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Abstract: The impact of metabolic dysfunction or metabolic dysfunction-associated fatty liver disease (MAFLD) on
liver-related events (LREs) in patients with chronic hepatitis C (CHC) who had achieved a sustained virologic re-
sponse (SVR) to direct-acting antiviral agents (DAAs) is unknown. A total of 924 patients with cured CHC and docu-
mented body mass index (BMI) were included in the analysis, and the data period was from September 2012 to April
2022. Hepatic steatosis was identified either through ultrasonography or blood biomarkers. Metabolic dysfunction
was defined as the presence of overweight or obesity (BMI > 23 kg/m?), type 2 diabetes mellitus (DM), and meta-
bolic dysregulation. Patients may have more than one metabolic dysfunction. Variables at 12 or 24 weeks after DAA
therapy (PW12) were used to identify predictors of LREs. The median age of the 924 patients was 58 (49-65) years.
Of the participants, 418 (45.2%) were male. The median BMI was 24.01 (21.78-26.73) kg/m?, and 174 (18.8%)
patients had DM. A multivariable Cox regression analysis revealed that age, male, albumin, total bilirubin, alpha-
fetoprotein (AFP), metabolic dysfunction (hazard ratio: 1.709, 95% confidence interval: 1.128-2.591, P = .011),
and FIB-4 > 3.25 were independent predictors of LREs. Type 2 DM and metabolic dysregulation exhibited a larger
time-dependent area under the receiver operating characteristic curve for LREs than did overweight or obesity.
Moreover, metabolic dysfunction was identified to be an independent predictor of hepatocellular carcinoma. Meta-
bolic dysfunction increased the risk of LREs and HCC in patients with CHC who had achieved an SVR to DAA therapy.

Keywords: Chronic hepatitis C, direct-acting antiviral agent, hepatocellular carcinoma, liver-related event, meta-
bolic dysfunction-associated fatty liver disease

Introduction

Nonalcoholic fatty liver disease (NAFLD) en-
compasses a spectrum of liver conditions that
ranges from steatosis to nonalcoholic steato-
hepatitis with or without liver fibrosis [1]. The
prevalence of NAFLD ranges from 11.4% to
44.5% in Taiwan [2] and from 20% to 27% in
China and Hong Kong [3]. NAFLD is becoming
an increasingly common indication for liver
transplantation in the United States [4], with a
similar increasing trend also noted in Europe
[5]. To diagnose NAFLD, other etiologies of
chronic liver diseases, such as alcohol con-
sumption, viral hepatitis, use of steroids, and
metabolic liver diseases, should be excluded
[6]. Recently, an international consensus panel

proposed a new disease name, metabolic dys-
function-associated fatty liver disease (MAFLD),
which reflects the underlying pathophysiologi-
cal link between metabolic dysfunction and
hepatic steatosis [7]. This new naming consen-
sus has allowed clinicians to investigate the
interactions between metabolic dysfunction
and other etiologies of chronic liver disease.

The hepatitis C virus (HCV) relies on host lipid
metabolism for replication during every stage of
its life cycle [8]. The HCV can cause hepatic ste-
atosis, especially in patients infected with the
HCV genotype 3 [9]. The HCV also disrupts glu-
cose hemostasis through several direct and
indirect mechanisms, resulting in hepatic and
extrahepatic insulin resistance (IR) [9]. Diabetes
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positive serum hepatitis B sur-
face antigen, HBsAg, n = 108),
with human immunodeficiency
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out an SVR (n = 57), with he-
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DAA therapy (PW12, n = 179),
with decompensated liver dis-
ease (DLD) before PW12 (n =
60), and with end-stage renal
disease (n = 62). Male and

| 573 patients with MAFLD |

[ 351 patients without MAFLD

female patients who drank >

Figure 1. Flowchart of patient recruitment. BMI, body mass index; DLD, de-
compensated liver disease; ESRD, end-stage renal disease; HBV, hepatitis
B virus; HCC, hepatocellular carcinoma; HIV, human immunodeficiency vi-
rus; MAFLD, metabolic dysfunction-associated fatty liver disease; SVR, sus-

tained virologic response.

mellitus (DM) is an extrahepatic manifestation
in patients with chronic hepatitis C (CHC) [10].
Patients with CHC and DM have a higher risk of
advanced liver fibrosis and liver-related events
(LREs) compared with those without DM [11,
12]. Thus, HCV and DM have a complex bidirec-
tional relationship [13].

Given the newly proposed term of MAFLD, the
impact of MAFLD or metabolic dysfunction on
LREs in patients with CHC who have achieved
sustained virologic response (SVR) to direct-
acting antiviral agents (DAAs) remains to be
clarified. Accordingly, in this retrospective stu-
dy, we analyzed the predictors of LREs, with a
specific focus on MAFLD or metabolic dysfunc-
tion, in patients with CHC who have achieved a
SVR after DAA therapy.

Patients and methods
Patients

The study included 1825 consecutive adult
patients (age > 18 years) with CHC who had
completed DAA therapy at China Medical
University Hospital between September 2012
and April 2022. CHC was defined as the pres-
ence of serum anti-HCV antibodies for > 6
months and detectable HCV RNA (COBAS Am-
pliprep and COBAS TagMan HCV test, NJ, USA).
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30 and 20 grams of alcohol
daily, respectively, had been
excluded. Some patients met
more than one exclusion crite-
rion. Ultimately, 924 patients
were eligible for inclusion, and
573 and 351 of these patients
were with and without MAFLD, respectively
(Figure 1).

Comorbidities were recorded at baseline, and
BMI and hematologic, biochemical, and viro-
logical data were collected at baseline and at
PW12. The use of metformin or statin at base-
line was defined as the drug use for more than
3 months.

