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Abstract 

Background Non‑alcoholic fatty liver disease (NAFLD) and metabolic syndrome (MetS) are implicated in the aetiol‑
ogy of non‑communicable diseases. Our study aimed to evaluate associations between NAFLD and MetS with overall 
and cause‑specific mortality.

Methods We used dietary, lifestyle, anthropometric and metabolic biomarker data from a random subsample 
of 15,784 EPIC cohort participants. NAFLD was assessed using the fatty liver index (FLI) and MetS using the revised 
definition. Indices for metabolic dysfunction–associated fatty liver disease (MAFLD) were calculated. The individual 
associations of these indices with overall and cause‑specific mortality were assessed using multivariable Cox pro‑
portional hazards models to estimate hazard ratios (HRs) and 95% confidence intervals (95%CIs). As a subobjective, 
risk associations with adaptations of new classifications of metabolic dysfunction–associated steatotic liver disease 
(MASLD) and metabolic and alcohol‑related liver disease (MetALD) were also assessed.

Results Among the 15,784 sub‑cohort participants, a total of 1997 deaths occurred (835 due to cancer, 520 to CVD, 
642 to other causes) over a median 15.6 (IQR, 12.3–17.1) years of follow‑up. Compared to an FLI < 30, FLI ≥ 60 was asso‑
ciated with increased risks of overall mortality (HR = 1.44, 95%CI = 1.27–1.63), and deaths from cancer (HR = 1.32, 
95%CI = 1.09–1.60), CVD (HR = 2.06, 95% CI = 1.61–2.63) or other causes (HR = 1.21, 95%CI = 0.97–1.51). Mortality risk 
associations were also elevated for individuals with MAFLD compared to those without. Individuals with MetS were 
at increased risk of all mortality endpoints, except cancer‑specific mortality. MASLD and MetALD were associated 
with higher risk of overall mortality.

Conclusions Our findings based on a prospective cohort suggest that individuals with hepatic steatosis or metabolic 
dysfunction have a higher overall and cause‑specific mortality risk.
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Background
Non-alcoholic fatty liver disease (NAFLD) is a chronic 
disease affecting approximately 25% of adults globally [1]. 
It is defined as an accumulation of fat in the liver not due 
to excess alcohol intake [2] and can range from simple 
steatosis to a severe form known as non-alcoholic stea-
tohepatitis (NASH) [3, 4]. Major risk factors for NAFLD 
include unhealthy dietary and lifestyle habits [5]. Defini-
tion and classification of NAFLD was updated in 2023 as 
metabolic dysfunction–associated steatotic liver disease 
(MASLD), with the term metabolic and alcohol-related 
liver disease (MetALD) describing a subset of MASLD in 
conjunction with higher alcohol consumption levels [6].

The gold standard method for clinical diagnosis of 
NAFLD is liver biopsy, although in clinical practice radi-
ological tests are more frequently performed [7]. Liver 
biopsy is invasive, costly and not easily implemented in 
large cohorts or population-based research settings. Sev-
eral non-invasive and less-expensive methods for diag-
nosing hepatic steatosis are based on anthropometry 
measures and levels of circulating metabolic biomark-
ers [7]. These include the fatty liver index (FLI) [8] and 
the metabolic dysfunction–associated fatty liver disease 
(MAFLD) index [9]. Calculation of such scores may be 
more feasible for population-wide risk stratification.

NAFLD can cause liver damage and increase the risk 
of hepatocellular cancer (HCC) [10]. It is also associated 
with increased risk of cardiovascular diseases (CVD), 
diabetes and many cancers, increasing the risk of mortal-
ity [11]. Current evidence on the association of NAFLD 
with mortality comes mostly from studies based on 
imaging or liver biopsy diagnoses within population- or 
hospital-based settings. Two earlier meta-analyses did 
not demonstrate any associations with all-cause mor-
tality [1, 12], but a more recent meta-analysis showed a 
positive risk association [13]. There is little evidence from 
prospective cohort studies using non-invasive indices of 
NAFLD evaluating its risk associations with all-cause and 
cause-specific mortality.

NAFLD is often described as the hepatic expres-
sion of the metabolic syndrome (MetS), a cluster of 
metabolic disorders including central obesity, systemic 
hypertension, insulin resistance and dyslipidaemia [14]. 
Individuals with MetS have a higher risk of chronic dis-
ease development [15, 16], and data from prospective 
cohorts report positive associations between MetS and 
risk of all-cause and CVD mortality [17–22], but evi-
dence evaluating associations with cancer mortality is 

scarce. It is still unclear whether any impact of MetS per-
tains to the cluster of metabolic abnormalities together 
or to any individual component [23].

In this study, using data from a subset of participants 
from the multinational European Prospective Investigation 
into Cancer and Nutrition (EPIC) cohort, we investigated 
associations between NAFLD (using FLI), MAFLD and 
MetS with the risk of all-cause and cause-specific mortality.

