://doi.org/10.3238/arztebl.2014.0447
http://www.ncbi.nlm.nih.gov/pubmed/25019921
https://doi.org/10.1016/j.jhep.2020.03.039
http://www.ncbi.nlm.nih.gov/pubmed/32278004
https://doi.org/10.1053/j.gastro.2014.11.039
https://doi.org/10.1053/j.gastro.2014.11.039
http://www.ncbi.nlm.nih.gov/pubmed/25461851
https://doi.org/10.3390/ijms17060803
http://www.ncbi.nlm.nih.gov/pubmed/27231906
https://doi.org/10.1053/j.gastro.2003.11.020
http://www.ncbi.nlm.nih.gov/pubmed/14762795
https://doi.org/10.1111/liv.12781
http://www.ncbi.nlm.nih.gov/pubmed/25581573
https://doi.org/10.1371/journal.pone.0264741

PLOS ONE

Steatosis in the course of chronic HCV infection

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Lonardo A, Adinolfi LE, Restivo L, Ballestri S, Romagnoli D, Baldelli E, et al. Pathogenesis and signifi-
cance of hepatitis C virus steatosis: an update on survival strategy of a successful pathogen. World jour-
nal of gastroenterology: WJG. 2014; 20(23):7089-103. Epub 2014/06/27. https://doi.org/10.3748/wjg.
v20.i23.7089 PMID: 24966582; PubMed Central PMCID: PMC4064057.

Leandro G, Mangia A, Hui J, Fabris P, Rubbia-Brandt L, Colloredo G, et al. Relationship between stea-
tosis, inflammation, and fibrosis in chronic hepatitis C: a meta-analysis of individual patient data. Gastro-
enterology. 2006; 130(6):1636—42. Epub 2006/05/16. https://doi.org/10.1053/j.gastro.2006.03.014
PMID: 16697727.

Negro F. Steatosis and insulin resistance in response to treatment of chronic hepatitis C. J Viral Hepat.
2012; 19 Suppl 1:42-7. https://doi.org/10.1111/j.1365-2893.2011.01523.x PMID: 22233413.

Kumar D, Farrell GC, Kench J, George J. Hepatic steatosis and the risk of hepatocellular carcinoma in
chronic hepatitis C. Journal of gastroenterology and hepatology. 2005; 20(9):1395-400. Epub 2005/08/
18. https://doi.org/10.1111/j.1440-1746.2005.04007.x PMID: 16105127.

Moriya K, Fujie H, Shintani Y, Yotsuyanagi H, Tsutsumi T, Ishibashi K, et al. The core protein of hepatitis
C virus induces hepatocellular carcinoma in transgenic mice. Nat Med. 1998; 4(9):1065—7. Epub 1998/
09/12. https://doi.org/10.1038/2053 PMID: 9734402

Pekow JR, Bhan AK, Zheng H, Chung RT. Hepatic steatosis is associated with increased frequency of
hepatocellular carcinoma in patients with hepatitis C-related cirrhosis. Cancer. 2007; 109(12):2490-6.
Epub 2007/05/10. https://doi.org/10.1002/cncr.22701 PMID: 17487861.

Sanyal AJ. Review article: non-alcoholic fatty liver disease and hepatitis C—risk factors and clinical
implications. Alimentary pharmacology & therapeutics. 2005; 22 Suppl 2:48-51. Epub 2005/10/18.
https://doi.org/10.1111/j.1365-2036.2005.02596.x PMID: 16225473.

Berg T, Naumann U, Stoehr A, Sick C, John C, Teuber G, et al. Real-world effectiveness and safety of
glecaprevir/pibrentasvir for the treatment of chronic hepatitis C infection: data from the German Hepati-
tis C-Registry. Alimentary pharmacology & therapeutics. 2019; 49(8):1052—9. Epub 2019/03/16. https://
doi.org/10.1111/apt.15222 PMID: 30874328.

Tacke F, Boeker KHW, Klinker H, Heyne R, Buggisch P, Pathil A, et al. Baseline risk factors determine
lack of biochemical response after SVR in chronic hepatitis C patients treated with DAAs. Liver interna-
tional: official journal of the International Association for the Study of the Liver. 2019. Epub 2019/06/27.
https://doi.org/10.1111/liv.14186 PMID: 31241820.

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of nonalcoholic
fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology (Bal-
timore, Md). 2016; 64(1):73-84. Epub 2015/12/29. https://doi.org/10.1002/hep.28431 PMID:
26707365.

Chan J, Gogela N, Zheng H, Lammert S, Ajayi T, Fricker Z, et al. Direct-Acting Antiviral Therapy for
Chronic HCV Infection Results in Liver Stiffness Regression Over 12 Months Post-treatment. Digestive
diseases and sciences. 2018; 63(2):486-92. Epub 2017/09/10. https://doi.org/10.1007/s10620-017-
4749-x PMID: 28887750.

Abenavoli L, Masarone M, Peta V, Milic N, Kobyliak N, Rouabhia S, et al. Insulin resistance and liver
steatosis in chronic hepatitis C infection genotype 3. World journal of gastroenterology: WJG. 2014; 20
(41):15233—-40. Epub 2014/11/12. https://doi.org/10.3748/wjg.v20.i41.15233 PMID: 25386071;
PubMed Central PMCID: PMC4223256.