The study, in accordance with ethical guide-
lines, was approved by the Research Ethics
Committee of China Medical University Hos-
pital, Taichung, Taiwan (CMUH107-REC1-057),
and was conducted in accordance with the
principles outlined in the 1975 Declaration of
Helsinki. Patients’ identification numbers were
encrypted to ensure privacy protection, and the
need for informed consent was waived.

Laboratory and imaging tests

HCV genotyping was performed using the Ab-
bott RealTime HCV Genotype Il assay (Abbott
Molecular, Abbott Park, IL, USA). Hematologic
(Sysmex HST series, Kanagawa, Japan) and bio-
chemical analyses (Beckman Coulter, Brea, CA,
USA) were performed in the hospital’s central
laboratory. Liver cirrhosis (LC) was diagnosed
based on unequivocal histological, clinical, and
ultrasonographic data.

Am J Cancer Res 2024;14(4):1914-1925



Effect of metabolic dysfunction on the risk of LRE in patients cured of HCV

Further, the fibrosis-4 score (FIB-4) was com-
puted using the following formula [14]:

Age (years) X aspartate aminotransferase (AST) (U/L)
Platelet count (109/L) X 4/ alanine aminotransferase (ALT) (U/L)

FIB-4 =

We used the cutoff of > 3.25 to define patients
with advanced liver fibrosis [14].

Definition of hepatic steatosis

Hepatic steatosis was identified either through
ultrasonography or blood biomarkers [15]. The
diagnosis of hepatic steatosis through ultraso-
nography was made based on at least one of
the following criteria established by the guide-
lines of the Asian Pacific Association for the
Study of the Liver: a) higher echogenicity of the
liver compared with the kidney or spleen, b)
blurred vascularity, or c) signal attenuation in
deeper parts of the liver [16]. The blood bio-
marker used to diagnose hepatic steatosis was
hepatic steatosis index (HSI), which is given as
follows [17]:

HSI =8 X % + BMI (+ 2 if type 2 DM; + 2 if female)

Patients with a HSI of > 36.0 had a specificity
of 92.4%-93.1% for hepatic steatosis in the
original report [17]. The HSI was calculated at
PW12.

Definition of metabolic dysfunction

The diagnosis of MAFLD was based on the
aforementioned international expert consen-
sus statement: hepatic steatosis and at least
one of three “positive” criteria were required for
diagnosis [15]. Therefore, we defined metabolic
dysfunction according to three criteria: (1) over-
weight or obesity (BMI > 23 kg/m?); (2) type 2
DM; and (3) evidence of metabolic dysregula-
tion. We modified the definition of metabolic
dysregulation as the presence of at least two
of the following metabolic risk abnormalities: a)
systemic blood pressure (BP) of > 130 mmHg,
diastolic BP of > 85 mmHg, or specific drug
treatment; b) plasma triglyceride (TG) > 150
mg/dL or specific drug treatment; c) plasma
high-density lipoprotein (HDL) concentration of
< 40 mg/dL for men or < 50 mg/dL for women,
or specific drug treatment; d) prediabetes (i.e.,
fasting glucose levels = 100-125 mg/dL or
2-hour post-load glucose levels = 140-199 mg/
dL or glycated hemoglobin = 5.7%-6.4%); and
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e) a homeostasis model assessment of IR
score > 2.5. Because of the retrospective
nature of this study, we did not include the
abnormalities of waist circumference and plas-
ma high-sensitivity C-reactive protein [15]. Pa-
tients might have more than one metabolic
dysfunction.

Definition of LREs

LREs, including DLD and HCC, has been defined
previously [18]. In brief, DLDs included ascites,
high-risk esophageal or bleeding gastric vari-
ces, hepatic encephalopathy, and hepatorenal
syndrome [18]. The diagnosis of HCC was
based on pathology findings or typical imaging
presentations [19, 20]. The follow-up duration
for each patient was calculated from the com-
pletion of DAA therapy. Data collection for a
patient was stopped when any of the following
occurred: the first LRE, death, loss to follow-up,
or the end of follow-up (March 31, 2022).

Statistical analyses

Continuous variables are presented as medi-
ans (first to third quartile), and categorical vari-
ables are presented as frequencies (percent-
ages). Between-group comparisons of variables
were performed using the Mann-Whitney U
test. Variables with a P value of < 0.20 in the
univariate analysis were included in a multivari-
ate Cox regression analysis following the con-
ventional approach proposed previously [21].
The predictive performance of each metabolic
dysfunction for 1-, 2-, and 3-year LREs was
examined through a time-dependent area
under the receiver operating characteristic
curve (AUROC) analysis by using the DelLong
test. Youden’s index was used to identify the
optimal alpha-fetoprotein (AFP) level cutoff for
predicting LREs. A Kaplan-Meier analysis with a
log-rank test was used to compare the LREs or
HCC among patient subgroups. All statistical
analyses were performed using SPSS (version
25.0, IBM, Armonk, NY, USA). A two-sided P
value of < .05 was considered statistically
significant.

Results
Baseline characteristics

A total of 924 patients were included in the
analysis. Among the patients, 418 (45.2%)
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Table 1. Demographics and baseline characteristics of patients with and without MAFLD

