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Abstract
Objective Several single-nucleotide polymorphisms have been identified to be disadvantageous or protective in regard to 
disease severity in patients with non-alcoholic fatty liver disease (NAFLD). However, it is unclear, whether including genetic 
risk factor(s) either alone or combined into risk stratification algorithms for NAFLD actually provides incremental benefit 
over clinical risk factors.
Design Patients with biopsy-proven NAFLD were genotyped for the PNPLA3-rs738409(minor allele:G), TM6SF2-
rs58542926(minor allele:T) and HSD17B13- rs72613567 (minor allele:TA) variants. The NAFLD activity score (NAS) 
and fibrosis stage (F0–F4) were used to grade and stage all liver biopsy samples. Patients from seven centers throughout 
Central Europe were considered for the study.
Results 703 patients were included: NAS ≥ 5:173(24.6%); Fibrosis: F3–4:81(11.5%). PNPLA3 G/G genotype was associ-
ated with a NAS ≥ 5(aOR 2.23, p = 0.007) and advanced fibrosis (aOR-3.48, p < 0.001).TM6SF2 T/- was associated with 
advanced fibrosis (aOR 1.99, p = 0.023). HSD17B13 TA/- was associated with a lower probability of NAS ≥ 5(TA/T: aOR 
0.65, p = 0.041, TA/TA: aOR 0.40, p = 0.033). Regarding the predictive capability for NAS ≥ 5, well-known risk factors (age, 
sex, BMI, diabetes, and ALT; baseline model) had an AUC of 0.758, Addition of PNPLA3(AUC 0.766), HSB17B13(AUC 
0.766), and their combination(AUC 0.775), but not of TM6SF2(AUC 0.762), resulted in a higher diagnostic accuracy of the 
model. Addition of genetic markers for the prediction of advanced fibrosis (baseline model: age, sex, BMI, diabetes: AUC 
0.777) resulted in a higher AUC if PNPLA3(AUC 0.789), and TM6SF2(AUC 0.786) but not if HSD17B13(0.777) were added.
Conclusion In biopsy-proven NAFLD, PNPLA3 G/-, TM6SF2 T/- and HSD17B13 TA/- carriage are associated with severity 
of NAFLD. Incorporating these genetic risk factors into risk stratification models might improve their predictive accuracy 
for severity of NAFLD and/or advanced fibrosis on liver biopsy.

Keywords NAFLD · Genetic risk factors · NASH · PNPLA3 · TM6SF2 · HSD17B13 · Fibrosis · Advanced fibrosis · Liver 
biopsy · Cirrhosis

Introduction

In recent years, several genetic risk factors associated 
with the susceptibility to and progression of chronic liver 
disease have been identified [1]. Especially in non-alco-
holic fatty liver disease (NAFLD), several genome-wide 
association studies identified sequence variations in the 

genes encoding the patatin-like phospholipase domain-
containing protein 3 (PNPLA3) [2, 3] and transmembrane 
6 superfamily member 2 (TM6SF2) [4, 5] as risk factors 
for progressive NAFLD and hepatocellular carcinoma on 
this background [6]. A variant in the 17B-hydroxysteroid 
dehydrogenase 13 (HSD17B13) gene has been reported to 
protect against NAFLD, progression from hepatic steatosis 
to steatohepatitis (NASH), alcoholic liver disease (ALD), 
and associated liver fibrosis/cirrhosis [7]. Similar obser-
vations were reported in patients with hepatitis C virus 
infection [8], with alcoholic liver disease [9], and with 
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Wilson disease [10]. Furthermore, a study evaluating the 
combined effect of PNPLA3 and TM6SF2 polymorphisms 
in NAFLD found variants of PNPLA3 and TM6SF2 to be 
independently associated with hepatic steatosis, while 
PNPLA3 but not TM6SF2 was associated with liver fibro-
sis in a multivariable model. These findings suggest com-
bined disease-modifying effects of these polymorphisms 
[11].

The aim of our study was to investigate the effects of com-
bining the risk factors PNPLA3, TM6SF2 and HSD17B13 
on severity of NAFLD/NASH in a large cohort of patients 
from seven Central European tertiary care medical centers. 
Furthermore, we investigated if the addition of combined 
genetic factors to well-known risk factors for NAFLD/
NASH increases their predictive value.

Methods

Patients

Patients with biopsy-proven non-alcoholic fatty liver dis-
ease (NAFLD) from tertiary care medical centers in Aus-
tria (Vienna, Oberndorf, Salzburg), Switzerland (Bern) 
and Germany (Dresden, Kiel, Essen) were included in the 
study. Standard laboratory markers and detailed informa-
tion including but not limited to age, height, weight, gender, 
comorbidities (e.g., diabetes) were recorded at the day of 
study inclusion. Patients were referred to the respective ter-
tiary care centers with the suspicion of NAFLD (by either 
steatosis on ultrasound, elevated liver enzymes, presence of 
metabolic syndrome) and have then undergone confirma-
tory liver biopsy. Only patients with histologically confirmed 
NAFLD, graded via the NAFLD activity score (see section 
“Liver biopsy”), were then included in the study. No patient 
without liver biopsy was included in the study. Alcohol con-
sumption was examined by self-reporting; subjects with an 
average alcohol consumption of more than 30 g/day (in men) 
or 20 g/day (in women) were excluded from further evalua-
tion. Patients with other causes of chronic liver disease (i.e.,  
autoimmune hepatitis, PSC/PBC, Wilson Disease, Hemo-
chromatosis) were all excluded from the study. Patients with 
active viral hepatitis (HBs-Antigen positivity, detectable 
HBV-DNA, detectable HCV-RNA) were also excluded from 
the study—however, Anti-HBc- or Anti-HCV-Antibody-pos-
itive patients were included if their biopsy results clearly 
stated NAFLD as the primary cause of their liver disease.

Further exclusion criteria were: incomplete or missing 
liver biopsy results, missing blood samples for genotyping, 
and missing informed consent. Finally, seven hundred and 
three patients were included in the study.

Liver biopsy

Percutaneous liver biopsies were obtained in all patients 
using a Menghini needle (Hepafix, B. Braun Melsungen, 
Melsungen, Germany) within clinical routine for diag-
nostic reasons. Biopsy samples were routinely processed 
(formalin fixed and paraffin embedded) and stained with 
hematoxylin/eosin and chromatrope aniline blue for 
assessment of hepatic steatosis, liver fibrosis, and hepatic 
inflammation.