Methods
Study population
EPIC is a prospective cohort study of more than 521,324 
participants aimed to assess cancer and chronic dis-
ease risk factors. The study design has been previously 
described [24, 25]. Briefly, participants were recruited 
between 1992 and 2000. Blood samples were collected 
from 385,747 of the 519,978 EPIC study participants and 
346,055 of 455,680 individuals participating in eight out 
of ten EPIC countries (Denmark, France, Germany, Italy, 
the Netherlands, Spain, Sweden and UK) that also partici-
pated in the InterAct sub-study nested within EPIC [26], 
used as a basis for the present analysis. Individuals without 
available blood samples (n = 109,625) or without informa-
tion on reported diabetes status (n = 5821) were excluded, 
leaving a total of 340,234 participants eligible for inclusion 
in the InterAct sub-study [26]. A representative random 
sub-cohort stratified by centre was selected among these 
eligible participants, constituting a case-cohort design. In 
the present analyses, we excluded the Umeå centre of Swe-
den due to missing values for waist circumference (WC) 
(n = 1050). For the present analysis, we relied on a subset 
of 15,784 EPIC participants, for whom data to calculate the 
various FLI, MAFLD or MetS risk scores were available. As 
a subobjective, we also assessed risk associations for adap-
tations of MASLD and MetALD (calculated indices based 
on available data within our cohort and using FLI to iden-
tify hepatic steatosis) which have been adopted as replace-
ment definitions for NAFLD. As a further subobjective, we 
also assessed the phenotypically defined NASH score [8], 
as a non-invasive but incompletely validated scoring index 
for NASH. Each participant provided lifestyle and dietary 
information at baseline using validated, dietary and lifestyle 
questionnaires. Anthropometric measures were assessed at 
the baseline examination by trained clinical staff.

Assessment of NAFLD
The FLI, a validated algorithm of NAFLD developed by 
Bedogni et al. [8], was estimated using the following formula:

FLI =
(e(0.953× ln(TG)+ 0.139× BMI + 0.718× ln(GGT )+ 0.053×WC − 15.745))

(1+ e(0.953× ln(TG)+ 0.139× BMI + 0.718× ln(GGT )+ 0.053×WC − 15.745
X 100
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where TG stands for triglycerides, BMI for body mass 
index, GGT for Gamma-Glutamyl-Transferase, and 
WC for waist circumference. The units of TG, GGT and 
WC were mg/dL, U/L and cm, respectively. An FLI ≥ 60 
indicates presence of NAFLD whereas an FLI < 30 rules 
out NAFLD [8]. To further investigate the presence of 
NAFLD in individuals with a stronger presence of risk 
factors (e.g., higher BMI, WC), we also assessed risk asso-
ciations with an unvalidated category of FLI ≥ 80 which 
we speculate may indicate more severe NAFLD.

MAFLD is defined as liver steatosis together with met-
abolic dysfunction [9]. MAFLD consists of overweight 
(BMI ≥ 25  kg/m2), type 2 diabetes mellitus (antidia-
betic drug use or fasting plasma glucose ≥ 7.0  mmol/L), 
or a combination of at least two of the following: (i) 
WC ≥ 102 cm for men and ≥ 88 cm for women, (ii) blood 
pressure (BP) ≥ 130/85  mmHg or antihypertensive drug 
use, (iii) plasma TG ≥ 1.70 mmol/L or lipid-lowering drug 
treatment, (iv) high-density lipoprotein (HDL) choles-
terol < 1.0 mmol/L for men and < 1.3 mmol/L for women 
or lipid-lowering drug treatment, (v) prediabetes defined 
as fasting plasma glucose of 5.6–6.9 mmol/L, (vi) C-reac-
tive protein (hs-CRP) > 2  mg/L, (vi) homeostatic model 
assessment of insulin resistance (HOMA-IR) ≥ 2.5. In our 
data, HOMA-IR, medication use and some other data 
were unavailable. Thus, we modified the original formula 
[27]: (a) we utilized self-reported diabetes information 

collected at baseline, (b) we used baseline BP measures 
taken by trained personnel without consideration of anti-
hypertensive medication use, (c) plasma glucose meas-
ures were applied without consideration of fasting status. 
Almost half of participants (46%) were not fasting when 
blood samples were collected.

Assessment of calculated indices of MASLD and MetALD
We also used the new classification proposed to re-define 
NAFLD, defined as MASLD. We adapted the original 
formula for these classifications [6] to reflect the data 
availability and structure within our cohort with the 
following definitions specific to this analysis. Partici-
pants with MASLD were defined as having an FLI ≥ 60 

and at least one of the following: (i) BMI > 25  kg/m2 or 
WC > 94 cm in men or > 80 cm in women; (ii) (non)fast-
ing glucose ≥ 5.6  mmol/L (100  mg/dL) or HbA1c ≥ 5.7% 
(39  mmol/L) or self-reported diabetes at baseline; 
(iii) elevated BP (systolic BP ≥ 130  mmHg, diastolic 
BP ≥ 85 mmHg); (iv) plasma triglycerides ≥ 1.70 mmol/L 
(150  mg/dL); (v) plasma HDL cholesterol ≤ 1.0  mmol/L 
(40  mg/dL) in men and ≤ 1.3  mmol/L (50  mg/dL) in 
women. We also classified individuals with MetALD as 
those with MASLD who consume greater amounts of 
alcohol per week (140–350 g/week and 210–420 g/week 
for females and males, respectively).