Variable Total (n = 924) MAFLD (n =573) Non-MAFLD (n = 351) P value
Age (years) 58 (49-65) 59 (50-66) 56 (47-64) .006
Sex (male, %) 418 (45.2) 261 (45.5) 157 (44.7) .808
Body mass index (kg/m?) 24.01 (21.78-26.73) 25.68 (23.50-28.42) 21.69 (20.11-23.13) <.001
Overweight/obesity 571 (61.8) 489 (85.3) 82 (23.4) <.001
Follow-up months 34.09 (17.31-50.20) 33.67 (17.05-50.77) 34.70 (17.50-50.03) .900
Hemoglobin (g/dL) 14.1 (13.1-15.1) 14.1 (13.3-15.1) 13.9 (13.0-15.0) .025
Platelet count (x 10%/L) 171 (124-218) 170 (123-216) 172 (127-219) .838
AST (U/L) 46 (31-80) 48 (32-84) 43 (30-73) .086
ALT (U/L) 56 (34-102) 57 (36-105) 52 (32-95) .075
Total bilirubin (mg/dL) 0.8 (0.6-1.1) 0.8 (0.6-1.1) 0.8 (0.6-1.1) .283
Albumin (g/dL) 4.3 (4.1-4.6) 4.3 (4.1-4.5) 4.4 (4.1-4.6) .001
INR 1.02 (0.99-1.08) 1.02 (1.00-1.08) 1.02 (0.99-1.08) 419
Triglyceride (mg/dL) 87 (65-119) 94 (72-133) 76 (55-99) <.001
Total cholesterol (mg/dL) 169 (146-191) 169 (145-189) 171 (147-192) .238
HDL (mg/dL) 46.6 (37.5-57.9) 43.9 (36.1-53.3) 53.4 (42.4-64.6) <.001
LDL (mg/dL) 95.6 (76.3-117.0) 95.6 (77.4-117.0) 95.3 (75.4-117.4) 964
AFP (ng/mL) 4.27 (2.78-9.19) 4.44 (2.87-9.39) 3.96 (2.69-8.19) 124
Creatinine (mg/dL) 0.77 (0.64-0.93) 0.79 (0.65-0.95) 0.75 (0.63-0.91) .097
Hypertension, n (%) 262 (28.4) 200 (34.9) 62 (17.7) <.001
Diabetes mellitus, n (%) 189 (20.5) 153 (26.7) 36 (10.3) <.001
Hepatic steatosis, n (%) 689 (74.6) 573 (100.0) 116 (33.0) <.001
Liver cirrhosis, n (%) 156 (16.9) 108 (18.8) 48 (13.7) .045
HCV RNA (log,, IU/mL) 6.64 (5.97-7.12) 6.68 (5.97-7.13) 6.57 (5.97-7.11) .530
HCV genotype, n (%) .092

1 562 (60.8) 358 (62.5) 204 (58.1)

2 259 (28.0) 159 (27.7) 100 (28.5)

3 15 (1.6) 8(1.4) 7(2.0)

6 83(9.0) 46 (8.0) 37 (10.5)

Mixed genotype* 4(0.4) 1(0.2) 3(0.9)
FIB-4 2.13(1.28-3.87) 2.17 (1.35-3.97) 2.08 (1.17-3.65) 197

Data are presented as medians (interquartile ranges). *Three patients and one patient had genotype 1b+2 and 2+6 infection,
respectively. One patient had an unclassified genotype. AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; HCV, hepatitis C virus; HDL, high-density lipoprotein; INR, international normalized ratio; LDL, low-density

lipoprotein.

patients were men, and the median age and
median BMI were 58 (49-65) years and 24.01
(21.78-26.73) kg/m?, respectively. Of the in-
vestigated patients, 262 (28.4%), 189 (20.5%),
and 156 (16.9%) were diagnosed as having
hypertension, DM, and LC, respectively, and
689 (74.6%) patients were identified to have
with hepatic steatosis (either by ultrasonogra-
phy or blood biomarkers). The baseline AST,
ALT, TG, total cholesterol, HDL, and low-density
lipoprotein (LDL) levels were 46 (31-80) U/L,
56 (34-102) U/L, 87 (65-119) mg/dL, 169
(146-191) mg/dL, 46.6 (37.5-57.9) mg/dL, and
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95.6 (76.3-117.0) mg/dL, respectively. The
median AFP was 4.27 (2.78-9.19) ng/mL. The
median HCV RNA level was 6.64 (5.97-7.12)
log,, IU/mL. In total, 562 (60.8%), 259 (28.0%),
15 (1.6%), and 83 (9.0%) patients had HCV gen-
otypes 1, 2, 3, and 6, respectively, and 4 (0.4%)
patients had mixed infections. The regimens
used in the study and their treatment durations
are listed in Supplementary Table 1. The medi-
an FIB-4 value was 2.13 (1.28-3.87; Table 1).
Moreover, among the study population, 573
had MAFLD and 351 did not. Patients with
MAFLD were older; had higher BMI; had higher
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Table 2. Univariate and multivariable Cox regression analyses of factors at 3 or 6 months after

therapy associated with liver-related events in all patients

Univariate analysis

Multivariable analysis 1

Multivariable analysis 2

Variable Hazard ratio (95% P Hazard ratio (95% P Hazard ratio (95% P
Cl) value Cl) value Cl) value
Age (years) 1.049 (1.023-1.076) <.001 1.046(1.014-1.080) .005 1.046 (1.013-1.079) .006
Sex: male vs. female 1.5632(0.888-2.642) .125 2.459 (1.336-4.524) .004 2.316 (1.252-4.283)  .007
HCV RNA (log, 1U/mL) 0.901 (0.664-1.222)  .502
Variable at 12 or 24 weeks after antiviral therapy
ALT (U/L) 1.008 (0.997-1.018)  .159 0.999 (0.982-1.017) .948 0.993 (0.974-1.013)  .516
Albumin (g/dL) 0.247 (0.176-0.346) <.001 0.368(0.215-0.627) <.001 0.335(0.197-0.569) <.001
Total bilirubin (mg/dL) 1.720 (1.490-1.986) <.001 1.333(1.089-1.632) .005 1.338 (1.097-1.631) .004
AFP (ng/mL) 1.038 (1.025-1.052) <.001 1.048(1.033-1.063) <.001 1.046(1.031-1.061) <.001
MAFLD 1.652 (0.895-3.048) .109 1.432(0.726-2.825) .300 NA
Metabolic dysfunction 1.666 (1.246-2.227) .001 NA 1.573 (1.137-2.176) .006
Hepatic steatosis 1.417 (0.711-2.824) 322 NA
FIB-4 > 3.25 1.078 (1.048-1.109) <.001 3.545(1.739-7.226) <.001 3.566 (1.763-7.211) <.001

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus; MAFLD, metabolic dysfunction-associated

fatty liver disease; NA, not assessed.

hemoglobin and TG levels; had lower albumin
and HDL levels; and had higher risks of over-
weight or obesity, hypertension, DM, hepatic
steatosis, and LC than those without MAFLD
(Table 1).