Hepatic steatosis was graded according to Brunt et al. 
[14] using a three-point scale by calculating the percent-
age of lipid containing hepatocytes at a 40 × magnification: 
mild (G1: 5–33%), moderate (G2: 34–66%), or severe stea-
tosis (G3: > 66%). According to the study design, patients 
with less than 5% of fat containing hepatocytes (G0) were 
excluded from our analysis. Hepatocyte ballooning was 
graded as absent (0), rare (1), or prominent ballooning (2). 
Necro-inflammatory activity was graded as absent (0), mild 
(1), moderate (2), or severe (3). The NAFLD activity score 
(NAS) [12, 13] was calculated as the sum of steatosis (1–3), 
hepatocyte ballooning (0–2), and inflammation (0–3) as a 
score from 1 to 8. Liver fibrosis was staged on a five-point 
scale: no fibrosis (stage 0), pericellular fibrosis (stage 1), 
pericellular and portal fibrosis (stage 2), bridging fibro-
sis (stage 3), or cirrhosis (stage 4) [12]. Since severity of 
NAFLD is mostly characterized by the presence/absence 
of steatohepatitis, we defined “severe NAFLD” as patients 
having a NAS ≥ 5 according to studies showing excellent 
discriminative value for this cutoff for the presence of defi-
nite NASH [12, 13].

Genotyping

HSD17B13-rs72613567, PNPLA3-rs738409 and TM6SF2-
rs58542926 genotyping was performed by StepOnePlus 
Real-Time PCR System and a TaqMan SNP Genotyping 
Assay (Applied Biosystems, Foster City, CA, USA).

Statistical analysis

Please refer to the supplemental material for a detailed 
description of the statistics used in this manuscript.

Ethics

The study was approved by the ethics committee of the 
Medical University of Vienna (EK 747/2011) and the local 
ethics committees of the participating centers and performed 
in accordance with the current version of the Helsinki 
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Declaration. All patients signed an informed consent form 
prior to study inclusion.

Results

Within the 703 included patients with biopsy-proven 
NAFLD, distribution of NAS was as follows: NAS 1–2—
328 (46.7%), NAS 3–4—202 (28.7%) and NAS ≥ 5—173 
(24.6%). Advanced fibrosis (fibrosis stage 3 or 4) was present 
in 81 (11.5%) and cirrhosis (F4) in 29 (4.1%) of patients. For 
further patient characteristics, see Supplementary Table 1.

PNPLA3 and severity of non‑alcoholic fatty liver 
disease

Carriage of at least one G-allele was associated with a 
more severe phenotype in regard to NAS and presence of 
advanced fibrosis (Supplementary Table S1). G-allele car-
riers were more often found to have a NAS ≥ 5 (G/G: 33 
[42.3%] vs. C/G 75 [28.1%] vs. C/C 65 [18.2%], p < 0.001) 
and severe steatosis (grade 3: G/−: 118 [34.2%] vs. C/C: 64 
[17.9%], p < 0.001). Grade 2 ballooning was significantly 
more often seen in G-allele carriers (G/−: 60 [17.4%] vs. 
C/C: 37 [10.3%], p = 0.007), while severity of inflamma-
tion was not different between G-allele carriers and C/C 
genotypes (p = 0.676). Advanced fibrosis was significantly 
more common in G-allele carriers (G/−: 50 [14.5%] vs. C/C: 
31 [8.7%], p = 0.015) with G/G-carriers having the high-
est prevalence (G/G: 24.4% vs. C/G: 11.6% vs. C/C: 8.7%, 
Supplemental Table S1). Both median AST (p < 0.001) and 
ALT (p < 0.001) were significantly higher in G-allele carri-
ers (Supplementary Table S1).

Multivariable binary logistic regression analysis found 
PNPLA3 G/G carriage associated with NAS ≥ 5 (aOR: 2.23, 
p = 0.007) and F ≥ 3 (aOR: 3.48, p < 0.001) independent of 
presence of diabetes, ALT and gender (for NAS ≥ 5) and 
of age and presence of diabetes (for F ≥ 3; for aORs see 
Tables 1A and 2A).

TM6SF2 and severity of non‑alcoholic fatty liver 
disease

Absolute numbers of T-allele carriers were quite low 
(n = 115 [16%]). The severity of steatosis (percent hepato-
cytes with lipid accumulation) was significantly higher in 
T-allele carriers (p < 0.001, Supplementary Table S2). Nei-
ther ballooning nor inflammation grade differed between 
C/C and T/− allele carriers. However, advanced fibrosis 
was significantly more often found in T/− carriers (T/−: 
20 [17.4%] vs. C/C: 61 [10.4%], p = 0.031). Finally, both 
median AST (p = 0.040) and ALT (p = 0.034) levels were 
higher in T/− carriers (Supplementary Table S2).

Multivariable binary logistic regression analysis found 
TM6SF2 T/− allele carriage associated with advanced fibro-
sis (aOR: 1.99, p = 0.023) independent of age, BMI and dia-
betes mellitus (see Table 2B for aORs). While T-Allele car-
riage was associated with NAS ≥ 5 in univariable analysis 
(OR 1.58, p = 0.041), this effect was not seen after adjusting 
for other variables in the multivariable model (aOR: 1.51, 
p = 0.091; Tables 1B and 2B).

HSD17B13 and severity of non‑alcoholic fatty liver 
disease

Significantly less TA-allele carriers were found with 
NAS ≥ 5 (TA/TA 8 [14.5% [vs. TA/T 52 [20.8%] vs. T/T 
113 [28.4%], p = 0.018; Supplementary Table S3). No sta-
tistical difference was seen in respect to degree of steato-
sis (p = 0.424), inflammation (p = 0.127) or ballooning 
(p = 0.123) for patients carrying the protective HSD17B13 
TA/− variant. TA-allele carriage was not associated with a 
milder phenotype in regard to presence of advanced fibro-
sis (TA/−: 31 [10.2%] vs. T/T: 50 [12.6%], p = 0.324) or 
cirrhosis (TA/−: 10 [3.3%] vs. T/T: 19 [4.8%], p = 0.323; 
Supplementary Table S3).