Assessment of MetS
The presence of MetS was determined using the Interna-
tional Diabetes Federation (IDF) definition [28], where 
MetS is defined as: central obesity (WC > 94  cm in men 
or > 80  cm in women), plus any two of the following four 
factors: (i) raised TG (≥ 150  mg/dL or specific treatment 
for this lipid abnormality), (ii) reduced HDL cholesterol 
(< 40 mg/dL in men, < 50 mg/dL in women or specific treat-
ment, (iii) raised BP (systolic BP ≥ 130  mmHg, diastolic 
BP ≥ 85 mmHg or treatment of previously diagnosed hyper-
tension), (iv) raised fasting plasma glucose (FPG) ≥ 100 mg/
dL or previously diagnosed type 2 diabetes. We modified 
the formula to include plasma glucose instead of fasting 
plasma glucose. MetS was calculated as follows [29]:

where WC and height were measured in centimeters; 
glucose, TG and HDL in mmol/L, and systolic BP in 
mmHg. In our analyses, MetS as a continuous variable 
excludes those with FLI < 30.

We also modelled associations between MetS and all-
cause and cause-specific mortality using the harmonized 
definition proposed by IDF [30] and the modified version 
of the National Cholesterol Education Program (NCEP) 
definition, for which we also included abdominal obesity 
(WC ≥ 102 cm in men and ≥ 88 cm in women) [31].

Case ascertainment
Vital status, cause and date of death were ascertained 
using record linkage with cancer registries, boards of 

MetS score in men =

waist

height

0.5
+
glucose

5.6
+
elevated triglycerides

1.7
+
systolic blood pressure

130
−
HDL cholesterol

1.02

MetS score in women =

waist

height

0.5
+
glucose

5.6
+
elevated triglycerides

1.7
+
systolic blood pressure

130
−
cholesterol

1.28
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health, death registries, or by active follow-up. Data 
were coded using the 10th revision of the Interna-
tional Statistical Classification of Diseases, Injuries and 
Causes of Death (ICD-10) where the underlying cause 
was the official cause of death. Four different cause-
specific deaths were selected: CVD (I00–I99 excluding 
I20–I25) and coronary heart disease (CHD) (I20–I25) 
(both described in this manuscript as CVD); cancer 
deaths (C00-C97 and B21); a group for all other causes 
(including external causes of morbidity and mortal-
ity (V01–Y98); unknown causes (R96–R99), digestive 
(K00-K95) and respiratory diseases (J00-J99)).

Statistical analyses
Participant characteristics were described using 
mean ± standard deviation (SD) and percentages. FLI 
(FLI < 30, FLI ≥ 30 and < 60, FLI ≥ 60), MetS (yes, no), 
MAFLD (yes, no), MASLD (yes, no), MetALD (yes, no) 
and phenotypic NASH (yes, no) were modelled as cat-
egorical variables. FLI and MetS were also modelled as 
continuous variables. We used Cox proportional haz-
ards regression models to estimate hazard ratios (HR) 
and 95% confidence intervals (CI) between each expo-
sure and all-cause and cause-specific mortality. Entry 
time was considered as age at recruitment and exit time 
was either age at death or censoring date (lost to or end 
of follow‐up), whichever came first. For each index, we 
assessed 2 separate models. Model 1: stratified by age, 
study centre and sex. Model 2: additionally adjusted for 
smoking status (never, current, former), physical activity 
using the Cambridge index (inactive, moderately inac-
tive, moderately active, active, missing), alcohol intake 
during lifetime (never, light or never heavy; heavy or 
light former; periodically or always heavy; missing), fast-
ing status at blood collection (< 3 h since last meal (no), 
3–6  h (in between), > 6  h (yes)), tertiles of Mediterra-
nean diet score (range 0 to 9), HbA1c serum levels and 
highest level of education attainment (none, primary 
school, technical/professional, secondary, longer, miss-
ing). This confounder adjustment strategy considers 
major lifestyle factors or biochemical measures that may 
have modified the findings based on current knowledge. 
We assessed the associations between each individual 
component of the MetS (abnormal glucose metabolism, 
elevated TG, elevated BP, abdominal obesity, reduced 
HDL cholesterol and BMI per 1  kg/m2 unit increase) 
and the mortality risk using the same models. As a sub-
objective, we tested whether associations between each 
NAFLD or MetS index and mortality were modified by 
a priori defined covariates: sex, age in categories (< 45, 
45–65, > 65  years), presence of diabetes, highest level of 
education attained, menopausal status (women only), 

level of alcohol consumption at baseline (sex-specific ter-
tiles of alcohol intake), smoking status, physical activity 
and levels of hsCRP as a circulating marker of chronic 
inflammation. Assessments of interaction were obtained 
using a likelihood ratio test of models with and without 
the interaction term. Analyses were conducted using 
STATA, version 14. Missing values in covariates were 
imputed (TG, WC, systolic and diastolic BP) using mul-
tivariate imputation by chained equations (MICE) in SAS 
(SAS/STAT 15.1) with the PROC MI command.

Sensitivity and additional analyses
In sensitivity analyses, we excluded deaths that occurred 
during the first 2 years of follow‐up to minimize reverse 
causation. We additionally adjusted model 2 for circulat-
ing hsCRP levels to rule out residual confounding due to 
inflammation, except for analyses focusing of MAFLD as 
the main exposure because hs/CRP is part of the formula 
to compute MAFLD. In additional models, we excluded 
participants in the highest sex-specific tertile of alcohol 
consumption at baseline or those participants who indi-
cated being always heavy drinkers for alcohol intake dur-
ing their lifetime (26 to 276 g/day of alcohol in men, 8 to 
143  g/day of alcohol in women), participants who were 
periodically or always heavy drinkers, who reported a car-
diovascular problem at baseline or who reported any type 
of incident cancer. We also calculated the mortality risk 
for participants with phenotypic NASH using an index 
measured as elevated alanine aminotransferase (ALT) 
(≥ 40 IU/L) and at least 3 out of the 5 following metabolic 
derangements [9]: (i) BMI ≥ 30 kg/m2 or WC ≥ 102 cm in 
men and ≥ 88 cm in women, (ii) blood glucose ≥ 110 mg/
dL, HbA1c ≥ 5.7% or drug therapy for diabetes, (iii) 
HDL cholesterol ≤ 40  mg/dL in men and ≤ 50  mg/dL 
in women, (iv) TG ≥ 150  mg/dL while fasting or drug 
therapy for elevated TG, (v) BP ≥ 135/85 mmHg or drug 
therapy for hypertension. Having no data on diabetes or 
dyslipidemia medication use, we defined these variables 
based on self-reported diabetes at baseline. The pheno-
typically defined NASH score has not been fully validated 
[32, 33].