Metabolic dysfunction and FIB-4 instead of
hepatic steatosis increased the risk of LREs

Our previous study demonstrated that noninva-
sive indices at PW12 had higher time-depen-
dent AUROC values than did those at baseline
for predicting LREs [18], and the presence of
hepatic necroinflammation at baseline may
affect the HSI. Therefore, we investigated the
predictors of LREs or HCC at PW12. Of 924
patients, 52 patients experienced LREs during
a median follow-up of 34.09 (17.31-50.20)
months. The results of the univariate Cox re-
gression analysis revealed that age, albumin,
total bilirubin, AFP, FIB-4 at PW12, and meta-
bolic dysfunction were significantly associated
with LREs. Because of the collinearity between
MAFLD and its components (metabolic dys-
function and hepatic steatosis), we analyzed
MAFLD and its components in separate multi-
variable analyses. The results of the first multi-
variable Cox regression analysis indicated that
age (hazard ratio [HR]: 1.046, 95% confidence
interval [CI]: 1.014-1.080), male (HR: 2.459,
95% Cl: 1.336-4.524), albumin (HR: 0.368,
95% Cl: 0.215-0.627), total bilirubin (HR:
1.333, 95% CI: 1.089-1.632), AFP (HR: 1.048,
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95% CI: 1.033-1.063), and FIB-4 (> 3.25, HR:
3.545, 95% Cl: 1.739-7.226) were independent
predictors of LREs. We used metabolic dys-
function instead of MAFLD in the second multi-
variable Cox regression analysis, which show-
ed metabolic dysfunction (HR: 1.573, 95% CI:
1.137-2.176) was an independent predictor of
LREs. FIB-4 > 3.25 was an independent factor
of LREs in the first and second multivariable
Cox regression analyses (Table 2). Despite the
P value for hepatic steatosis was > 0.20 in the
univariate analysis, we included hepatic steato-
sis in another Cox regression analysis to deter-
mine whether hepatic steatosis increased the
risk of LREs. Hepatic steatosis was not identi-
fied to be a predictor of LREs in the univariate
or multivariable analysis (Supplementary Table
2).

A time-dependent AUROC was used to assess
the predictive performance of each type of
metabolic dysfunction. The AUROCs of meta-
bolic dysregulation for 1-, 2-, and 3-year LREs
were 0.648 (95% CIl: 0.613-0.682; Supple-
mentary Figure 1A), 0.629 (95% Cl: 0.590-
0.667; Supplementary Figure 1B), and 0.619
(95% CI: 0.570-0.666; Supplementary Figure
1C), respectively, and the AUROC for 3-year
LREs was significantly higher than those for
overweight or obesity (0.515, 95% CI: 0.466-
0.564; Supplementary Figure 1C). The AUROCs
of type 2 DM for 1-, 2-, and 3-year LREs were
0.662 (95% CI: 0.628-0.696; Supplementary
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Table 3. Univariate and multivariable Cox regression analyses of factors at 3 or 6 months after

therapy associated with hepatocellular carcinoma in all patients

Univariate analysis

Multivariable analysis 1

Multivariable analysis 2

Variable Hazard ratio (95% P Hazard ratio (95% P Hazard ratio (95% P
Cl) value Cl) value Cl) value
Age (years) 1.052 (1.019-1.085) .002 1.040 (1.001-1.080) .042 1.039 (1.001-1.079)  .046
Sex: male vs. female 1.365 (0.703-2.652) .358
HCV RNA (log,, IU/mL) 1.323(0.853-2.051) .211
Variable at 12 or 24 weeks after antiviral therapy
ALT (U/L) 1.009 (0.998-1.021) .115 1.001 (0.983-1.020) .877 0.996 (0.974-1.018)  .717
Albumin (g/dL) 0.456 (0.226-0.920) .028 0.940 (0.382-2.314) .892 0.888 (0.364-2.167) .794
Total bilirubin (mg/dL)  1.500 (1.162-1.936)  .002 1.366 (0.966-1.932) .078 1.367 (0.971-1.926) .074
AFP (ng/mL) 1.048 (1.032-1.065) <.001  1.057 (1.039-1.076) <.001 1.056(1.036-1.075) <.001
MAFLD 1.509 (0.725-3.142) .272 1.720 (0.757-3.906)  .195 NA
Metabolic dysfunction 1.727 (1.210-2.464) .003 NA 1.667 (1.121-2.477) .012

Hepatic steatosis
FIB-4 > 3.25

1.125(0.511-2.478)  .770
1.069 (1.027-1.112) .001

3.469 (1.491-8.069) .004

NA
3.476 (1.509-8.006) .003

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus; MAFLD, metabolic dysfunction-associated

fatty liver disease; NA, not assessed.

Figure 1A), 0.629 (95% Cl: 0.589-0.667;

Supplementary Figure 1B), and 0.583 (95%

Cl: 0.534-0.630; Supplementary Figure 1C),
respectively. No significant differences in the

AUROC values were noted between type 2 DM
and metabolic dysregulation.