Multivariable binary logistic regression analysis revealed 
both T/TA and TA/TA genotypes associated with a lower 
probability of NAS ≥ 5 (T/TA aOR: 0.65, p = 0.041, TA/TA 
aOR: 0.40, p = 0.033) independent of gender, diabetes and 
ALT (for aORs see Table 1C). TA-Allele carriage was, how-
ever, not associated with a lower probability for advanced 
fibrosis (Table 2C).

Combination effects of PNPLA3, TM6SF2 
and HSD17B13 on disease severity

To test single- and combined effects of each genetic poly-
morphism on disease severity at clinical presentation, we 
performed a stepwise approach to elucidate whether the 
addition of single/combined genetic markers improve diag-
nostic performance. Clinical endpoints were either presence 
of NAS ≥ 5 (model 1), advanced fibrosis (F3/4) (model 2) 
or significant fibrosis (F ≥ 2) (model 3). The evidence of 
NASH on liver biopsy (≥ NAS 5) “baseline model” included 
age, sex, BMI, diabetes, and ALT. The advanced/signifi-
cant fibrosis “baseline model” included age, sex, BMI, and 
diabetes.

In regard to prediction of NAS ≥ 5 on liver biopsy, the 
AUC of the baseline model was 0.758 (Fig. 1). Addition of 
PNPLA3 (AUC 0.766, p = 0.005 vs. BL) and HSD17B13 
(AUC 0.766, p = 0.005 vs. BL) genotypes resulted in 
improved AUC. In contrast, addition of TM6SF2 to BL did 
not improve AUC (AUC 0.762, p = 0.198). Finally, addi-
tion of both PNPLA3 and HSD17B13 resulted in the highest 
diagnostic accuracy (AUC 0.775) and this was significantly 
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better compared to the PNPLA3 model alone (p = 0.004; 
Fig. 1).

The AUC using the baseline (BL) model for advanced 
fibrosis was 0.778 (Fig. 2). Addition of PNPLA3 (AUC 
0.789, p = 0.001 vs. BL), TM6SF2 (0.786, p = 0.041 vs. 
BL) but not HSD17B13 (AUC 0.777, p = 0.696 vs. BL) 
resulted in a higher diagnostic AUC. Finally, addition of 
both PNPLA3- and TM6SF2 genotypes to the BL model did 
not significantly improve the AUC (AUC 0.79, p = 0.544), 
when compared to the best model including only one genetic 
risk factor (PNPLA3 model).

Prediction of significant fibrosis (F ≥ 2) showed an AUC 
of 0.76 for the baseline model (Supplemental Figure S4). 
Only addition of PNPLA3 status significantly improved the 
model (AUC 0.774, p = 0.001).

Finally, to further investigate the risk-allele approach 
we analyzed clinical markers of disease severity in patients 
stratified according to the number of risk alleles carried. 
Here, we found that prevalence of NAS ≥ 5, severe stea-
tosis, ballooning and presence of advanced or significant 
fibrosis and even cirrhosis significantly increased in an 
“allele dose”-dependent manner (Tables 1D, 2D, 3 and 

Table 1  Uni- and multivariable 
binary regression analyses of 
clinical and laboratory markers 
associated with NAS ≥ 5 on 
liver biopsy and adjusted 
for (A) PNPLA3 genotype, 
(B) TM6SF2 genotype, (C) 
HSD17B13 genotype and 
(D) “risk-allele” model (one 
point for each risk allele, e.g., 
PNPLA3 G-Allele, TM6SF2 
T-Allele, HSD17B13 T-Allele; 
groups “no risk alleles” and “1 
risk allele” have been subsumed 
into one group; to overcome 
potential effects of dilution by 
combining risk polymorphisms 
[PNPLA3,TM6SF2] with 
protective polymorphisms 
[HSD17B13], HSD17B13 
T-Allele carriage was classified 
as the “risk allele” [rather 
than TA-Allele carriage as 
“protective”] for the combined 
“risk-allele” model)

Univariable Multivariable

OR 95%CI p-value aOR 95%CI p-value

A
Age, per year 1.00 0.99–1.02 0.529 1.00 0.99–1.02 0.660
Sex, for being male 1.03 0.73–1.46 0.848 0.57 0.38–0.86 0.007
BMI, per unit 0.98 0.96–0.99 0.002 0.99 0.98–1.01 0.490
Diabetes, yes vs. no 1.66 1.16–2.37 0.005 1.76 1.17–2.67 0.007
ALT, per unit 1.02 1.02–1.03  < 0.001 1.02 1.02–1.03  < 0.001
PNPLA3 genotype
 C/C vs. C/G 1.76 1.21–2.57 0.003 1.45 0.96–2.19 0.075
 G/G 3.31 1.96–5.58  < 0.001 2.23 1.25–3.99 0.007

B
Age, per year – – – 1.00 0.98–1.02 0.690
Sex, for being male – – – 0.55 0.37–0.83 0.004
BMI, per unit – – – 0.99 0.97–1.01 0.402
Diabetes, yes vs. no – – – 1.79 1.19–2.70 0.005
ALT, per unit – – – 1.02 1.02–1.03  < 0.001
TM6SF2 genotype
 C/C vs. T/– 1.58 1.02–2.44 0.041 1.51 0.94–2.44 0.091

C
Age, per year – – – 1.00 0.99–1.02 0.860
Sex, for being male – – – 0.57 0.38–0.86 0.007
BMI, per unit – – – 0.99 0.97–1.01 0.406
Diabetes, yes vs. no – – – 1.80 1.19–2.72 0.005
ALT, per unit – – – 1.02 1.02–1.03  < 0.001
HSD17B13 genotype
 T/T vs. T/TA 0.66 0.46–0.96 0.031 0.65 0.43–0.98 0.041
 TA/TA 0.43 0.20–0.94 0.034 0.40 0.17–0.93 0.033

D
Age, per year – – – 1.00 0.98–1.02 0.702
Sex, for being male – – – 0.57 0.38–0.87 0.009
BMI, per unit – – – 0.99 0.97–1.02 0.666
Diabetes, yes vs. no – – – 1.79 1.18–2.72 0.007
ALT, per unit – – – 1.02 1.02–1.03  < 0.001
Risk Alleles (Number of)
 0–1 Alleles vs. 2 2.19 1.24–3.86 0.007 2.22 1.19–4.11 0.012
 3 3.53 1.98–6.31  < 0.001 3.42 1.81–6.46  < 0.001
 4 5.65 2.83–11.23  < 0.001 4.65 2.17–9.95  < 0.001
 5 5.11 1.63–16.04 0.005 3.24 0.85–12.29 0.084
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Fig. 3). Furthermore, multivariable binary logistic regres-
sion analysis found the “risk-allele” model associated with 
NAS ≥ 5 and advanced fibrosis (F ≥ 3) independent of gen-
der, diabetes and ALT (for NAS ≥ 5) and age and diabetes 
(for F ≥ 3) also in an “allele dose”-dependent manner (refer 
to Tables 1D and 2D for adjusted ORs).