We also identified the overlap between indices by iden-
tifyingc:(1) FLI ≥ 60 and MAFLD; (2) FLI ≥ 60, MAFLD 
and MetS; (3) FLI ≥ 60, MAFLD and phenotypic NASH; 
(4) FLI ≥ 60, MAFLD, MetS and phenotypic NASH. 
Finally, we computed the Kaplan Meier curves for all-
cause and cause-specific mortality by NAFLD and MetS.

Results
Table  1 shows the baseline characteristics of the popu-
lation. Individuals with NAFLD and MetS had a higher 
intake of daily calories and BMI, were more frequently 
physically inactive, periodically, or always heavy drinkers, 



Page 5 of 14Mayén et al. BMC Medicine          (2024) 22:221  

Ta
bl

e 
1 

Ba
se

lin
e 

ch
ar

ac
te

ris
tic

s 
of

 p
ar

tic
ip

an
ts

 b
y 

ca
te

go
rie

s 
of

 F
LI

, M
A

FL
D

, p
he

no
ty

pi
c 

N
A

SH
 a

nd
 M

et
S 

ca
te

go
rie

s, 
Eu

ro
pe

an
 P

ro
sp

ec
tiv

e 
In

ve
st

ig
at

io
n 

in
to

 C
an

ce
r, 

19
92

–2
00

0 
(n

 =
 1

5,
78

4)

Ch
ar

ac
te

ri
st

ic
s

FL
I

M
A

FL
D

Ph
en

ot
yp

ic
 N

A
SH

M
et

S 
ID

F 
20

06

FL
I <

 3
0

FL
I ≥

 3
0 

an
d 

< 
60

FL
I ≥

 6
0

N
o

Ye
s

N
o 

N
A

SH
N

A
SH

N
o 

M
et

S
M

et
S

A
ge

, y
ea

rs
, m

ea
n 

±
 S

D
51

.5
 ±

 9
.3

54
.2

 ±
 8

.5
54

.8
 ±

 7
.9

52
.4

 ±
 9

.1
54

.8
 ±

 7
.9

53
.0

 ±
 8

.9
52

.9
 ±

 8
.5

52
.4

 ±
 9

54
.9

 ±
 8

.1

W
om

en
, %

81
48

36
70

36
64

33
64

57

D
ie

ta
ry

 v
ar

ia
bl

es
, m

ea
n 

±
 S

D
 o

r %

 
To

ta
l e

ne
rg

y 
in

ta
ke

, 
kc

al
/d

ay
21

30
 ±

 5
82

22
65

 ±
 6

46
23

51
 ±

 6
97

21
75

 ±
 6

08
23

48
 ±

 6
97

22
10

 ±
 6

30
23

09
 ±

 6
82

22
13

 ±
 6

27
22

26
 ±

 6
57

Re
la

tiv
e 

M
ed

ite
rr

an
ea

n 
di

et
  S

co
re

a

 
Te

rt
ile

 1
25

29
34

34
41

35
41

35
35

 
Te

rt
ile

 2
46

43
41

35
31

34
33

35
33

 
Te

rt
ile

 3
28

28
25

31
28

31
26

30
32

A
lc

oh
ol

 d
rin

ki
ng

 h
is

to
ry

, %

 
N

ev
er

, l
ig

ht
 o

r n
ev

er
 

he
av

y 
dr

in
ke

rs
67

62
59

65
59

64
57

64
61

 
H

ea
vy

 o
r l

ig
ht

 fo
rm

er
 

dr
in

ke
r

5
7

6
6

6
6

5
5

8

 
Pe

rio
di

ca
lly

 o
r a

lw
ay

s 
he

av
y 

dr
in

ke
r

8
12

18
10

18
11

15
11

13

 
M

is
si

ng
20

19
18

19
18

19
23

19
18

 
BM

I, 
kg

/m
b  ±

 S
D

23
.6

 ±
 2

.6
27

.2
 ±

 2
.7

30
.9

 ±
 4

.1
24

.8
 ±

 3
.1

31
.0

 ±
 4

.0
26

.1
 ±

 4
.3

27
.9

 ±
 4

.1
25

.3
 ±

 3
.8

29
.5

 ±
 4

.0

 
W

ai
st

 c
irc

um
fe

re
nc

e,
 

cm
 ±

 S
D

77
.6

 ±
 7

.8
91

.2
 ±

 6
.7

10
2.

0 
±

 9
.0

82
.0

 ±
 9

.8
10

2.
2 

±
 9

.0
86

.3
 ±

 1
2.

7
94

.7
 ±

 1
2.

3
83

.7
 ±

 1
1.

9
97

.0
 ±

 1
0.