Metformin has been shown to reduce HCC in-
cidence after successful antiviral therapy in
patients with CHC and DM [22, 23]. Moreover,
atorvastatin and fluvastatin have been revealed
to reduce the incidence of HCC in patients with
CHC [24]. We therefore investigated the im-
pact of metformin and statin therapy on LREs.
Metformin and statin therapy were not predic-
tors of LREs in the multivariable Cox regression

analysis (Supplementary Table 3).

Metabolic dysfunction increases the risk of
HCC

Of the 924 patients in this study, 35 developed
incident HCC. The results of the univariate Cox
regression analysis revealed that age, albumin,
total bilirubin, AFP, FIB-4 at PW12, and meta-
bolic dysfunction were significantly associated
with the development of HCC. The results of the
first multivariable Cox regression analysis indi-
cated that age (HR: 1.040, 95% Cl: 1.001-
1.080), AFP (HR: 1.057, 95% CI: 1.039-1.076),
and FIB-4 (> 3.25, HR: 3.469, 95% Cl: 1.491-
8.069) were independent predictors of HCCs.
In the second multivariable Cox regression
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analysis using metabolic dysfunction instead
of MAFLD, metabolic dysfunction (HR: 1.667,
95% Cl: 1.121-2.477) was an independent pre-
dictor of HCCs. FIB-4 > 3.25 was an indepen-
dent factor of HCC in the first and second mul-
tivariable Cox regression analyses (Table 3).
Hepatic steatosis was included in another mul-
tivariable Cox regression analysis but was not
identified as a predictor of HCC (Supplementary
Table 4).

Metformin and statin therapy were not predic-
tors of HCC in another multivariable Cox regres-

sion analysis (Supplementary Table 5).

Kaplan-Meier analysis

The impact of the number of metabolic dys-
functions on the risk of LREs and HCC was
investigated. Because of the small number of
patients with 0, 1, 2, or 3 metabolic dysfunc-
tions (n = 204, 284, 317, and 119, respective-
ly), the patients were categorized into two
groups: patients with no metabolic dysfunction
or 1 metabolic dysfunction and those with 2 or
3 metabolic dysfunctions. The results of the
Kaplan-Meier analysis revealed that patients
with 2 or 3 metabolic dysfunctions had a lower
LRE-free survival probability (Figure 2A) and
HCC-free survival probability (Figure 3A). An
AFP level of 4.8 ng/mL at PW12 was identified
as the optimal cutoff for predicting LREs by
using Youden’s index. Furthermore, the proba-
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Figure 3. Kaplan-Meier analyses of HCC in patients with chronic hepatitis C. A. Patients with no metabolic dysfunc-
tion or 1 metabolic dysfunction and patients with 2 or 3 metabolic dysfunctions. B. Patients with an AFP of < 4.8
and > 4.8 ng/mL. AFP, alpha-fetoprotein; HCC, hepatocellular carcinoma.

bility of LRE-free and HCC-free survival differed
significantly between patients with and without
an AFP level of > 4.8 ng/mL at PW12 (Figures
2B and 3B).

Discussion

Metabolic dysfunction, rather than simple ste-
atosis, increased the risk of LREs and HCC in
patients with CHC who have attained an SVR to
DAA therapy. Among the three metabolic dys-
functions studied, type 2 DM and metabolic
dysregulation had higher predictive values for
adverse outcomes than overweight or obesity.

Although the time-dependent AUROC values
of metabolic dysregulation (0.648, 0.629, and
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0.619 for 1-, 2-, and 3-year LREs) were higher
than those of type 2 DM (0.662, 0.629, and
0.583 for 1-, 2-, and 3-year LRESs), the differ-
ences between them were not significant.
Therefore, further studies with a longer follow-
up duration and larger number of patients are
required to determine which metabolic dys-
function is a more accurate predictor of LREs
and HCC.

Kurosaki et al. demonstrated that biopsy-prov-
en hepatic steatosis (= 10%) is an independent
risk factor for HCC in patients with CHC receiv-
ing interferon-based therapy [25]. However,
their study included patients both with and
without an SVR to interferon-based therapy
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[25], and for the diagnosis of hepatic steatosis,
the cutoff for TG accumulation in the liver
parenchyma was > 5% [26]. Peleg et al. con-
ducted a study on 515 patients with CHC and
SVR to DAA therapy and revealed that ultra-
sonographic steatosis was associated with a
higher cumulative rate of all-cause mortality
and HCC than those without ultrasonographic
steatosis. Furthermore, they demonstrated th-
at advanced liver fibrosis, as defined by liver
stiffness measurement > 9.6 kPa obtained
using Fibroscan (Echosens), was a predictor of
poor outcomes (HR: 1.96) and that hepatic ste-
atosis (HR: 9.21) combined with advanced liver
fibrosis had a synergistic effect on patient out-
comes (HR for both steatosis and advanced
fibrosis: 17.56) [27]. Our study showed that
metabolic dysfunction and FIB-4 > 3.25 instead
of hepatic steatosis predicted LREs and HCC.

The replication of HCV relies on host lipid
metabolism for several stages of its life cycle,
including entry, replication, and assembly [8].
The HCV might directly cause lipid accumula-
tion in hepatocytes [9, 28, 29]. HCV-induced
steatosis occurs through two mechanisms:
viral factors and hosts’ metabolic dysfunction
[30]. The degree of hepatic steatosis is highly
associated with viral replication and protein
expression in patients with the HCV genotype 3
infection [28, 29]. The HCV core protein and
NS5A inhibit microsomal triglyceride transfer
protein (MTP), leading to very-low-density lipo-
protein release and the accumulation of TG in
hepatocytes [31]. HCV infection also activates
the sterol regulatory element-binding-protein
1c (SRBEP1c) signaling pathway and produces
fatty acids and TG, thus leading to hepatic IR
[32, 33] and inhibiting peroxisome proliferator-
activated receptor alpha (PPARa) [34]. Con-
versely, in patients with HCV non-genotype 3
infection, metabolic dysfunction is the major
contributor to hepatic steatosis [35], and he-
patic steatosis is highly associated with hepa-
tic and systemic IR [33]. In our study, only 15
(1.6%) patients were infected with the HCV gen-
otype 3, and metabolic dysfunction was pres-
entin 77.9% (n = 720) of our patient cohort.

