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BACKGROUND. A pilot, single-center study showed that first-degree relatives of probands with nonalcoholic fatty liver 
disease (NAFLD) cirrhosis have a high risk of advanced fibrosis. We aimed to validate these findings using 2 independent 
cohorts from the US and Europe.

METHODS. This prospective study included probands with NAFLD with advanced fibrosis, NAFLD without advanced fibrosis, 
and non-NAFLD, with at least 1 first-degree relative. A total of 396 first-degree relatives — 220 in a derivation cohort and 176 
in a validation cohort — were enrolled in the study, and liver fibrosis was evaluated using magnetic resonance elastography 
and other noninvasive imaging modalities. The primary outcome was prevalence of advanced fibrosis in first-degree relatives.

RESULTS. Prevalence of advanced fibrosis in first-degree relatives of probands with NAFLD with advanced fibrosis, NAFLD 
without advanced fibrosis, and non-NAFLD was 15.6%, 5.9%, and 1.3%, respectively (P = 0.002), in the derivation cohort, 
and 14.0%, 2.6%, and 1.3%, respectively (P = 0.004), in the validation cohort. In multivariable-adjusted logistic regression 
models, age of ≥50 years (adjusted OR [aOR]: 2.63, 95% CI 1.0–6.7), male sex (aOR: 3.79, 95% CI 1.6–9.2), diabetes mellitus 
(aOR: 3.37, 95% CI 1.3–9), and a first-degree relative with NAFLD with advanced fibrosis (aOR: 11.8, 95% CI 2.5–57) were 
significant predictors of presence of advanced fibrosis (all P < 0.05).

CONCLUSION. First-degree relatives of probands with NAFLD with advanced fibrosis have significantly increased risk of 
advanced fibrosis. Routine screening should be done in the first-degree relatives of patients with advanced fibrosis.
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sis (16, 17). A previous pilot single-center study showed that 
first-degree relatives of probands with NAFLD cirrhosis have a 
higher risk of advanced fibrosis. These data need to be validated 
before clinical practice guidelines are changed to recommend 
routine screening in this high-risk population. Therefore, we 
aimed to validate the prevalence of advanced fibrosis among 
first-degree relatives of patients with advanced fibrosis due to 
NAFLD using 2 uniquely well-phenotyped independent cohorts 
derived from populations residing in the United States and 
Europe, respectively.

We hypothesized that the prevalence of advanced fibrosis 
is higher in first-degree relatives of probands with NAFLD with 
advanced fibrosis than in first-degree relatives of probands with 
NAFLD without advanced fibrosis or non-NAFLD controls. Using 
a prospective cohort study design including a derivation cohort 
from the University of California San Diego (UCSD) and a valida-
tion cohort from the University of Helsinki, we aimed to determine 
the prevalence of advanced fibrosis among first-degree relatives of 
probands with NAFLD with advanced fibrosis versus first-degree 
relatives of probands without advanced fibrosis or non-NAFLD 
controls (Figure 1). Furthermore, we examined factors associated 
with advanced fibrosis in first-degree relatives.

Results
Characteristics of first-degree relatives. A total of 396 first-degree 
relatives were enrolled in the study. The UCSD cohort comprised 
220 first-degree relatives who were grouped into 3 subgroups strat-
ified by their proband’s status: group 1, relatives of probands with 
non-NAFLD; group 2, relatives of probands with NAFLD without 
advanced fibrosis; and group 3, relatives of probands with NAFLD 
with advanced fibrosis. Similarly, the Helsinki cohort comprised 
176 first-degree relatives: 80 in group 1, 39 in group 2, and 57 in 
group 3 (Table 1).

In the UCSD cohort, the median (interquartile range [IQR]) 
ages in group 1, group 2, and group 3 were 41 (23 to 60), 54 (48 to 

58), and 46 (35 to 60) years, respectively. 
Approximately half of the UCSD cohort 
(50.9%, 112/220) had Hispanic ethnicity. 
In the Helsinki cohort, the median (IQR) 
ages in group 1, group 2, and group 3 were 
48 (32 to 62), 50 (32 to 64), and 46 (34 to 
61) years, respectively. All relatives were 
White in the Helsinki cohort. In both the 
UCSD and the Helsinki cohort, younger 
subjects were more likely to be enrolled in 
group 3 than in group 1 and group 2. The 
prevalence of diabetes mellitus (DM) was 
higher in groups 2 and 3 than in group 1.