6

Ph
ys

ic
al

 a
ct

iv
ity

 (C
am

br
id

ge
 in

de
x)

, %

 
In

ac
tiv

e
21

26
28

22
28

24
25

22
31

 
M

od
er

at
el

y 
in

ac
tiv

e
35

32
33

34
32

34
34

33
34

 
M

od
er

at
el

y 
ac

tiv
e

23
20

20
22

20
22

20
23

18

 
A

ct
iv

e
20

20
19

20
19

20
20

21
16

 
M

is
si

ng
1

2
1

1
1

1
2

2
1

Sm
ok

in
g 

st
at

us
, %

 
N

ev
er

50
44

38
48

38
46

37
45

47

 
Fo

rm
er

 s
m

ok
er

24
29

33
26

33
27

35
27

27

 
Cu

rr
en

t s
m

ok
er

25
26

27
25

27
26

27
26

25

 
M

is
si

ng
1

1
1

1
1

1
1

1
1

Ed
uc

at
io

n,
 %

 
N

on
e

5
11

13
7

13
9

6
7

14

 
Pr

im
ar

y 
co

m
pl

et
ed

29
37

38
32

38
33

34
31

40

 
Te

ch
ni

ca
l/ 

pr
of

es
si

on
al

23
22

22
23

22
23

23
23

20



Page 6 of 14Mayén et al. BMC Medicine          (2024) 22:221 

Ta
bl

e 
1 

(c
on

tin
ue

d)

Ch
ar

ac
te

ri
st

ic
s

FL
I

M
A

FL
D

Ph
en

ot
yp

ic
 N

A
SH

M
et

S 
ID

F 
20

06

FL
I <

 3
0

FL
I ≥

 3
0 

an
d 

< 
60

FL
I ≥

 6
0

N
o

Ye
s

N
o 

N
A

SH
N

A
SH

N
o 

M
et

S
M

et
S

 
Se

co
nd

ar
y

17
11

9
15

9
14

11
15

10

 
Te

rt
ia

ry
23

18
16

21
15

20
24

22
14

 
M

is
si

ng
2

2
2

2
2

2
2

2
1

 
H

bA
1c

 >
 6

.5
%

b
1

2
8

1
8

3
8

1
8

 
G

lu
co

se
, m

ed
ia

n,
 (Q

4)
4.

8 
(5

.3
)

5.
1 

(5
.6

)
5.

3 
(6

.0
)

4.
9 

(5
.4

)
5.

4 
(6

.1
)

5.
0 

(5
.5

)
5.

4 
(6

.3
)

4.
9 

(5
.4

)
5.

3 
(6

.0
)

Fa
st

in
g 

st
at

us
, %

 
N

o
41

39
40

40
40

40
41

41
35

 
In

 b
et

w
ee

n
15

17
19

16
19

16
19

17
16

 
Ye

s
30

31
27

31
27

30
23

28
35

 
M

is
si

ng
14

13
13

14
13

14
17

14
14

 
hs

‑C
RP

, n
g/

m
l, 

m
ed

ia
n,

 
(Q

4)
79

0.
0 

(1
,6

27
.8

)
1,

33
0.

0 
(2

,6
40

.0
)

20
00

.0
 (3

,9
60

.0
)

94
0.

0 
(1

94
0.

0)
2,

03
0 

(4
,0

00
.0

)
1,

10
0.

0 
(2

,3
80

.0
)

1,
49

0.
0 

(3
,0

10
.0

)
98

0.
0 

(2
,0

75
.0

)
17

70
.0

 
(3

,6
30

.0
)

 
H

D
L 

ch
ol

es
te

ro
l, 

m
m

ol
/l,

 m
ed

ia
n 

(Q
4)

1.
6 

(1
.9

)
1.

3 
(1

.6
)

1.
2 

(1
.4

)
1.

5 
(1

.8
)

1.
2 

(1
.4

)
1.

5 
(1

.8
)

1.
2 

(1
.5

)
1.

5 
(1

.8
)

1.
2 

(1
.5

)

 
Tr

ig
ly

ce
rid

es
, m

m
ol

/l,
 

m
ed

ia
n 

(Q
4)

0.
9 

(1
.2

)
1.

3 
(1

.8
)

1.
9 

(2
.7

)
1.

0 
(1

.4
)

1.
9 

(2
.6

)
1.

1 
(1

.6
)

1.
8 

(2
.7

)
1.

3 
(1

.8
)

1.
9 

(2
.7

)

 
A

SA
T,

 IU
/l,

 m
ed

ia
n 

(Q
4)

25
.0

 (2
9.

0)
28

.0
 (3

2.
0)

30
.9

 (3
7.

0)
26

.0
 (3

0.
0)

31
.0

 (3
7.

0)
26

.3
 (3

1.
0)

43
.0

 (5
2.

0)
27

.0
 (3

1.
0)

28
.0

 (3
3.

0)

 
A

LA
T,

 IU
/l,

 m
ed

ia
n 

(Q
4)

16
.0

 (2
0.

0)
20

.0
 (2

7.
0)

26
.0

 (3
7.

0)
17

.0
 (2

2.
0)

25
.9

 (3
7.

0)
18

.0
 (2

4.
0)

50
.0

 (6
2.

0)
18

.0
 (2

4.
0)

22
.0

 (3
0.

0)

 
G

G
T,

 m
g/

dL
, m

ed
ia

n 
(Q

4)
16

.0
 (2

1.
0)

24
.0

 (3
5.