Studies have demonstrated that patients with
CHC have a higher prevalence of hepatic ste-
atosis and dyslipidemia than healthy individu-
als and patients with chronic hepatitis B [9,
36]. Hepatic steatosis has been implicated in
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hepatocellular injury, including liver fibrosis [37]
and necroinflammation, in patients with CHC
[38]. Afsari et al. revealed that patients with
any degree of hepatic steatosis, as determined
using the Brunt scale, had a 1.6 times higher
odds ratio of advanced liver fibrosis or cirrhosis
than those without hepatic steatosis [37]. HCV
core protein exacerbated hepatic steatosis by
activating SRBEP1c, conferring hepatic IR, and
inhibiting PPARa. These mechanisms, in combi-
nation with other factors, resulted in hepatic
oxidative stress and necroinflammation [38].

The successful eradication of HCV through DAA
therapy was shown to reduce hepatic steatosis,
defined by the controlled attenuation parame-
ter (CAP), in patients with baseline CAP > 220
dB/m [39]. HCV eradication through DAA thera-
py can also lead to an increase in serum TG and
LDL levels [39, 40], which could be partially
explained by HCV-induced MTP inhibition [31].
Recent studies have observed decreased IR
and improved glycemic control following HCV
eradication with DAA therapy in patients with
or without DM [41]. Despite the short-term
improvement in IR in response to HCV eradica-
tion, the impact of systemic metabolic dysfunc-
tion on LREs in patients with CHC after suc-
cessful viral eradication is unknown. The pre-
sent study demonstrated that metabolic dys-
function, rather than simple steatosis alone,
was the main factor that influenced the pro-
gression of hepatic fibrosis and hepatocarcino-
genesis after an SVR. Based on the study find-
ings, we suggest that metabolic dysfunction
rather than hepatic steatosis should be con-
sidered a more suitable predictor for LREs and
HCC in patients with CHC who have achieved
an SVR to DAA therapy. The definition of hepa-
tic steatosis used in this study differs from that
of others [25, 27]. Therefore, additional studies
involving a larger sample size are required to
confirm these findings.

Noninvasive indices, such as FIB-4 score and
the AST to platelet ratio index measured at the
time of an SVR, were able to minimize the
impact of HCV-induced hepatic necroinflamma-
tion [42]. Our previous findings indicate that
noninvasive indices at PW12 had higher time-
dependent AUROC values than those at base-
line [18]. Therefore, we used variables at PW12
to investigate the predictors of LREs and HCC.
In the present study, we demonstrated that
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metabolic dysfunction and FIB-4 > 3.25 were
predictors of LREs and HCC. The patients with
2 or 3 metabolic dysfunctions had a higher
median FIB-4 score at PW12 than those with
no metabolic dysfunctions or 1 metabolic dys-
function [1.83 (1.21-2.79) vs. 1.15 (1.04-2.63),
P = .029, Supplementary Table 6]. Thus, pa-
tients with a larger number of metabolic dys-
functions at the time of SVR had more severe
hepatic fibrosis and a higher risk of further dis-
ease progression despite achieving an SVR.

The T-COACH conducted in Taiwan, which
involved a large-scale multicenter cohort, re-
vealed that metformin reduced HCC risk after
successful viral eradication in patients with
DM and CHC [23]. Similarly, an analysis of the
Electronically Retrieved Cohort of HCV Infected
Veterans database revealed that atorvastatin
and fluvastatin reduced the incidence of HCC
among patients with HCV infection [24]. Be-
cause of the limited number of enrolled pa-
tients in this study, we could not verify whether
metformin and statin mitigate the risk of LREs
and HCC. Patients who used metformin app-
eared to have a higher risk of LREs (Supple-
mentary Table 3) and HCC (Supplementary
Table 5) in the univariate Cox regression analy-
sis. However, this result may be attributed to
confounding by indication [43].

This study has several limitations that should
be acknowledged. First, the sample size was
relatively small, with only 924 patients includ-
ed in this single-center retrospective study.
Therefore, the weight of different combinations
of metabolic dysfunctions (such as DM plus
overweight or obesity, DM plus metabolic dys-
regulation, et al.) could not be assessed.
Instead, the number of metabolic dysfunctions
was summed to indicate the severity of meta-
bolic abnormality. Second, patients could have
been lost to follow-up after achieving an SVR,
which may have affected the median follow-up
duration [34.09 (17.31-50.20) months]. Third,
the exclusion of patients with missing BMI data
at baseline or PW12 may have affected the rep-
resentation of patients with MAFLD or the esti-
mation of HRs. Finally, this study did not deter-
mine the patterns of lipid profile, glycemic
control, and IR kinetics over time following the
eradication of HCV or investigate how changes
in metabolic factors modulate the long-term
risks of HCC and LREs.
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Upon submitting the manuscript, a new fatty
liver disease nomenclature, “steatotic liver
disease” (SLD), was proposed, and the defini-
tion of metabolic dysfunction-associated SLD
(MASLD) is different from MAFLD. The definition
of MASLD contains five cardiometabolic criteria
instead of overweight or obesity, type 2 DM, or
metabolic dysregulation [44]. Despite this evo-
lution, the definition of MAFLD has still been
used in several guidelines [45] and clinical
practices [46, 47]. Researchers also called for
more flexible conduct rather than abruptly
adopting only the new MASLD nomenclature
[48]. Therefore, metabolic dysfunctions defined
by MAFLD could still be used for risk stratifica-
tion in CHC patients with SVR to DAA therapy.