Prevalence of NAFLD and advanced 
fibrosis in first-degree relatives. In the 
UCSD cohort, the prevalence of NAFLD 
in group 1, group 2, and group 3 was 
12.0% (9/75), 58.8% (10/17), and 70.3% 
(90/128), respectively. As expected, the 
prevalence rate of NAFLD increased in 
a dose-dependent manner based on the 
NAFLD severity in the probands (P < 

Introduction
Nonalcoholic fatty liver disease (NAFLD) afflicts approximately 
one-fourth of the general population worldwide (1). Since a subset 
of patients with NAFLD progress to nonalcoholic steatohepatitis, 
hepatocellular carcinoma, and liver failure, NAFLD has emerged as 
an important health and economic burden (2). NAFLD cirrhosis has 
become one of the leading indications for liver transplantation (3).

Recent studies have demonstrated that advanced fibrosis 
defined as histological stage 3 and stage 4 fibrosis is the most 
important prognostic determinant of liver-related morbidity and 
mortality in patients with NAFLD (4–6). Although liver biopsy is 
the gold standard for the assessment of liver fibrosis, it has several 
limitations, including sampling variability and intra- and interob-
server reproducibility (7). Therefore, noninvasive identification of 
advanced fibrosis among patients with NAFLD, who are at a high-
er risk of liver-related morbidity and mortality, is a major unmet 
need in clinical practice. Noninvasive imaging modalities for the 
assessment of liver fibrosis that assess liver stiffness, such as vibra-
tion-controlled transient elastography (VCTE) and magnetic reso-
nance elastography (MRE), have been developed and are increas-
ingly used in routine clinical practice (8, 9). However, given the 
high global burden of NAFLD and the limited availability of VCTE 
and MRE, it is impractical to assess for liver fibrosis in all patients 
even with noninvasive methods. Therefore, it is important to iden-
tify a subset of patients who are at a higher risk for advanced fibro-
sis using routine history and clinical risk stratification.

NAFLD is a complex metabolic disease with underlying genet-
ic and environmental risk factors, and recent studies have demon-
strated that NAFLD and NAFLD-related liver fibrosis are herita-
ble (10–15). Therefore, NAFLD with advanced fibrosis may cluster 
within the same families.

The current American Gastroenterological Association and 
American Association for the Study of Liver Diseases guide-
lines do not recommend screening for advanced fibrosis among 
first-degree relatives of patients with cirrhosis/advanced fibro-

Figure 1. Study design.
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Factors associated with advanced fibrosis in the first-degree relatives. 
We then examined the factors associated with advanced fibrosis in 
first-degree relatives in the combined cohort (Table 2). In univari-
able analysis, proband status was a significant predictor of advanced 
fibrosis in the first-degree relatives. A first-degree relative of a pro-
band with NAFLD with advanced fibrosis had 13.6 times (95% CI 
3.2–58, P < 0.001) higher odds of having advanced fibrosis than a 
first-degree relative of a non-NAFLD control. Similarly, age of at 
least 50 years, ethnicity, obesity (BMI ≥30 kg/m2), DM, dyslipid-
emia, and hypertension were significant risk factors for advanced 
fibrosis in the first-degree relatives. In multivariable-adjusted logis-
tic regression analyses, proband status of NAFLD with advanced 
fibrosis was a statistically significant and independent predictor of 
advanced fibrosis with a multivariable adjusted OR of 11.8 (95% CI 
2.5–57, P = 0.002). The risk of advanced fibrosis in the first-degree 
relatives of probands with advanced fibrosis was independent of age 
≥50 years (OR: 2.63, 95% CI 1.0–6.7, P = 0.04), male sex (OR: 3.79, 
95% CI 1.6–9.2, P = 0.003), and DM (OR: 3.37, 95% CI 1.3–9.0, P = 
0.02; Table 2 and Figure 4).

Furthermore, we conducted 2 sensitivity analyses to assess 
whether the findings were independent of DM status or age. Even 
after exclusion of relatives with DM, proband status of NAFLD 
with advanced fibrosis remained a clinically and statistically sig-
nificant predictor of advanced fibrosis with an adjusted OR of 16.8 

0.001; Figure 2). In the Helsinki cohort, the prevalence of NAFLD 
in group 1, group 2, and group 3 was 15.2% (12/79), 31.4% (11/35), 
and 33.3% (17/51), respectively, and it was higher in groups 2 and 
3 than in group 1 (P = 0.03). In the combined cohort analysis, the 
prevalence of NAFLD in group 1, group 2, and group 3 was 13.6% 
(21/154), 40.4% (21/52), and 59.8% (107/179), respectively, and 
it increased with an increase in the severity of NAFLD in the pro-
bands (P < 0.001).