Discussion

In this study, we analyzed the impact of combined genetic 
variants in PNPLA3, TM6SF2 and HSD17B13 on severity 
and phenotype of NAFLD/NASH in a large multi-center 
cohort of patients with biopsy-proven NAFLD.

First, we confirmed that harboring at least one PNPLA3 
G-allele was associated with a more advanced phenotype in 
regard to both presence of NAS ≥ 5 and advanced fibrosis 
on liver biopsy. TM6SF2 T-allele carriage, even though the 
absolute number of T-allele carriers was low, was also asso-
ciated with a more severe phenotype in regard to advanced 
fibrosis. Conversely, HSD17B13 TA/- allele carriage was 
associated with a milder NAFLD phenotype.

Second, we could show that combining all three genetic 
variants to a “risk-allele” model was associated with a higher 
probability for NAS ≥ 5 and advanced fibrosis in an allele-
dose-dependent manner—meaning the more risk alleles, the 
higher the risk for severe NAFLD/NASH at diagnosis.

Thirdly, we found that addition of PNPLA3 and 
HSD17B13 genotypes, alone and in combination, to 

Table 2  Uni- and multivariable 
binary regression analyses 
of clinical and laboratory 
markers associated with F ≥ 3 
on liver biopsy and adjusted 
for (A) PNPLA3 genotype, 
(B) TM6SF2 genotype, (C) 
HSD17B13 genotype and 
(D) “risk-allele” model (one 
point for each risk allele, e.g., 
PNPLA3 G-Allele, TM6SF2 
T-Allele, HSD17B13 T-Allele; 
groups “no risk alleles” and “1 
risk allele” have been subsumed 
into one group; to overcome 
potential effects of dilution by 
combining risk polymorphisms 
[PNPLA3,TM6SF2] with 
protective polymorphisms 
[HSD17B13], HSD17B13 
T-Allele carriage was classified 
as the “risk allele” [rather 
than TA-Allele carriage as 
“protective”] for the combined 
“risk-allele” model)

Univariable Multivariable

OR 95%CI p-value aOR 95%CI p-value

A
Age, per year 1.06 1.04–1.08  < 0.001 1.04 1.02–1.07  < 0.001
Sex, for being male 1.69 1.06–2.69 0.028 1.48 0.88–2.47 0.134
BMI, per unit 0.95 0.93–0.97  < 0.001 0.98 0.95–1.001 0.057
Diabetes, yes vs. no 3.91 2.42–6.31  < 0.001 3.36 1.98–5.69  < 0.001
PNPLA3 genotype
 C/C vs. C/G 1.39 0.82–2.34 0.224 1.51 0.85–2.65 0.155
 G/G 3.40 1.80–6.41  < 0.001 3.48 1.73–6.96  < 0.001

B
Age, per year – – – 1.04 1.02–1.06  < 0.001
Sex, for being male – – – 1.43 0.86–2.38 0.167
BMI, per unit – – – 0.97 0.95–0.99 0.025
Diabetes, yes vs. no – – – 3.45 2.05–5.82  < 0.001
TM6SF2 genotype
 C/C vs. T/– 1.82 1.05–3.15 0.033 1.99 1.10–3.62 0.023

C
Age, per year – – – 1.04 1.02–1.06 0.001
Sex, for being male – – – 1.44 0.86–2.38 0.160
BMI, per unit – – – 0.97 0.94–0.99 0.016
Diabetes, yes vs. no – – – 3.35 2.00–5.64  < 0.001
HSD17B13 genotype
 T/T vs. T/TA 0.81 0.49–1.33 0.406 0.86 0.50–1.48 0.596
 TA/TA 0.70 0.27–1.83 0.462 0.84 0.30–2.31 0.734

D
Age, per year – – – 1.04 1.02–1.06  < 0.001
Sex, for being male – – – 1.46 0.87–2.45 0.150
BMI, per unit – – – 0.98 0.95–1.001 0.060
Diabetes, yes vs. no – – – 3.44 2.02–5.85  < 0.001
Risk Alleles (Number of)
 0–1 Alleles vs. 2 2.31 1.04–5.17 0.041 2.21 0.96–5.12 0.064
 3 2.59 1.13–5.98 0.025 2.61 1.09–6.26 0.032
 4 4.54 1.78–11.56 0.002 4.34 1.61–11.66 0.004
 5 12.33 3.52–43.23  < 0.001 11.57 2.91–46.07 0.001
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well-known clinical risk factors for NASH resulted in better 
accuracy to non-invasively predict a NAS ≥ 5. Interestingly, 
an “allele-dose”-dependent effect was observed. In regard 
to presence of advanced fibrosis (≥ F3), both PNPLA3 and 
TM6SF2 models resulted in higher AUC than the baseline 
model; however, when significant fibrosis (≥ F2) was the 
endpoint of interest, only PNPLA3 status remained signifi-
cant. Nevertheless, while significant, those “addition” effects 
were only modest, highlighting the importance of standard 
clinical indices (age, diabetes, ALT, etc.) in the diagnostic 
work-up of NAFLD.