0)
38

.0
 (6

2.
0)

18
.0

 (2
6.

0)
38

.0
 (6

1.
0)

20
.0

 (3
0.

0)
56

.0
 (9

7.
0)

19
.0

 (3
1.

0)
25

.0
 (4

1.
0)

El
ev

at
ed

 b
lo

od
  p

re
ss

ur
ec

 
Ye

s, 
%

21
34

46
25

46
29

47
18

70

Th
e 

di
st

rib
ut

io
n 

by
 c

ou
nt

ry
 is

 d
efi

ne
d 

as
 fo

llo
w

s:
 F

ra
nc

e 
(4

%
), 

Ita
ly

 (1
3%

), 
Sp

ai
n 

(2
4%

), 
U

K 
(9

%
), 

N
et

he
rla

nd
s 

(1
0%

), 
G

er
m

an
y 

(1
4%

), 
Sw

ed
en

 (1
2%

) a
nd

 D
en

m
ar

k 
(1

4%
)

AS
AT

 a
sp

ar
ta

te
 a

m
in

ot
ra

ns
fe

ra
se

, A
LA

T 
al

an
in

e 
tr

an
sa

m
in

as
e,

 B
M

I b
od

y 
m

as
s 

in
de

x,
 G

G
T  

ga
m

m
a-

gl
ut

am
yl

 tr
an

sf
er

as
e,

 h
s-

CR
P 

hi
gh

-s
en

si
tiv

ity
 C

-r
ea

ct
iv

e 
pr

ot
ei

n,
 F

LI
 fa

tt
y 

liv
er

 in
de

x,
 H

D
L 

hi
gh

-d
en

si
ty

 li
po

pr
ot

ei
n,

 ID
F 

In
te

rn
at

io
na

l D
ia

be
te

s 
Fe

de
ra

tio
n,

 M
AF

LD
 m

et
ab

ol
ic

 d
ys

fu
nc

tio
n-

as
so

ci
at

ed
 fa

tt
y 

liv
er

 d
is

ea
se

, M
et

S 
m

et
ab

ol
ic

 s
yn

dr
om

e,
 Q

4 
qu

ar
til

e 
4

a  rM
ED

 s
co

re
 is

 b
as

ed
 o

n 
te

rt
ile

s 
of

 M
ed

ite
rr

an
ea

n 
di

et
 s

co
re

 (r
an

ge
d 

0 
to

 9
, c

on
si

de
rin

g 
th

e 
co

m
bi

ne
d 

in
ta

ke
 o

f f
ru

its
, v

eg
et

ab
le

s, 
le

gu
m

es
, c

er
ea

ls
, l

ip
id

s, 
fis

h,
 d

ai
ry

 p
ro

du
ct

s, 
m

ea
t p

ro
du

ct
s 

an
d 

al
co

ho
l i

nt
ak

e)
. E

ac
h 

rM
ED

 c
om

po
ne

nt
 (a

pa
rt

 fr
om

 a
lc

oh
ol

) w
as

 m
ea

su
re

d 
as

 g
 p

er
 2

00
0 

kc
al

/d
ay

 (t
o 

ex
pr

es
s 

in
ta

ke
 a

s 
en

er
gy

 d
en

si
ty

) a
nd

 w
as

 d
iv

id
ed

 in
to

 te
rt

ile
s 

of
 d

ie
ta

ry
 in

ta
ke

b  D
ia

be
te

s 
de

fin
ed

 a
cc

or
di

ng
 to

 th
e 

N
at

io
na

l G
ly

co
he

m
og

lo
bi

n 
St

an
da

rd
iz

at
io

n 
Pr

og
ra

m
 (H

bA
1c

 >
 6

.5
%

)
c  E

le
va

te
d 

bl
oo

d 
pr

es
su

re
 re

fe
rs

 to
 ≥

 1
30

/8
5 

m
m

H
g



Page 7 of 14Mayén et al. BMC Medicine          (2024) 22:221  

and more frequently had diabetes. During a mean follow-
up of 14.4 years, 1997 deaths were registered within the 
15,784 participants. Of these deaths, 835 were due to 
cancer, 520 due to CVD and 642 due to any other cause 
of death.

All‑cause mortality
Table 2 shows associations between NAFLD and MetS 
indices with all-cause mortality. FLI was positively 
associated with the risk of all-cause mortality with a 
HR 1.12 (95%CI = 1.09–1.16) per 10-point increase. 
Participants with an FLI ≥ 60 demonstrated a HR 
of 1.44 (95%CI = 1.27–1.63) whereas those with the 
arbitrary cut-point of FLI ≥ 80 showed a HR of 1.74 
(95%CI = 1.50–2.01) for all-cause mortality, as com-
pared to participants with FLI < 30 (Additional file  1: 
Supplementary Table  1). MetS was positively asso-
ciated with risk of all-cause mortality, with a HR of 
1.42 (95%CI = 1.30–1.54) per 1-unit increase, and 37% 
higher risk of all-cause mortality in those with MetS 
(HR 1.37, 95%CI = 1.24–1.52), compared to those 
without MetS. Having MAFLD was positively asso-
ciated with all-cause mortality with HRs of 1.39 (95% 
CI = 1.25–1.55). Associations for all-cause mortality 
followed the same pattern by sex. We found evidence 
for heterogeneity of associations by alcohol intake 
at baseline for FLI (Additional file  1: Supplementary 

Table 2) with a p-interaction = 0.003 with the strongest 
association seen in heavy drinkers with FLI ≥ 60 com-
pared to light drinkers with FLI < 30. As for MetS com-
ponents, abnormal glucose metabolism appeared to be 
the strongest driver for the observed positive associa-
tion of MetS with all-cause mortality (Additional file 1: 
Supplementary Table 3).