Next, we investigated the prevalence of advanced fibrosis in 
the first-degree relatives. In the UCSD cohort, the prevalence of 
advanced fibrosis in group 1, group 2, and group 3 was 1.3% (1/75), 
5.9% (1/17), and 15.6% (20/128), respectively. In comparison with 
groups 1 and 2, the prevalence rate of advanced fibrosis was sta-
tistically and clinically significantly higher in group 3 (P = 0.002; 
Figure 3). In the Helsinki cohort, the prevalence of advanced fibro-
sis in group 1, group 2, and group 3 was 1.3% (1/80), 2.6% (1/39), 
and 14.0% (8/57), respectively (P = 0.004). The results remained 
consistent and statistically significant, with a significantly higher 
prevalence rate in group 3 compared with groups 1 and 2, respec-
tively. In the combined cohort analysis, the prevalence of advanced 
fibrosis in group 1, group 2, and group 3 was 1.3% (2/155), 3.6% 
(2/56), and 15.1% (28/185), respectively, and the prevalence rate 
of advanced fibrosis increased in a dose-dependent manner based 
on the severity of NAFLD in the probands (P < 0.001).

Table 1. Characteristics of first-degree relatives in the derivation and validation cohorts

Derivation (UCSD) cohort Validation (Helsinki) cohort
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

Relatives of probands  
with non-NAFLD

Relatives of probands  
with NAFLD without 

advanced fibrosis

Relatives of probands  
with NAFLD with 
advanced fibrosis

Relatives of probands  
with non-NAFLD

Relatives of probands  
with NAFLD without 

advanced fibrosis

Relatives of probands  
with NAFLD with 
advanced fibrosis

(n = 75) (n = 17) (n = 128) (n = 80) (n = 39) (n = 57)
Age (years) 41 (23–60) 54 (48–58) 46 (35–60) 48 (32–62) 50 (32–64) 46 (34–61)
Sex

Male (n, %)
Female (n, %)

24 (32.0%)
51 (68%)

8 (47.1%)
9 (52.9%)

38 (19.7%)
90 (80.3%)

33 (41.2%)
47 (58.8%)

19 (48.7%)
20 (51.3%)

21 (36.9%)
36 (63.1%)

Ethnicity
Hispanic (n, %) 14 (18.7%) 4 (23.5%) 94 (73.4%) 0 (0%) 0 (0%) 0 (0%)
Non-Hispanic (n, %) 61 (81.3%) 13 (76.5%) 34 (26.6%) 80 (100%) 39 (100%) 57 (100%)

Waist circumference (cm) 84 (79–96) 101 (88–104) 101 (91–115) 90 (78–99) 93 (85–103) 93 (85–100)
BMI (kg/m2) 23.8 (22–28) 29.3 (25–33) 31.4 (27–37) 26.4 (24–30) 27.3 (25–31) 28.3 (25–32)
Obesity (BMI ≥ 30 kg/m2) 13 (17.3%) 7 (41.2%) 71 (55.5%) 21 (26.3%) 11 (28.2%) 23 (40.4%)
DM (n, %) 2 (2.7%) 4 (23.5%) 29 (22.7%) 4 (5.0%) 4 (10.3%) 7 (12.3%)
Dyslipidemia (n, %) 23 (30.7%) 10 (58.8%) 71 (55.5%) 35 (43.8%) 27 (69.1%) 20 (35.1%)
Hypertension (n, %) 28 (37.3%) 8 (47.1%) 75 (58.6%) 54 (67.5%) 29 (74.4%) 38 (66.7%)
AST (IU/L) 21 (18–26) 24 (20–32) 23 (19–29) 21 (16–24) 26 (19–32) 24 (20–31)
ALT (IU/L) 18 (13–24) 26 (17–45) 24 (17–32) 20 (17–28) 32 (19–51) 24 (17–45)
GGT (IU/L) 16 (12–24) 24 (14–30) 24 (18–40) 18 (14–27) 28 (19–36) 21 (15–38)
Glucose (mg/dL) 87 (81–91) 94 (89–105) 92 (85–102) 95 (90–103) 99 (95–109) 101 (94–106)
HbA1c (%) 5.6 (5.4–5.7) 5.7 (5.5–6.0) 5.6 (5.2–6.0) 5.3 (5.1–5.5) 5.4 (5.2–5.7) 5.3 (5.0–5.5)
HDL (mg/dL) 62 (53–75) 51 (42–58) 49 (42–58) 52 (43–65) 47 (39–58) 55 (44–62)
TG (mg/dL) 76 (58–93) 129 (89–172) 123 (86–163) 82 (61–121) 102 (81–140) 86 (71–114)
Platelet counts (109/L) 240 (217–274) 243 (227–274) 267 (213–302) 256 (219–287) 255 (221–302) 246 (217–277)