The effects of the PNPLA3-I148M variant on NAFLD/
NASH severity have been extensively studied [2, 15]. In 
previous studies, the rs738409 C > G variant increased the 
risk for hepatic steatosis, liver fibrosis/cirrhosis, as well as 
hepatocellular carcinoma in a wide spectrum of liver disease 
[16]. The PNPLA3 protein is highly expressed in the liver 
and has lipase activity towards triglycerides in hepatocytes 
and towards retinyl esters in hepatic stellate cells (HSC) 
[17]. The I148M mutation leads to loss of function resulting 
in hepatic fat and retinol retention [2]. PNPLA3 is required 

for human HSC activation and the I148M variant confers 
proinflammatory and profibrogenic properties to HSCs, 
leading to increased proliferation and migration, as well as 
production and release of cytokines and chemokines, which 
amplifies liver injury [17–19].

The pathophysiological role of the HSD17B13 variant 
and its protective effect on chronic liver disease is not yet 
fully understood and connecting the genetic association with 
a pathophysiological explanation requires elucidation. More-
over, the impact of HSD17B13 on the clinical course of liver 
disease could be stage dependent [20]. In general, 17BHSD 
are enzymes catalyzing the conversion between 17-keto and 
17-hydroxysteroids [21]. Fifteen HSDs have been identi-
fied and most of them play a role in regulation of biological 
activity of sex hormones [21], while HSD17B13 has been 
found to be merely involved in sex hormone metabolism 
[21, 22]. HSD17B13 is a hepatic retinol-dehydrogenase 
(RDH) involved in retinoid homeostasis [23]. Interestingly, 
hepatic expression of HSD17B13 was 5.9 times higher in 
NASH patients, although HSD17B13 genotype (rs6834314 
or rs72613567) did not affect hepatic expression [23].

Fig. 1  AUC for predicting NAS ≥ 5 applying a baseline model (BL; age, sex, BMI, diabetes, and ALT), b BL + PNPLA3, c BL + HSD17B13, d 
BL + TM6SF2, and e BL + PNPLA3 + HSD17B13; P-values: b, c, d vs. BL model; e vs. PNPLA3 model
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Fig. 2  AUC for predicting advanced fibrosis (≥ F3) using a baseline model (BL; age, sex, BMI, and diabetes), b BL + PNPLA3, c 
BL + HSD17B13 d, BL + TM6SF2, e BL + PNPLA3 + TM6SF2; P-values: b, c, and d vs. BL model; e vs. PNPLA model)
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Finally, TM6SF2 T/- allele carriage has been linked to 
disease severity in NAFLD [4], but interestingly, also to a 
lower risk for cardiovascular endpoints [24]. It is thought 
that the loss-of-function TM6SF2 T/- polymorphism leads 
to a higher liver triglyceride content in hepatocytes, while 
lowering circulating lipoproteins [25].

Whether the addition of genetic markers to well-known, 
clinically practicable, risk factors for NASH and advanced 
fibrosis facilitates risk stratification is yet unknown. In our 
study, the addition of both PNPLA3 and HSD17B13 geno-
types significantly improved the accuracy for the non-inva-
sive prediction of a NAS ≥ 5; however, the PNPLA3 model 
was most robust in the prediction of advanced and significant 
fibrosis when added to well-known clinical factors. Despite 
TM6SF2 showing improved AUCs compared to the baseline 
model, addition of TM6SF2 to the PNPLA3 “only” model 
did not significantly improve AUC and might, therefore, 
be uncalled-for. Moreover, we were able to demonstrate 
that throughout almost all histological markers of NAFLD 
(NAS including subgroups, fibrosis stage), disease sever-
ity increased in an “allele-dose”-dependent manner, as the 

severity of liver disease showed a stepwise increase with 
increasing number of risk alleles. Finally, wherever genetic 
testing is available, the potential applicability of our results 
in clinical practice should be high since patients from several 
(total of 7) centers were included in the study; hence, our 
cohort very well represents the average Central European 
NAFLD patient.

Nevertheless, when added on top of clinical risk factors, 
the improvements in AUC were moderate, suggesting that 
the clinical impact of genetic testing for assessment of dis-
ease severity may be limited. We would like to point out that 
in addition to other well-established risk factors, we also 
included ALT in the models for predicting NASH, which by 
itself is determined by the genetic background (as indicated 
by our and previous studies [26]) and thus, may reduce the 
impact of genetic factors if considered in the same model. 
However, since ALT is readily available in NAFLD patients, 
we decided to add it to the BL risk stratification model. Most 
importantly, we additionally evaluated whether addition of 
the respective genetic markers improved diagnostic accuracy 
for well-known non-invasive fibrosis scores such as FIB-4 

Table 3  Patient characteristics 
stratified by the number 
of PNPLA3, TM6SF2 and 
HSD17B13, risk alleles 
“(minimum: 0–1, maximum: 5; 
no patient was found with all 6 
“risk alleles”)

To overcome potential effects of dilution by combining risk polymorphisms [PNPLA3,TM6SF2] with 
protective polymorphisms [HSD17B13], HSD17B13 T-Allele carriage was classified as the “risk allele” 
[rather than TA-Allele carriage as “protective”] for the combined “risk-allele” model)

0–1 Alleles 2 Alleles 3 Alleles 4 Alleles 5 Alleles p-value

NAS, n (%)  < 0.001
 1–2 Points 79 (50.6%) 146 (52.3%) 75 (40.1%) 24 (36.4%) 4 (26.7%)
 3–4 Points 59 (37.8%) 71 (25.4%) 53 (28.3%) 14 (21.2%) 5 (33.3%)
 ≥ 5 points 18 (11.5%) 62 (22.2%) 59 (31.6%) 28 (42.4%) 6 (40%)

NAS, n (%)  < 0.001
 1–4 Points 138 (88.5%) 217 (77.8%) 128 (68.4%) 38 (57.6%) 9 (60%)
 ≥ 5 points 18 (11.5%) 62 (22.2%) 59 (31.6%) 28 (42.4%) 6 (40%)

NAS Steatosis, n (%) 0.026
 Grades 1–2 124 (79.5%) 217 (77.8%) 125 (66.8%) 45 (68.2%) 10 (66.7%)
 Grade 3 32 (20.5%) 62 (22.2%) 62 (33.2%) 21 (31.8%) 5 (33.3%)

NAS Inflammation, n (%) 0.143
 Grades 0–1 145 (92.9%) 259 (92.8%) 166 (88.8%) 57 (86.4%) 12 (80%)
 Grades 2–3 11 (7.1%) 20 (7.2%) 21 (11.2%) 9 (13.6%) 3 (20%)