Elsharkawy A, Eletreby R, Fouad R, Soliman Z, Abdallah M, Negm M, et al. Impact of different sofosbu-
vir based treatment regimens on the biochemical profile of chronic hepatitis C genotype 4 patients.
Expert review of gastroenterology & hepatology. 2017; 11(8):773-8. Epub 2017/05/10. https://doi.org/
10.1080/17474124.2017.1326816 PMID: 28480808.

Hsu WF, Lai HC, Su WP, Lin CH, Chuang PH, Chen SH, et al. Rapid decline of noninvasive fibrosis
index values in patients with hepatitis C receiving treatment with direct-acting antiviral agents. BMC
gastroenterology. 2019; 19(1):63. Epub 2019/04/29. https://doi.org/10.1186/s12876-019-0973-5 PMID:
31029101; PubMed Central PMCID: PMC6486982.

Bachofner JA, Valli PV, Kréger A, Bergamin |, Kiinzler P, Baserga A, et al. Direct antiviral agent treat-
ment of chronic hepatitis C results in rapid regression of transient elastography and fibrosis markers
fibrosis-4 score and aspartate aminotransferase-platelet ratio index. Liver international: official journal
of the International Association for the Study of the Liver. 2017; 37(3):369-76. Epub 2016/11/04.
https://doi.org/10.1111/liv.13256 PMID: 27678216.

Knop V, Mauss S, Goeser T, Geier A, Zimmermann T, Herzer K, et al. Dynamics of liver stiffness by
transient elastography in patients with chronic hepatitis C virus infection receiving direct-acting antiviral
therapy-Results from the German Hepatitis C-Registry. J Viral Hepat. 2020. Epub 2020/02/26. https://
doi.org/10.1111/jvh.13280 PMID: 32096310.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264741 June 16, 2022 12/13


https://doi.org/10.3748/wjg.v20.i23.7089
https://doi.org/10.3748/wjg.v20.i23.7089
http://www.ncbi.nlm.nih.gov/pubmed/24966582
https://doi.org/10.1053/j.gastro.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16697727
https://doi.org/10.1111/j.1365-2893.2011.01523.x
http://www.ncbi.nlm.nih.gov/pubmed/22233413
https://doi.org/10.1111/j.1440-1746.2005.04007.x
http://www.ncbi.nlm.nih.gov/pubmed/16105127
https://doi.org/10.1038/2053
http://www.ncbi.nlm.nih.gov/pubmed/9734402
https://doi.org/10.1002/cncr.22701
http://www.ncbi.nlm.nih.gov/pubmed/17487861
https://doi.org/10.1111/j.1365-2036.2005.02596.x
http://www.ncbi.nlm.nih.gov/pubmed/16225473
https://doi.org/10.1111/apt.15222
https://doi.org/10.1111/apt.15222
http://www.ncbi.nlm.nih.gov/pubmed/30874328
https://doi.org/10.1111/liv.14186
http://www.ncbi.nlm.nih.gov/pubmed/31241820
https://doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
https://doi.org/10.1007/s10620-017-4749-x
https://doi.org/10.1007/s10620-017-4749-x
http://www.ncbi.nlm.nih.gov/pubmed/28887750
https://doi.org/10.3748/wjg.v20.i41.15233
http://www.ncbi.nlm.nih.gov/pubmed/25386071
https://doi.org/10.1080/17474124.2017.1326816
https://doi.org/10.1080/17474124.2017.1326816
http://www.ncbi.nlm.nih.gov/pubmed/28480808
https://doi.org/10.1186/s12876-019-0973-5
http://www.ncbi.nlm.nih.gov/pubmed/31029101
https://doi.org/10.1111/liv.13256
http://www.ncbi.nlm.nih.gov/pubmed/27678216
https://doi.org/10.1111/jvh.13280
https://doi.org/10.1111/jvh.13280
http://www.ncbi.nlm.nih.gov/pubmed/32096310
https://doi.org/10.1371/journal.pone.0264741

PLOS ONE

Steatosis in the course of chronic HCV infection

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Knop V, Hoppe D, Welzel T, Vermehren J, Herrmann E, Vermehren A, et al. Regression of fibrosis and
portal hypertension in HCV-associated cirrhosis and sustained virologic response after interferon-free

antiviral therapy. J Viral Hepat. 2016; 23(12):994—1002. Epub 2016/08/09. https://doi.org/10.1111/jvh.

12578 PMID: 27500382.

Kobayashi N, lijima H, Tada T, Kumada T, Yoshida M, Aoki T, et al. Changes in liver stiffness and stea-
tosis among patients with hepatitis C virus infection who received direct-acting antiviral therapy and
achieved sustained virological response. Eur J Gastroenterol Hepatol. 2018; 30(5):546-51. Epub 2018/
03/02. https://doi.org/10.1097/MEG.0000000000001 106 PMID: 29494353.