Continuous data are shown as median (interquartile range). ALT, alanine aminotransferase; AST, aspartate aminotransferase; DM, diabetes mellitus; GGT, 
γ-glutamyl transferase; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; TG, triglyceride.
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parental history of NAFLD (10–12). Studies using a novel twin study 
design also demonstrated that the presence of NAFLD correlated 
between monozygotic twins but not between dizygotic twins (13). 
These results espouse the heritability of NAFLD.

Several genome-wide association studies revealed an asso-
ciation between NAFLD and single-nucleotide polymorphisms 
(SNPs) including PNPLA3, TM6SF2, and GCKR (18). These SNPs 
are associated with the accumulation of fat in liver and affect the 
development of NAFLD (19–21). These results also showed the 
association between genetic factors and NAFLD.

Importantly, liver fibrosis is the most important factor 
for prognosis in patients with NAFLD, and the heritability of 
NAFLD-related fibrosis warrants further investigation. The 
twin studies demonstrated that liver fibrosis and liver fat (the 
presence of NAFLD) have shared genetic effects and liver 
fibrosis also could be heritable (13–15). A study investigating 
the association between genetic risk and liver fibrosis by MRE 
demonstrated that the PNPLA3 risk variant is associated with 
an increase in liver fibrosis (22). Therefore, not only the pres-
ence of NAFLD but also NAFLD-related fibrosis could be her-
itable, and we hypothesized that the prevalence of advanced 
fibrosis is higher in the first-degree relatives of probands with 
NAFLD with advanced fibrosis than in those of probands with 
NAFLD without advanced fibrosis or non-NAFLD.

In a previous proof-of-concept study including 39 first-de-
gree relatives of probands with NAFLD with cirrhosis and 69 
first-degree relatives of probands with non-NAFLD, Caussy and 
colleagues demonstrated that the prevalence of advanced fibro-
sis was higher in first-degree relatives of probands with NAFLD 
with cirrhosis than in those of probands with non-NAFLD (23). 
The prevalence of genetic risk variants associated with NAFLD 
and NAFLD-related fibrosis differs by ethnicity and region (1). 
Therefore, in order to validate the previous results of the proof-
of-concept study, a validation study using diverse cohorts with a 

(95% CI 1.9–149.2, P = 0.01; Table 3). Similarly, after exclusion 
of relatives at least 50 years old, proband status of NAFLD with 
advanced fibrosis remained a clinically and statistically significant 
predictor of advanced fibrosis with an adjusted OR of 15.0 (95% 
CI 1.5–146.0, P = 0.02; Table 4).

Discussion
Main findings. Using advanced imaging modalities to uniquely 
phenotype 2 geographically distinct independent study cohorts 
(one residing in Southern California and one residing in Helsin-
ki, Finland), we provide clinical validation that the prevalence of 
advanced fibrosis among first-degree relatives of patients with 
advanced fibrosis due to NAFLD is approximately 15%. Further-
more, age of at least 50 years, male sex, DM, and proband status 
(NAFLD with advanced fibrosis) were independent predictors of 
advanced fibrosis due to NAFLD. We performed sensitivity anal-
yses by excluding relatives with DM, and the results remained 
consistent. Therefore, the risk of advanced fibrosis among rela-
tives of probands with advanced fibrosis is not mediated by DM 
status. This study provides important data regarding the preva-
lence of advanced fibrosis in first-degree relatives of probands 
with advanced fibrosis. These data suggest that a family history 
of advanced fibrosis may warrant further screening for liver fibro-
sis due to NAFLD among first-degree relatives of probands with 
advanced fibrosis. When patients with NAFLD-related advanced 
fibrosis are seen in liver clinics, their first-degree relatives should 
be counseled for risk of advanced fibrosis among family members, 
and they should be offered screening for advanced fibrosis with 
either MRE or VCTE or other modalities.

In context with published literature. Recent seminal studies have 
demonstrated that NAFLD and NAFLD-related liver fibrosis are 
heritable (10–15). In studies investigating the prevalence of NAFLD 
in offspring, the prevalence of NAFLD is higher in offspring with a 

Figure 2. Prevalence of NAFLD in first-degree relatives. Group 1: Relatives 
of non-NAFLD controls. Group 2: Relatives of probands with NAFLD with-
out advanced fibrosis (AF). Group 3: Relatives of probands with NAFLD 
with advanced fibrosis.