NAS Ballooning, n (%) 0.002
 Grades 0–1 148 (94.9%) 240 (86%) 155 (82.9%) 52 (78.8%) 11 (73.3%)
 Grade 2 8 (5.1%) 39 (14%) 32 (17.1%) 14 (21.2%) 4 (26.7%)

Fibrosis, n (%)  < 0.001
 Grades 0–1 141 (90.4%) 233 (83.5%) 142 (75.9%) 48 (72.7%) 8 (53.3%)
 Grades 2–4 15 (9.6%) 46 (16.5%) 45 (24.1%) 18 (27.3%) 7 (46.7%)

Fibrosis, n (%)  < 0.001
 Grades 0–2 148 (94.9%) 248 (88.9%) 164 (87.7%) 53 (80.3%) 9 (60%)
 Grades 3–4 8 (5.1%) 31 (11.1%) 23 (12.3%) 13 (19.7%) 6 (40%)

Cirrhosis, n (%)  < 0.001
 No 153 (98.1%) 268 (96.1%) 179 (95.7%) 63 (95.5%) 11 (73.3%)
 Yes 3 (1.9%) 11 (3.9%) 8 (4.3%) 3 (4.5%) 4 (26.7%)
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or the NAFLD Fibrosis score (NFS) and could show that 
addition of PNPLA3 improved accuracy of only the NFS 
but not FIB-4 (Supplemental Figure S5 and S6). HSD17B13 
and TM6SF2 both did not show significant improvements of 
the respective AUCs. However, data regarding non-invasive 
fibrosis scores were not available in all patients and there-
fore, this finding still needs further evaluation.

Previous studies have looked into the concept of combin-
ing genetic risk factors and thereby improving their accu-
racy in predicting disease severity [27, 28]. Most recently, 
a combination of our proposed three genetic risk markers 
(PNPLA3, TM6SF2, HSD17B13) into a genetic risk score 

was shown to be associated with an increased risk for cirrho-
sis and HCC in the general population [29]—further empha-
sizing the clinical feasibility to utilize those combined mark-
ers also, and especially, in diagnosed NAFLD patients. Most 
recently, Anstee et al. found PNPLA3, TM6SF2, GCKR and 
HSD17B13 to have genome-wide significance on disease 
severity in NAFLD in an elegantly conducted GWAS study 
[30]. However, they did not assess the impact on clinical 
feasibility in non-invasively staging/predicting severity of 
NAFLD and did not implement a genetic risk score.

The major limitations of our study are the lack of 
non-invasive biomarkers and of longitudinal data. Also, 

Fig. 3  Distribution of risk alleles (PNPLA3 G, TM6SF2 T and HSD17B13 T-allele) across disease severity strata (a—NAS; b—Steatosis; c—
Inflammation; d—Ballooning; e—F ≥ 3; f—F ≤ 2)
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transient elastography or other non-invasive imaging 
parameters for NAFLD (e.g., magnetic resonance imag-
ing/elastography[MRI/MRE]) were not available in our 
patients. Especially in regard to imaging data, the ques-
tion whether combining genetic information with MRE 
data could improve its diagnostic accuracy might be worth 
studying and should be focus of future studies, especially 
since several studies have shown excellent AUCs for MRE 
to non-invasively predict fibrosis, not only in adults but also 
in children [31–33]. Moreover, information on MBOAT7 
genotype and other genetic factors was not available in 
most patients. MBOAT7 was, however, not associated with 
a more severe phenotype in the (small) subgroup of patients 
where data was available (data not shown). These limita-
tions may be outweighed by strengths of our study using 
liver biopsy (still the gold standard for fibrosis assessment) 
in a cohort of NAFLD patients from across Central Europe 
with information on genetic data on three important risk fac-
tors of NAFLD (PNPLA3, HSD17B13, and TM6SF2). An 
ideal study should explore the role of genetic risk factors in 
patients having in addition to liver biopsy a whole array of 
non-invasive markers. In clinical practice, outside of clinical 
trials, the population for non-invasive tests would be patients 
with only ultrasound and clinical data. Thus, the accuracy of 
our model should also be tested in this specific population.

In conclusion, in biopsy-proven NAFLD, PNPLA3-
I148M G/−, TM6SF2 T/− and HSD17B13 TA/− carriage 
are associated with severity of NAFLD in an “allele-dose”-
dependent fashion. The addition of genetic factors and their 
combinations into risk stratification models might provide 
incremental information and improve their predictive accu-
racy for severity of NAFLD (NAS ≥ 5) and/or advanced/
significant fibrosis on liver biopsy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12072- 021- 10200-y.

Author contributions All authors contributed either to research design 
(RP, KS, ST, AFS, MM, PF, MT), and/or the acquisition (all authors), 
analysis (RP, MM, PF, MT) or interpretation (all authors) of data. RP 
and MT drafted the manuscript, which was then critically revised by all 
other authors. All authors approved the final version of this manuscript.

Funding Open access funding provided by Medical University of 
Vienna.

Declarations 

Conflict of interest RP, KS, ST, AFS, EH, OK, JS, FW, BS, AC, MS, 
CD, CS, JH, SB, GP, PF, PM: none. FS: None in relation to the con-
tents of this study. EM: reports funding for unrelated research from 
Novartis. EA: speaker fees, travel support or advisory fees from Inter-
cept, Gilead, Takeda, Shire, Alexion; MM received speaker fees from 
AbbVie, Bristol-Myers Squibb, Gilead, and W. L. Gore and Associ-
ates; travel support from AbbVie, Bristol-Myers Squibb, and Gilead. 
PF: Adboard: Univar, Alexion and Vivet Therapeutics, Gliead, Abbvie, 

MSD. MT received speaker fees from Bristol-Myers Squibb (BMS), 
Falk Foundation, Gilead, Intercept and Merck Sharp and Dohme 
(MSD); advisory board fees from Albireo, Boehringer Ingelheim, Bi-
omX, Falk Pharma GmbH, GENFIT, Gilead, Intercept, Janssen, MSD, 
Novartis, Phenex, Regulus and Shire; travel grants from AbbVie, Falk, 
Gilead, and Intercept; and research grants from Albireo, CymaBay, 
Falk, Gilead, Intercept, MSD, and Takeda. He is also coinventor of pat-
ents on the medical use of norUDCA filed by the Medical University of 
Graz. All the other authors declare no conflicts of interest.