Cancer mortality
Table  3 shows associations between NAFLD and MetS 
indices with cancer mortality. A positive association 
was found between FLI and the risk of cancer mortal-
ity with a HR of 1.09 (95%CI = 1.04 − 1.15) per 10-unit 
increase. In categorical analyses, individuals with an 
FLI ≥ 60 had a 32% higher risk of cancer mortality (HR 
1.32, 95%CI = 1.09 − 1.60) while those with an arbi-
trary cut-off of FLI ≥ 80 to identify participants with 
NAFLD, had a 56% higher risk of cancer mortality (HR 
1.56, 95%CI = 1.24 − 1.96), compared to those with an 
FLI < 30 (Additional file 1: Supplementary Table 1). Hav-
ing MAFLD was positively associated with cancer mor-
tality with a HR of 1.25 (95% CI = 1.06 − 1.48) compared 
with not having MAFLD. We did not find evidence 
for heterogeneity of associations by sex between FLI 
(p-interaction = 0.741), MAFLD (p-interaction = 0.901), 
or MetS (p-interaction = 0.286) and cancer mortality. 
Cancer mortality results by sex for all indices are shown 

Table 2 HRs (95% CIs) for all‑cause mortality according to FLI, MAFLD and MetS indices, European Prospective Investigation into 
Cancer, 1992–2000 (n = 15,784)

Model 1: Stratified by centre, sex and age at recruitment

Model 2: Model 1 additionally adjusted for smoking status, physical activity, lifetime alcohol pattern (never drinker, former drinker, light or never heavy drinker, 
periodically or always heavy drinker, unknown), education level, HbA1c, fasting status and Mediterranean diet score

CI confidence interval, FLI fatty liver index, HR hazard ratio, IDF International Diabetes Federation, MAFLD metabolic dysfunction-associated fatty liver disease, MetS 
metabolic syndrome
a MetS as a continuous variable excludes those with FLI < 30. P-interaction by sex for categorical FLI (p = 0.287), MAFLD (p = 0.892) and categorical MetS (p = 0.531)

FLI MAFLD MetS IDF 2006

FLI < 30 FLI ≥ 30 
and < 60

FLI ≥ 60 FLI (per each 
10‑point 
increase)a

No Yes No MetS MetS MetS (per 1 unit 
increase)

All

 Cases, N 746 530 721 1251 1291 706 1337 660 1997

 Model 1 1.00 1.07 (0.95 − 1.21) 1.50 (1.33 − 1.69) 1.13 (1.09 − 1.16) 1.00 1.44 (1.30 − 1.60) 1.00 1.41 (1.28 − 1.56) 1.48 (1.37 − 1.61)

 Model 2 1.00 1.05 (0.93 − 1.19) 1.44 (1.27 − 1.63) 1.12 (1.09 − 1.16) 1.00 1.39 (1.25 − 1.55) 1.00 1.37 (1.24 − 1.52) 1.42 (1.30 − 1.54)

Men

 Cases, N 214 290 528 818 518 514 662 370 1,032

 Model 1 1.00 0.94 (0.78 − 1.13) 1.43 (1.20 − 1.69) 1.15 (1.11 − 1.20) 1.00 1.47 (1.29 − 1.68) 1.00 1.51 (1.31 − 1.73) 1.52 (1.36 − 1.70)

 Model 2 1.00 0.92 (0.76 − 1.12) 1.32 (1.11 − 1.58) 1.13 (1.09 − 1.18) 1.00 1.37 (1.20 − 1.57) 1.00 1.37 (1.19 − 1.58) 1.35 (1.19 − 1.54)

Women

 Cases, N 532 240 193 433 773 192 675 290 965

 Model 1 1.00 1.20 (1.02 − 1.41) 1.49 (1.24 − 1.78) 1.08 (1.03 − 1.14) 1.00 1.39 (1.17 − 1.65) 1.00 1.31 (1.13 − 1.52) 1.31 (1.13 − 1.52)

 Model 2 1.00 1.17 (0.99 − 1.39) 1.46 (1.21 − 1.75) 1.09 (1.03 − 1.14) 1.00 1.37 (1.15 − 1.63) 1.00 1.30 (1.12 − 1.52) 1.30 (1.12 − 1.52)
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in Table 3. In addition, we found evidence for heteroge-
neity of associations between FLI and cancer mortality by 
alcohol intake at baseline (Additional file 1: Supplemen-
tary Table 2) with a p-interaction = 0.020.