Figure 3. Prevalence of advanced fibrosis in first-degree relatives. Group 
1: Relatives of non-NAFLD controls. Group 2: Relatives of probands with 
NAFLD without advanced fibrosis (AF). Group 3: Relatives of probands 
with NAFLD with advanced fibrosis.
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progression, including fibrosis progression, is 
associated with menopausal status in women, and 
the prevalence of NAFLD and NAFLD-related 
fibrosis is higher in postmenopausal than in pre-
menopausal women (26). Therefore, the effect of 
menopausal status on the prevalence of advanced 
fibrosis in relatives should be examined in a future 
study. This study includes mainly White and 
Hispanic participants, and future studies in oth-
er regions are needed to validate these findings. 
Furthermore, although genetic and environmen-
tal (lifestyle, cohabitation, exercise, diet, etc.) 
factors are associated with disease progression in 
NAFLD, we did not evaluate these factors in this 
study. Further studies are needed to investigate 
the role of genes, environment, and their interac-
tion in the risk for advanced fibrosis among family 
member of patients with NAFLD. Since this study 
mainly included patients with advanced fibrosis, 
the prevalence of advanced fibrosis remains to be 
quantified and assessed in the non-NAFLD con-
trols and in the general population.

Future implications. NAFLD patients are widely distributed in 
the general population, and effective screening for subjects who are 
at high risk for advanced fibrosis is an unmet clinical need. Recent 
American Gastroenterological Association (AGA) and Ameri-
can Association for the Study of Liver Diseases (AASLD) practice 
guidelines state that the prevalence of advanced fibrosis among 
family members of patients with NAFLD is unknown. Therefore, 
systematic screening of family members of patients with NAFLD 
is currently not recommended unless they themselves have risk 
factors such as DM (16, 17). However, here we demonstrate that 
the prevalence of advanced fibrosis among first-degree relatives of 
probands with advanced fibrosis is approximately 15%. Moreover, 
first-degree relatives of probands with NAFLD with advanced 
fibrosis have significantly higher odds for advanced fibrosis inde-

larger population was needed before a change in clinical practice 
guidelines could be implemented. In the present study, we investi-
gated the prevalence of advanced fibrosis in first-degree relatives 
using 2 regionally independent cohorts with a total of 396 first-de-
gree relatives. This study provides much-needed validation that 
the prevalence of advanced fibrosis among first-degree relatives 
of patients with advanced fibrosis due to NAFLD is approximate-
ly 15%. Using 2 uniquely well-phenotyped independent cohorts 
from the United States and Europe, this study provides key data to 
inform clinical practice guidelines.

In addition to genetic factors, NAFLD progression is associated 
with environmental factors (24). NAFLD is closely related to meta-
bolic disorders including DM, dyslipidemia, and hypertension, and 
these factors are well-known risk factors for liver fibrosis in patients 
with NAFLD (24). Furthermore, aging is also a significant factor for 
liver fibrosis (25). In this study, we demonstrated that the proband 
status (NAFLD with advanced fibrosis) is a significant factor asso-
ciated with advanced fibrosis in first-degree relatives independent 
of age, male sex, and DM. Furthermore, the odds ratio reflecting 
the degree of risk for advanced fibrosis was highest for the proband 
status for advanced fibrosis. Therefore, the proband status confers a 
higher susceptibility toward advanced fibrosis independent of age, 
male sex, and presence of DM. A family history of advanced fibrosis 
may be used as a screening tool for detecting subjects who are at a 
higher risk of advanced fibrosis in the general population.

Strengths and limitations. In this prospective study, all par-
ticipants received systematic and standardized liver disease 
assessment, and other chronic liver diseases were excluded. Fur-
thermore, all participants received a liver fibrosis assessment, 
primarily with MRE and a subset with ultrasound-based modali-
ties through a standardized protocol. These modalities have high 
diagnostic accuracy for liver fibrosis and steatosis and are used in 
clinical trials (8, 19). The significant association between proband 
status and the prevalence of advanced fibrosis in first-degree rela-
tives was confirmed in 2 geographically distinct cohorts. NAFLD 

Table 2. Factors associated with advanced fibrosis in first-degree relatives

Univariable analysis Multivariable analysis
Odds ratio 95% CI P value Odds ratio 95% CI P value