Shimizu K, Soroida Y, Sato M, Hikita H, Kobayashi T, Endo M, et al. Eradication of hepatitis C virus is
associated with the attenuation of steatosis as evaluated using a controlled attenuation parameter. Sci
Rep. 2018; 8(1):7845. Epub 2018/05/20. https://doi.org/10.1038/s41598-018-26293-9 PMID:
29777191; PubMed Central PMCID: PMC5959884.

Tada T, Kumada T, Toyoda H, Sone Y, Takeshima K, Ogawa S, et al. Viral eradication reduces both
liver stiffness and steatosis in patients with chronic hepatitis C virus infection who received direct-acting
anti-viral therapy. Alimentary pharmacology & therapeutics. 2018; 47(7):1012—-22. Epub 2018/02/10.
https://doi.org/10.1111/apt. 14554 PMID: 29424449.

Alexander M, Loomis AK, Fairburn-Beech J, van der Lei J, Duarte-Salles T, Prieto-Alhambra D, et al.
Real-world data reveal a diagnostic gap in non-alcoholic fatty liver disease. BMC medicine. 2018; 16
(1):130. Epub 2018/08/14. https://doi.org/10.1186/s12916-018-1103-x PMID: 30099968; PubMed Cen-
tral PMCID: PMC6088429.

Singh A, Dhaliwal AS, Singh S, Kumar A, Lopez R, Gupta M, et al. Awareness of Nonalcoholic Fatty
Liver Disease Is Increasing but Remains Very Low in a Representative US Cohort. Digestive diseases
and sciences. 2020; 65(4):978-86. Epub 2019/06/13. https://doi.org/10.1007/s10620-019-05700-9
PMID: 31187324.

Loomba R, Wong R, Fraysse J, Shreay S, Li S, Harrison S, et al. Nonalcoholic fatty liver disease pro-
gression rates to cirrhosis and progression of cirrhosis to decompensation and mortality: a real world
analysis of Medicare data. Alimentary pharmacology & therapeutics. 2020; 51(11):1149-59. Epub
2020/05/07. https://doi.org/10.1111/apt. 15679 PMID: 32372515.

Machado MV, Cortez-Pinto H. Non-invasive diagnosis of non-alcoholic fatty liver disease. A critical
appraisal. Journal of hepatology. 2013; 58(5):1007—19. Epub 2012/11/28. https://doi.org/10.1016/j.
jhep.2012.11.021 PMID: 23183525.

Ogawa E, Takayama K, Hiramine S, Hayashi T, Toyoda K. Association between steatohepatitis bio-
markers and hepatocellular carcinoma after hepatitis C elimination. Alimentary pharmacology & thera-
peutics. 2020; 52(5):866—76. Epub 2020/07/23. https://doi.org/10.1111/apt.15976 PMID: 32697871.

Peleg N, Issachar A, Sneh Arbib O, Cohen-Naftaly M, Harif Y, Oxtrud E, et al. Liver steatosis is a major
predictor of poor outcomes in chronic hepatitis C patients with sustained virological response. 2019; 26
(11):1257-65. https://doi.org/10.1111/jvh.13167 PMID: 31243878.

Kanwal F, Kramer JR, Mapakshi S, Natarajan Y, Chayanupatkul M, Richardson PA, et al. Risk of Hepa-
tocellular Cancer in Patients With Non-Alcoholic Fatty Liver Disease. Gastroenterology. 2018; 155
(6):1828-37.e2. Epub 20180823. https://doi.org/10.1053/j.gastro.2018.08.024 PMID: 30144434,
PubMed Central PMCID: PMC6279617.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264741 June 16, 2022 13/13


https://doi.org/10.1111/jvh.12578
https://doi.org/10.1111/jvh.12578
http://www.ncbi.nlm.nih.gov/pubmed/27500382
https://doi.org/10.1097/MEG.0000000000001106
http://www.ncbi.nlm.nih.gov/pubmed/29494353
https://doi.org/10.1038/s41598-018-26293-9
http://www.ncbi.nlm.nih.gov/pubmed/29777191
https://doi.org/10.1111/apt.14554
http://www.ncbi.nlm.nih.gov/pubmed/29424449
https://doi.org/10.1186/s12916-018-1103-x
http://www.ncbi.nlm.nih.gov/pubmed/30099968
https://doi.org/10.1007/s10620-019-05700-9
http://www.ncbi.nlm.nih.gov/pubmed/31187324
https://doi.org/10.1111/apt.15679
http://www.ncbi.nlm.nih.gov/pubmed/32372515
https://doi.org/10.1016/j.jhep.2012.11.021
https://doi.org/10.1016/j.jhep.2012.11.021
http://www.ncbi.nlm.nih.gov/pubmed/23183525
https://doi.org/10.1111/apt.15976
http://www.ncbi.nlm.nih.gov/pubmed/32697871
https://doi.org/10.1111/jvh.13167
http://www.ncbi.nlm.nih.gov/pubmed/31243878
https://doi.org/10.1053/j.gastro.2018.08.024
http://www.ncbi.nlm.nih.gov/pubmed/30144434
https://doi.org/10.1371/journal.pone.0264741