Ethical approval The study was approved by the ethics committee of 
the Medical University of Vienna (EK 747/2011) and the local ethics 
committees of the participating centers and performed in accordance 
with the current version of the Helsinki Declaration. All patients signed 
an informed consent form prior to study inclusion.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Trépo E, Valenti L. Update on NAFLD genetics: from new vari-
ants to the clinic. J Hepatol. 2020;72(6):1196–209.

 2. Trepo E, Romeo S, Zucman-Rossi J, Nahon P. PNPLA3 gene in 
liver diseases. J Hepatol. 2016;65(2):399–412.

 3. Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio 
LA, et al. Genetic variation in PNPLA3 confers susceptibility to 
nonalcoholic fatty liver disease. Nat Genet. 2008;40(12):1461–5.

 4. Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, 
Tybjaerg-Hansen A, et al. Exome-wide association study identifies 
a TM6SF2 variant that confers susceptibility to nonalcoholic fatty 
liver disease. Nat Genet. 2014;46(4):352–6.

 5. Dongiovanni P, Petta S, Maglio C, Fracanzani AL, Pipitone R, 
Mozzi E, et al. Transmembrane 6 superfamily member 2 gene 
variant disentangles nonalcoholic steatohepatitis from cardiovas-
cular disease. Hepatology (Baltimore, MD). 2015;61(2):506–14.

 6. Donati B, Dongiovanni P, Romeo S, Meroni M, McCain M, Miele 
L, et al. MBOAT7 rs641738 variant and hepatocellular carcinoma 
in non-cirrhotic individuals. Sci Rep. 2017;7(1):4492.

 7. Abul-Husn NS, Cheng X, Li AH, Xin Y, Schurmann C, Stevis P, 
et al. A Protein-truncating HSD17B13 variant and protection from 
chronic liver disease. N Engl J Med. 2018;378(12):1096–106.

 8. About F, Abel L, Cobat A. HCV-associated liver fibrosis and 
HSD17B13. N Engl J Med. 2018;379(19):1875–6.

 9. Stickel F, Lutz P, Buch S, Nischalke HD, Silva I, Rausch V, et al. 
Genetic variation in HSD17B13 reduces the risk of developing 
cirrhosis and hepatocellular carcinoma in alcohol misusers. Hepa-
tology (Baltimore, MD). 2019;72(1):88–102.

 10. Ferenci P, Pfeiffenberger J, Stattermayer AF, Stauber RE, Will-
heim C, Weiss KH, et al. HSD17B13 truncated variant is associ-
ated with a mild hepatic phenotype in Wilson’s Disease. JHEP 
Rep (Online). 2019;1(1):2–8.

https://doi.org/10.1007/s12072-021-10200-y
http://creativecommons.org/licenses/by/4.0/


932 Hepatology International (2021) 15:922–933

1 3

 11. Krawczyk M, Rau M, Schattenberg JM, Bantel H, Pathil A, 
Demir M, et al. Combined effects of the PNPLA3 rs738409, 
TM6SF2 rs58542926, and MBOAT7 rs641738 variants on 
NAFLD severity: a multicenter biopsy-based study. J Lipid Res. 
2017;58(1):247–55.

 12. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, 
Cummings OW, et al. Design and validation of a histological 
scoring system for nonalcoholic fatty liver disease. Hepatology 
(Baltimore, MD). 2005;41(6):1313–21.

 13. Brunt EM, Kleiner DE, Wilson LA, Belt P, Neuschwander-
Tetri BA. Nonalcoholic fatty liver disease (NAFLD) activity 
score and the histopathologic diagnosis in NAFLD: distinct 
clinicopathologic meanings. Hepatology (Baltimore, MD). 
2011;53(3):810–20.

 14. Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri 
BA, Bacon BR. Nonalcoholic steatohepatitis: a proposal for 
grading and staging the histological lesions. Am J Gastroenterol. 
1999;94(9):2467–74.

 15. Tardelli M, Bruschi FV, Trauner M. The role of metabolic lipases 
in the pathogenesis and management of liver disease. Hepatology 
(Baltimore, MD). 2020;72(3):1117–26.

 16. Mandorfer M, Scheiner B, Stattermayer AF, Schwabl P, Paternos-
tro R, Bauer D, et al. Impact of patatin-like phospholipase domain 
containing 3 rs738409 G/G genotype on hepatic decompensation 
and mortality in patients with portal hypertension. Aliment Phar-
macol Ther. 2018;48(4):451–9.

 17. Bruschi FV, Claudel T, Tardelli M, Caligiuri A, Stulnig TM, 
Marra F, et al. The PNPLA3 I148M variant modulates the fibro-
genic phenotype of human hepatic stellate cells. Hepatology (Bal-
timore, MD). 2017;65(6):1875–90.

 18. Bruschi FV, Tardelli M, Herac M, Claudel T, Trauner M. Meta-
bolic regulation of hepatic PNPLA3 expression and severity of 
liver fibrosis in patients with NASH. Liver Int Off J Int Assoc 
Study Liver. 2020;40(5):1098–110.

 19. Bruschi FV, Claudel T, Tardelli M, Starlinger P, Marra F, Trauner 
M. PNPLA3 I148M variant impairs liver X receptor signaling and 
cholesterol homeostasis in human hepatic stellate cells. Hepatol 
Commun. 2019;3(9):1191–204.

 20. Scheiner B, Stattermayer AF, Schwabl P, Bucsics T, Paternos-
tro R, Bauer D, et al. Impact of HSD17B13 rs72613567 geno-
type on hepatic decompensation and mortality in patients with 
portal hypertension. Liver Int Off J Int Assoc Study Liver. 
2020;40(2):393–404.

 21. Su W, Mao Z, Liu Y, Zhang X, Zhang W, Gustafsson JA, et al. 
Role of HSD17B13 in the liver physiology and pathophysiology. 
Mol Cell Endocrinol. 2018;489:119–25.