Age ≥50 years 2.80 1.3–6.1 0.009 2.63 1.0–6.7 0.04
Sex

Female
Male

1
1.87 0.9–3.9 0.09

1
3.79 1.6–9.2 0.003

Ethnicity
Non-Hispanic
Hispanic

1
2.11 1.0–4.4 0.04

1
0.81 0.3–2.0 0.6

Obesity (BMI ≥30 kg/m2) 5.01 2.3–11 <0.001 2.09 0.8–5.3 0.1
DM 8.29 3.8–18 <0.001 3.37 1.3–9.0 0.02
Dyslipidemia 3.15 1.4–7.0 0.005 1.93 0.8–4.9 0.1
Hypertension 2.71 1.1–6.4 0.02 0.94 0.3–2.7 0.9
Proband status

Non-NAFLD 1 1
NAFLD without advanced fibrosis 2.83 0.4–21 0.3 1.46 0.2–12 0.7
NAFLD with advanced fibrosis 13.6 3.2–58 <0.001 11.8 2.5–57 0.002

Bold characters indicate significant factors with P less than 0.05.

Figure 4. Odds ratio for advanced fibrosis. Age, sex, ethnicity, obesity, 
DM, dyslipidemia, hypertension, and family history of advanced fibrosis 
were adjusted in the multivariable analysis, and adjusted odds ratios of 
independent factors for advanced fibrosis are shown.
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pendent of age, male sex, and the presence of DM. Therefore, 
this study provides new data to justify systematic screening for 
advanced fibrosis based on family history of advanced fibrosis 
due to NAFLD. These data have important implications for clini-
cal practice and upcoming AGA and AASLD practice guidelines. 
Further studies are needed to determine whether genetic testing 
may further modify this risk and whether it would be cost-effective 
to perform routine genetic testing in clinical practice (18, 20, 21). 
This study demonstrated that high-risk patients could be detected 
using routine history and systematic assessment of family history 
and could be offered targeted screening with either MRE or VCTE 
or other noninvasive modalities 
for the presence of advanced 
fibrosis in this population. There-
fore, screening for advanced 
fibrosis in first- degree relatives 
of probands with NAFLD with 
advanced fibrosis may be useful 
and may potentially be cost-ef-
fective for detecting high-risk 
patients, and the approach used 
in this study provides a practical 
screening strategy.

In conclusion, first-degree  
relatives of probands with 
NAFLD with advanced fibrosis 
have significantly increased risk 
of advanced fibrosis. Routine 
screening for advanced fibro-
sis should be done in the first- 
degree relatives of patients with 
advanced fibrosis. These data 
have important implications for 
clinical practice.

Methods
Study design. This prospective study included 
2 geographically distinct cohorts of partici-
pants, one residing in Southern California, the 
UCSD (derivation) cohort, and the other resid-
ing in Finland, the Helsinki (validation) cohort. 
In the UCSD cohort, probands with NAFLD 
with advanced fibrosis (n = 66), NAFLD with-
out advanced fibrosis (n = 17), or non-NAFLD 
(n = 73) were enrolled in the study along with 
their first-degree relatives. In NAFLD without 
advanced fibrosis and non-NAFLD, twin pairs 
were also included in the study. All subjects 
were recruited from December 2011 to July 2021 
(Figure 1). In the Helsinki cohort, all probands 
(NAFLD with advanced fibrosis, n = 21; NAFLD 
without advanced fibrosis, n = 19; and non-NA-
FLD, n = 46) were enrolled in the study initially, 
and at least 1 first-degree relative was subse-
quently recruited in the study from November 
2017 to March 2021. The baseline characteristics 
of probands are shown in Supplemental Table 1 
(supplemental material available online with this 

article; https://doi.org/10.1172/JCI162513DS1). Relatives of probands 
with non-NAFLD, NAFLD without advanced fibrosis, and NAFLD 
with advanced fibrosis were defined as groups 1, 2, and 3, respectively. 
All subjects completed written informed consent prior to enrollment.

Inclusion and exclusion criteria. All probands with at least 1 first-degree 
relative enrolled in the study were included. Probands and their first-de-
gree relatives were included if they were adults at least 18 years old in the 
UCSD cohort, and between 18 and 74 years old in the Helsinki cohort. 
All probands and their first-degree relatives in both cohorts underwent 
a standardized medical history, anthropometric measurements, physical 
examination, and biochemical testing, as well as assessment of liver fibro-

Table 3. Factors associated with advanced fibrosis in first-degree relatives, excluding 
diabetes mellitus

Univariable analysis Multivariable analysis
Odds ratio 95% CI P value Odds ratio 95% CI P value