In conclusion, metabolic dysfunction increased
the risk of LREs and HCC in patients with CHC
who had achieved an SVR to DAA therapy.
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Supplementary Table 1. Treatment regimens, with duration in weeks, used in this study

Regimens (n = 924) Duration (weeks) n (%)
GZR + EBR 12-16 120 (13.0)
GZR + EBR + RBV 12-16 11 (1.2)
DCV + ASV 24 55 (6.0)
DCV + ASV + RBV 24 5 (0.5)
SOF + LDV 12 145 (15.7)
SOF + LDV + RBV 12 35 (3.8)
SOF + DCV 12 15 (1.6)
SOF + DCV + RBV 12 1(0.1)
SOF + VEL 12 144 (15.6)
SOF + VEL + RBV 12 6 (0.6)
SOF + RBV 12 50 (5.4)
PrOD 12 77 (8.3)
PrOD + RBV 12 7 (0.8)
G/P 812 253 (27.4)
Regimens including RBV 12-24 115 (12.4)

ASV, asunaprevir; DCV, daclatasvir; EBR, elbasvir; G/P, glecaprevir plus pibrentasvir; GZR, grazoprevir; LDV, ledipasvir; PrOD,
paritaprevir/ritonavir/ombitasvir plus dasabuvir; RBV, ribavirin; SOF, sofosbuvir; VEL, velpatasvir.

Supplementary Table 2. Univariate and multivariable Cox regression analyses of factors at 3 or 6
months after therapy associated with liver-related events in all patients

Variable

Univariate analysis

Multivariable analysis

Hazard ratio (95% Cl)

P value

Hazard ratio (95% Cl)

P value

Age (years)
Sex: male vs. female
HCV RNA (log,, IU/mL)

1.049 (1.023-1.076)
1.532 (0.888-2.642)
0.901 (0.664-1.222)

Variables at 3 or 6 months after therapy

ALT (U/L)
Albumin (g/dL)

Total bilirubin (mg/dL)

AFP (ng/mL)

Metabolic dysfunction

Hepatic steatosis
FIB-4 > 3.25

1.008 (0.997-1.018)
0.247 (0.176-0.346)
1.720 (1.490-1.986)
1.038 (1.025-1.052)
1.666 (1.246-2.227)
1.417 (0.711-2.824)
1.078 (1.048-1.109)

<.001
125
.502

159
<.001
<.001
<.001

.001

322
<.001

1.046 (1.013-1.079)
2.315 (1.250-4.286)

0.993 (0.974-1.013)
0.331 (0.194-0.566)
1.338 (1.098-1.632)
1.046 (1.031-1.061)
1.595 (1.132-2.246)
0.900 (0.398-2.037)
3.588 (1.771-7.265)

.006
.008

.506
<.001
.004
<.001
.008
.801
<.001

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus.
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Supplementary Figure 1. Time-dependent AUROCs representing the predictive performance of each metabolic dys-
function for LREs. A. AUROCs at year 1. B. AUROCs at year 2. C. AUROCs at year 3. AUROC, area under the receiver
operating characteristic curve; DM, diabetes mellitus; LREs, liver-related events.

Supplementary Table 3. Univariate and multivariable Cox regression analyses of factors at 3 or 6
months after therapy associated with liver-related events in all patients

Univariate analysis

Multivariable analysis

Variable - -
Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
Age (years) 1.049 (1.023-1.076) <.001 1.045 (1.012-1.078) .007
Sex: male vs. female 1.532 (0.888-2.642) 125 2.425 (1.307-4.501) .005
HCV RNA (log, , IU/mL) 0.901 (0.664-1.222) 502
Metformin 2.904 (1.627-5.185) <.001 1.774 (0.836-3.768) 136
Statin 0.888 (0.353-2.234) .801
Variables at 3 or 6 months after therapy
ALT (U/L) 1.008 (0.997-1.018) 159 0.994 (0.974-1.014) 527
Albumin (g/dL) 0.247 (0.176-0.346) <.001 0.327 (0.192-0.555) <.001
Total bilirubin (mg/dL) 1.720 (1.490-1.986) <.001 1.356 (1.108-1.659) .003
AFP (ng/mL) 1.038 (1.025-1.052) <.001 1.047 (1.032-1.063) <.001
Metabolic dysfunction 1.666 (1.246-2.227) .001 1.354 (0.922-1.987) 122
Hepatic steatosis 1.417 (0.711-2.824) 322
FIB-4 > 3.25 1.078 (1.048-1.109) <.001 3.502 (1.725-7.107) <.001

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus; MAFLD, metabolic
dysfunction-associated fatty liver disease.
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Supplementary Table 4. Univariate and multivariable Cox regression analyses of factors at 3 or 6
months after therapy associated with hepatocellular carcinoma in all patients

Univariate analysis

Multivariable analysis

Variable - :
Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value

Age (years) 1.052 (1.019-1.085) .002 1.039 (1.001-1.078) .047

Sex: male vs. female 1.365 (0.703-2.652) 358

HCV RNA (log,, IU/mL) 1.323 (0.853-2.051) 211

Variables at 3 or 6 months after therapy
ALT (U/L) 1.009 (0.998-1.021) 115 0.996 (0.974-1.018) .705
Albumin (g/dL) 0.456 (0.226-0.920) .028 0.873 (0.357-2.135) .766
Total bilirubin (mg/dL) 1.500 (1.162-1.936) .002 1.366 (0.968-1.926) .076
AFP (ng/mL) 1.048 (1.032-1.065) <.001 1.055 (1.036-1.076) <.001
Metabolic dysfunction 1.727 (1.210-2.464) .003 1.699 (1.117-2.583) .013
Hepatic steatosis 1.125 (0.511-2.478) 770 0.876 (0.348-2.203) 778
FIB-4 > 3.25 1.069 (1.027-1.112) .001 3.468 (1.5070-7.980) .003

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus.