 22. Adam M, Heikela H, Sobolewski C, Portius D, Maki-Jouppila J, 
Mehmood A, et al. Hydroxysteroid (17beta) dehydrogenase 13 
deficiency triggers hepatic steatosis and inflammation in mice. 
FASEB J Off Publ Fed Am Soc Exp Biol. 2018;32(6):3434–47.

 23. Ma Y, Belyaeva OV, Brown PM, Fujita K, Valles K, Karki S, et al. 
HSD17B13 is a hepatic retinol dehydrogenase associated with his-
tological features of non-alcoholic fatty liver disease. Hepatology 
(Baltimore, MD). 2018;69(4):1504.

 24. Holmen OL, Zhang H, Fan Y, Hovelson DH, Schmidt EM, Zhou 
W, et al. Systematic evaluation of coding variation identifies a 
candidate causal variant in TM6SF2 influencing total cholesterol 
and myocardial infarction risk. Nat Genet. 2014;46(4):345–51.

 25. Eslam M, Valenti L, Romeo S. Genetics and epigenet-
ics of NAFLD and NASH: clinical impact. J Hepatol. 
2018;68(2):268–79.

 26. Sookoian S, Pirola CJ. Liver enzymes, metabolomics and genome-
wide association studies: from systems biology to the personalized 
medicine. World J Gastroenterol WJG. 2015;21(3):711–25.

 27. Danford CJ, Connelly MA, Shalaurova I, Kim M, Herman MA, 
Nasser I, et al. A pathophysiologic approach combining genetics 
and insulin resistance to predict the severity of nonalcoholic fatty 
liver disease. Hepatol Commun. 2018;2(12):1467–78.

 28. Koo BK, Joo SK, Kim D, Bae JM, Park JH, Kim JH, et al. Addi-
tive effects of PNPLA3 and TM6SF2 on the histological sever-
ity of non-alcoholic fatty liver disease. J Gastroenterol Hepatol. 
2018;33(6):1277–85.

 29. Gellert-Kristensen H, Richardson TG, Davey Smith G, Nordest-
gaard BG, Tybjaerg-Hansen A, Stender S. Combined effect of 
PNPLA3, TM6SF2, and HSD17B13 variants on risk of cirrhosis 
and hepatocellular carcinoma in the general population. Hepatol-
ogy (Baltimore, MD). 2020;72(3):845–56.

 30. Anstee QM, Darlay R, Cockell S, Meroni M, Govaere O, Tiniakos 
D, et al. Genome-wide association study of non-alcoholic fatty 
liver and steatohepatitis in a histologically-characterised cohort. 
J Hepatol. 2020;73(3):505–15.

 31. Dulai PS, Sirlin CB, Loomba R. MRI and MRE for non-inva-
sive quantitative assessment of hepatic steatosis and fibrosis in 
NAFLD and NASH: clinical trials to clinical practice. J Hepatol. 
2016;65(5):1006–16.

 32. Besheer T, Razek A, El Bendary M, Abd El Maksoud M, Ela-
lfy H, Zalata K, et al. Does steatosis affect the performance of 
diffusion-weighted MRI values for fibrosis evaluation in patients 
with chronic hepatitis C genotype 4? Turk J Gastroenterol Off J 
Turk Soc Gastroenterol. 2017;28(4):283–8.

 33. Razek AA, Abdalla A, Omran E, Fathy A, Zalata K. Diagnosis 
and quantification of hepatic fibrosis in children with diffusion 
weighted MR imaging. Eur J Radiol. 2011;78(1):129–34.

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

Authors and Affiliations

Rafael Paternostro1  · Katharina Staufer1,2 · Stefan Traussnigg1 · Albert‑Friedrich Stättermayer1 · Emina Halilbasic1 · 
Omar Keritam1 · Elias L. Meyer3 · Judith Stift4 · Fritz Wrba4 · Bence Sipos5 · Ali Canbay6 · Martin Schlattjan7 · 
Elmar Aigner8 · Christian Datz9 · Felix Stickel10 · Clemens Schafmayer11 · Jochen Hampe12 · Stephan Buch12 · 
Gerhard Prager13 · Petra Munda1 · Mattias Mandorfer1 · Peter Ferenci1 · Michael Trauner1

1 Division of Gastroenterology and Hepatology, Department 
of Internal Medicine III, Medical University of Vienna, 
Waehringer Guertel 18-20, 1090 Vienna, Austria

2 Department of Visceral Surgery and Medicine, Inselspital, 
University Hospital Bern, Bern, Switzerland

3 Center for Medical Statistics, Informatics and Intelligent 
Systems, Medical University of Vienna, Vienna, Austria

http://orcid.org/0000-0002-1813-5769


933Hepatology International (2021) 15:922–933 

1 3

4 Department of Pathology, Medical University of Vienna, 
Vienna, Austria

5 Department of Pathology, Eberhard Karls University 
Tübingen, Tübingen, Germany

6 Department of Medicine, Ruhr-Universität Bochum, 
Bochum, Germany

7 Department of Gastroenterology and Hepatology, University 
Hospital Essen, Essen, Germany

8 First Department of Medicine, Paracelsus Medical 
University, Salzburg, Austria

9 Department of Internal Medicine, Oberndorf Hospital, 
Oberndorf, Austria

10 Department of Gastroenterology and Hepatology, University 
Hospital of Zurich, Zürich, Switzerland

11 Department of General Surgery, University Medicine 
Rostock, Rostock, Germany

12 Medical Department 1, University Hospital Dresden, 
Technische Universität Dresden, Dresden, Germany

13 Division of General Surgery, Department of Surgery, 
Medical University of Vienna, Vienna, Austria


	Combined effects of PNPLA3, TM6SF2 and HSD17B13 variants on severity of biopsy-proven non-alcoholic fatty liver disease
	Abstract
	Objective 
	Design 
	Results 
	Conclusion 

	Introduction
	Methods
	Patients
	Liver biopsy
	Genotyping
	Statistical analysis
	Ethics

	Results
	PNPLA3 and severity of non-alcoholic fatty liver disease
	TM6SF2 and severity of non-alcoholic fatty liver disease
	HSD17B13 and severity of non-alcoholic fatty liver disease
	Combination effects of PNPLA3, TM6SF2 and HSD17B13 on disease severity

	Discussion
	References