Age ≥50 years 2.05 0.8–5.5 0.15 4.02 1.2–12.9 0.02
Sex

Female
Male

1
1.99 0.7–5.3 0.17

1
3.74 1.2–11.8 0.02

Ethnicity
Non-Hispanic
Hispanic

1
3.33 1.2–8.9 0.02

1
1.20 0.4–3.7 0.75

Obesity (BMI ≥30 kg/m2) 4.39 1.6–12.2 0.004 2.34 0.8–7.2 0.14
DM
Dyslipidemia 2.64 0.9–7.3 0.06 2.80 0.9–8.8 0.08
Hypertension 1.23 0.5–3.3 0.69 0.71 0.2–2.2 0.55
Proband status  

Non-NAFLD 1 1
NAFLD without advanced fibrosis 3.15 0.2–51.3 0.4 1.87 0.1–32.3 0.67
NAFLD with advanced fibrosis 16.6 2.2–127.1 0.007 16.8 1.9–145.2 0.01

Bold characters indicate significant factors with P less than 0.05.

Table 4. Factors associated with advanced fibrosis in first-degree relatives, excluding age ≥50

Univariable analysis Multivariable analysis
Odds ratio 95% CI P value Odds ratio 95% CI P value

Age ≥50 years
Sex

Female
Male

1
2.10 0.6–7.7 0.26

1
5.30 1.0–27.5 0.047

Ethnicity
Non-Hispanic
Hispanic

1
1.56 0.4–5.7 0.50

1
0.80 0.2–3.5 0.77

Obesity (BMI ≥30 kg/m2) 3.60 1.0–13.2 0.054 1.29 0.3–6.4 0.75
DM 8.31 1.9–37.1 0.006 11.4 1.5–87.5 0.02
Dyslipidemia 3.69 0.9–14.7 0.06 3.19 0.7–14.9 0.14
Hypertension 1.49 0.4–5.3 0.54 0.57 0.1–2.6 0.47
Proband statusA

Non-NAFLD/NAFLD w/o advanced fibrosis 1 1
NAFLD with advanced fibrosis 9.92 1.2–79.7 0.03 15.0 1.5–146.0 0.02

Bold characters indicate significant factors with P less than 0.05. AThere was no advanced fibrosis in the 
NAFLD without advanced fibrosis group, so we used non-NAFLD and NAFLD without advanced fibrosis 
combined as a referent group.
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sis and steatosis, which was by MRI-based modalities in the majority of 
participants; ultrasound-based modalities were used in participants who 
were unable to schedule or unable to undergo MRI assessment. All pro-
bands and relatives in both cohorts were assessed for other liver diseases 
(e.g., alcohol-related liver disease, viral hepatitis, autoimmune hepatitis, 
and primary biliary cholangitis), and subjects with evidence of chronic liv-
er disease other than NAFLD were excluded.

Exclusion criteria (for both probands and relatives) in both cohorts 
included any of the following: (a) significant alcohol consumption 
(defined as ≥14 drinks per week for men or ≥7 drinks per week for 
women) within the previous 2-year period; (b) underlying liver disease 
including hepatitis B, hepatitis C, hemochromatosis, Wilson’s disease, 
α1-antitrypsin deficiency, glycogen storage disease, autoimmune hepa-
titis, and cholestatic or vascular liver disease; (c) clinical or laboratory 
evidence of secondary causes or chronic conditions associated with 
hepatic steatosis including nutritional disorders and HIV infection; (d) 
use of steatogenic drugs such as amiodarone, glucocorticoids, metho-
trexate, l-asparaginase, and valproic acid; (e) major systemic illnesses; 
(f) pregnancy or attempting to become pregnant, or lactation.

Definition of NAFLD and advanced fibrosis. NAFLD was defined by 
either proton density fat fraction (PDFF) ≥ 5.0% (27), controlled atten-
uation parameter (CAP) ≥ 288 decibels per meter (dB/m) (28), or proton 
magnetic resonance spectroscopy (1H-MRS) ≥ 5.56% (29) in all subjects.

In probands, advanced fibrosis was defined by either history of liver 
transplantation due to NAFLD, the presence of ascites, hepatic encepha-
lopathy, varices, MRE ≥ 3.63 kPa (30), VCTE ≥ 10 kPa (31), or histological 
fibrosis stage 3 to 4 by Nonalcoholic Steatohepatitis Clinical Research 
Network Histologic Scoring System (32). Based on these criteria, pro-
bands were stratified as having NAFLD with advanced fibrosis, NAFLD 
without advanced fibrosis, or non-NAFLD. None of the probands who 
were the non-NAFLD controls had advanced fibrosis and NAFLD.