Supplementary Table 5. Univariate and multivariable Cox regression analyses of factors at 3 or 6
months after therapy associated with hepatocellular carcinoma in all patients

Univariate analysis

Multivariable analysis

Variable - -
Hazard ratio (95% Cl) P value Hazard ratio (95% ClI) P value
Age (years) 1.052 (1.019-1.085) .002 1.039 (1.001-1.079) .046
Sex: male vs. female 1.365 (0.703-2.652) .358
HCV RNA (log,, IU/mL) 1.323 (0.853-2.051) 211
Metformin 2.617 (1.282-5.346) .008 0.975 (0.398-2.392) 957
Statin 1.068 (0.377-3.027) 902
Variables at 3 or 6 months after therapy
ALT (U/L) 1.009 (0.998-1.021) 115 0.996 (0.974-1.018) .715
Albumin (g/dL) 0.456 (0.226-0.920) .028 0.888 (0.364-2.169) 794
Total bilirubin (mg/dL) 1.500 (1.162-1.936) .002 1.366 (0.970-1.926) .074
AFP (ng/mL) 1.048 (1.032-1.065) <.001 1.056 (1.036-1.075) <.001
Metabolic dysfunction 1.727 (1.210-2.464) .003 1.678 (1.052-2.678) .030
Hepatic steatosis 1.125 (0.511-2.478) 770
FIB-4 > 3.25 1.069 (1.027-1.112) .001 3.484 (1.505-8.065) .004

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; FIB-4, fibrosis-4 score; HCV, hepatitis C virus; MAFLD, metabolic
dysfunction-associated fatty liver disease.
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Supplementary Table 6. Demographics and baseline characteristics of patients with O or 1 metabolic
dysfunction and of patients with 2 or 3 metabolic dysfunctions

With O or 1 metabolic

With 2 or 3 metabolic

Variable (nT=O1§2I4) dysfunction dysfunctions P value
(n=488) (n=436)

Age (years) 58 (49-65) 56 (46-64) 59 (52-66) <.001
Sex (male, %) 418 (45.2) 207 (42.4) 211 (48.4) .069
Body mass index (kg/m?) 24.01(21.78-26.73) 22.50(20.83-24.64) 25.68 (23.74-28.37) <.001
Overweight/obesity, n 571 (61.8) 194 (39.8) 377 (86.5) <.001
Follow-up months 34.09 (17.31-50.20) 34.23 (17.98-50.91) 33.90 (16.63-49.80) .767
Hemoglobin (g/dL) 14.1 (13.1-15.1) 13.9(13.1-15.0) 14.1 (13.1-15.1) 406
Platelet count (x 10%/L) 171 (124-218) 178 (130-224) 162 (119-208) .004
AST (U/L) 46 (31-80) 40 (29-69) 53 (34-91) <.001
ALT (U/L) 56 (34-102) 51 (31-89) 64 (39-117) <.001
Total bilirubin (mg/dL) 0.8 (0.6-1.1) 0.8 (0.6-1.1) 0.9 (0.6-1.1) .015
Albumin (g/dL) 4.3 (4.1-4.6) 4.4 (4.1-4.6) 4.3 (4.1-4.5) .001
INR 1.02 (O 99-1.08) 1.02 (0.99-1.08) 1.03 (1.00-1.08) .075
Triglyceride (mg/dL) 7 (65-119) 74 (56-97) 102 (78-143) <.001
Total cholesterol (mg/dL) 169 (146-191) 173 (150-197) 166 (143-186) <.001
HDL (mg/dL) 46.6 (37.5-57.9) 54.6 (44.4-63.8) 40.7 (33.8-49.4) <.001
LDL (mg/dL) 95.6 (76.3-117.0) 97.0 (76.1-117.7) 94.9 (76.4-117.0) 425
AFP (ng/mL) 4.27 (2.78-9.19) 3.88 (2.62-7.00) 4.77 (2.99-10.57) <.001
Creatinine (mg/dL) 0.77 (0.64-0.93) 0.75 (0.63-0.88) 0.81 (0.66-0.98) <.001
Hypertension, n (%) 262 (28.4) 76 (15.6) 186 (42.7) <.001
Diabetes mellitus, n (%) 189 (20.5) 4 (0.8) 185 (42.4) <.001
Hepatic steatosis, n (%) 689 (74.6) 320 (65.6) 369 (84.6) <.001
Liver cirrhosis, n (%) 156 (16.9) 64 (13.2) 92 (21.1) .001
HCV RNA (log, , IU/mL) 6.64 (5.97-7.12) 6.61 (5.96-7.11) 6.66 (5.99-7.15) .690
HCV genotype, n (%)

1 562 (60.8) 292 (59.8) 270 (61.9)

2 9 (28.0) 39 (28.5) 120 (27.5)

3 5 (1.6) 2(2.5) 3(0.7)

6 83 (9.0) 42 (8.6) 41 (9.4)

Mixed genotype* 4(0.4) 2(0.4) 2 (0.5)
Baseline FIB-4 2.13(1.28-3.87) 1.95 (1.12-3.49) 2.42 (1.45-4.23) <.001
FIB-4 at PW12 1.75 (1.13-2.70) 1.15 (1.04-2.63) 1.83 (1.21-2.79) .029
Incident HCC, n (%) 35(3.8) 10 (2.0) 25 (5.7) <.001
LRE, n (%) 52 (5.6) 15 (3.1) 37 (8.5) <.001

Data are presented as medians (interquartile ranges). *Three patients and one patient had genotype 1b+2 and 2+6 infection,
respectively. One patient had an unclassified genotype. AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; INR, international normalized ratio; LRE, liver-related
events; PW12, 12 or 24 weeks after DAA therapy.