In first-degree relatives, advanced fibrosis was defined by previous-
ly validated criteria using either MRE ≥ 3.63 kPa (30) or VCTE ≥ 10 kPa 
(31) or acoustic radiation force impulse (ARFI) ≥ 2.07 m/s (33) regardless 
of steatosis status because liver fat decreases as liver fibrosis increases 
to advanced fibrosis or cirrhosis, a phenomenon known as burned-out 
nonalcoholic steatohepatitis (34). In the UCSD cohort, liver fibrosis was 
assessed by either MRE (75.0%, 165/220), VCTE (12.3%, 27/220), or 
ARFI (12.7%, 28/220), and liver steatosis was assessed by PDFF (87.7%, 
193/220) or CAP (12.3%, 27/220). In the Helsinki cohort, liver fibrosis 
was assessed by MRE (96.0%, 169/176) or VCTE (4.0%, 7/176), and 
liver steatosis was assessed by 1H-MRS (90.3%, 159/176) or CAP (3.4%, 
6/176); the assessment for liver steatosis was not available in 11 relatives.

Imaging assessment for fibrosis and steatosis. Advanced magnetic 
resonance examinations including MRE and PDFF using a 3T research 
scanner (GE Signa EXCITE HDxt, GE Healthcare) at the UCSD Liv-
er Imaging Group or MRE and 1H-MRS using a 1.5T research scanner 
(GE Signa HDxt, GE Healthcare) at SYNLAB were performed to assess 
liver fibrosis and steatosis. The details of the MRI protocol have been 
described previously (27, 35). Image analysts at each site were blinded 
to all clinical and biochemical data. PDFF ≥ 5.0% (27) or 1H-MRS ≥ 
5.56% (29) was considered as NAFLD (the presence of steatosis). MRE 
≥ 3.63 kPa was used for the definition of advanced fibrosis (30).

VCTE and/or CAP examinations were obtained by trained oper-
ators using the FibroScan 502 Touch model (Echosens) at UCSD and 
the FibroScan Mini 430 model (Echosens) at Helsinki according to 
previously described methods (36, 37). According to manufacturer 

protocol, all examinations were initiated with M probe, and XL probe 
was used only when prompted by the automatic probe selection tool. 
Image analysts at each site were blinded to all clinical and biochemical 
data. VCTE ≥ 10 kPa and CAP ≥ 288 dB/m were defined as advanced 
fibrosis and NAFLD, respectively (28, 31).

In the UCSD cohort, ARFI was also used for liver fibrosis assess-
ment in first-degree relatives. ARFI was obtained by trained operators 
using the Acuson S2000 (Siemens) according to previously described 
methods (38). The image analysts were blinded to all clinical and 
biochemical data. ARFI ≥ 2.07 m/s was used for the definition of 
advanced fibrosis based on a previous meta-analysis (33).

Definition of comorbidities. DM was defined using the American 
Diabetes Association criteria of hemoglobin A1c ≥ 6.5%, fasting glu-
cose > 125 mg/dL, or drug treatment (39). Dyslipidemia was defined 
by fasting high-density lipoprotein cholesterol < 40 mg/dL in males or 
< 50 mg/dL in females, fasting triglyceride > 150 mg/dL, or drug treat-
ment. Hypertension was defined by blood pressure reading > 130/85 
mmHg, or drug treatment.

Primary outcome and secondary outcome. The primary outcome 
was the prevalence of advanced fibrosis in the first-degree relatives. 
The secondary outcome was the factors associated with advanced 
fibrosis in first-degree relatives.

Statistics. The prevalence of NAFLD and advanced fibrosis in 
first-degree relatives was compared between the 3 groups using Fish-
er’s exact test. A threshold of age for advanced fibrosis was determined 
by the receiver operating characteristic curve and the Youden index. 
Univariable and multivariable logistic regression analyses were per-
formed for factors associated with advanced fibrosis. Age, sex, ethnici-
ty, BMI, DM, dyslipidemia, and hypertension are known risk factors for 
advanced fibrosis in NAFLD, and these factors were selected a priori 
for multivariable-adjusted logistic regression analysis. Statistical sig-
nificance was defined as P less than 0.05. All statistical analyses were 
performed using EZR (Saitama Medical Center, Jichi Medical Univer-
sity, Saitama, Japan) (40) and a graphical user interface for R (R Foun-
dation for Statistical Computing).

Study approval. The research protocol was approved by the Office of 
IRB administration UCSD and the Ethics Committee of the Hospital Dis-
trict of Helsinki and Uusimaa (Helsinki, Finland).
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