Cardiovascular disease mortality
Table  4 shows associations between NAFLD and MetS 
indices with CVD mortality. FLI was positively associ-
ated with the risk of CVD mortality, with a HR of 1.15 
(95%CI = 1.08 − 1.22) per 10-point increase, and a HR of 
2.06 (95%CI = 1.61 − 2.63) for individuals with FLI ≥ 60 
compared to FLI < 30. Those with an FLI ≥ 80 displayed 
a HR of 2.41 (95%CI 1.82 − 3.20) compared to FLI < 30 
(Additional file  1: Supplementary Table  1). MAFLD and 
MetS were positively associated with the risk of CVD 
mortality, with a HR of 1.84 (95%CI = 1.50 − 2.24) and 1.75 
(95%CI = 1.44 − 2.12), respectively. MetS as a continuous 
variable was also positively associated with CVD mortal-
ity with a HR of 1.72 (95%CI = 1.49 − 1.99) per one-unit 
increase. Associations by sex followed a similar pattern. 
We also found evidence for heterogeneity of associations 
with CVD mortality by alcohol intake at baseline for FLI 
(p-interaction = 0.003; Additional file  1: Supplementary 
Table  2). As for MetS components, abnormal glucose 
metabolism was the strongest driver of higher CVD mor-
tality risk (Additional file 1: Supplementary Table 3).

Any other cause of death
Table  5 shows associations between NAFLD and MetS 
indices with any other cause of death. All NAFLD and 
MetS indices were positively associated with the risk of 
any other cause of death. Most associations in men were 
not statistically significant. As for MetS components, 
abnormal glucose metabolism appeared to be the strong-
est driver of the higher risk of mortality due to any other 
causes (Additional file 1: Supplementary Table 3).

MASLD and MetALD
Table  6 shows associations between calculated indices 
of MASLD and MetALD with mortality. We found a 
higher risk for all-cause mortality in individuals with 
MASLD (HR = 1.40, 95%CI = 1.26 − 1.56) compared to 
those without, but the association became stronger in 
those with MetALD (HR = 1.59, 95%CI = 1.33 − 1.90). 
Associations between MASLD and MetALD with can-
cer, cardiovascular mortality or other causes or death 
were also increased.

Sensitivity and additional analyses
In sensitivity analyses (Additional file 1: Supplementary 
Table 4), findings for all-cause and cause-specific mortal-
ity were not meaningfully altered. When excluding those 
with the highest tertile of sex-specific alcohol intake or 
periodically and always heavy drinkers during lifetime, 

Table 3 HRs (95% CIs) for cancer mortality according to FLI, MAFLD and MetS indices, European Prospective Investigation into Cancer, 
1992–2000 (n = 15,784)

Model 1: stratified by centre, sex and age at recruitment

Model 2: Model 1 additionally adjusted for smoking status, physical activity, lifetime alcohol pattern (never drinker, former drinker, light or never heavy drinker, 
periodically or always heavy drinker, unknown), education level, HbA1c, fasting status and Mediterranean diet score

CI confidence interval, FLI fatty liver index, HR hazard ratio, IDF International Diabetes Federation, MAFLD metabolic dysfunction-associated fatty liver disease, MetS 
metabolic syndrome
a MetS as a continuous variable excludes those with FLI < 30. P-interaction by sex for categorical FLI (p = 0.741), MAFLD (p = 0.901) and categorical MetS (p = 0.286)

FLI MAFLD MetS IDF 2006

FLI < 30 FLI ≥ 30 
and < 60

FLI ≥ 60 FLI (per each 
10‑point 
increase)a

No Yes No MetS MetS Mets (per 1 unit 
increase)

All

 Cases, N 344 223 268 491 575 260 609 226 835

 Model 1 1.00 1.09 (0.91 − 1.31) 1.36 (1.12 − 1.64) 1.09 (1.04 − 1.15) 1.00 1.28 (1.08 − 1.51) 1.00 1.16 (0.98 − 1.36) 1.16 (1.01 − 1.34)

 Model 2 1.00 1.08 (0.90 − 1.30) 1.32 (1.09 − 1.60) 1.09 (1.04 − 1.15) 1.00 1.25 (1.06 − 1.48) 1.00 1.14 (0.97 − 1.35) 1.13 (0.98 − 1.30)

Men

 Cases, N 90 119 192 311 216 185 286 115 401

 Model 1 1.00 0.94 (0.70 − 1.26) 1.29 (0.98 − 1.69) 1.12 (1.05 − 1.19) 1.00 1.31 (1.06 − 1.62) 1.00 1.09 (0.87 − 1.37) 1.24 (1.02 − 1.51)

 Model 2 1.00 0.94 (0.70 − 1.26) 1.24 (0.94 − 1.64) 1.12 (1.04 − 1.19) 1.00 1.26 (1.01 − 1.57) 1.00 1.04 (0.82 − 1.31) 1.20 (0.97 − 1.50)

Women

 Cases, N 254 104 76 180 359 75 323 111 434

 Model 1 1.00 1.22 (0.96 − 1.55) 1.33 (1.01 − 1.76) 1.05 (0.97 − 1.14) 1.00 1.23 (0.94 − 1.61) 1.00 1.23 (0.98 − 1.55) 1.09 (0.89 − 1.33)

 Model 2 1.00 1.22 (0.95 − 1.56) 1.32 (1.00 − 1.76) 1.06 (0.98 − 1.15) 1.00 1.22 (0.93 − 1.60) 1.00 1.24 (0.98 − 1.57) 1.06 (0.87 − 1.30)
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Table 4 HRs (95% CIs) for cardiovascular disease mortality according to FLI, MAFLD and MetS indices, European Prospective 
Investigation into Cancer, 1992–2000 (n = 15,784)

Model 1: stratified by centre, sex and age at recruitment

Model 2: Model 1 additionally adjusted for smoking status, physical activity, alcohol drinking during lifetime, education level, HbA1c, fasting status and Mediterranean 
diet score

CI confidence interval, FLI fatty liver index, HR hazard ratio, IDF International Diabetes Federation, MAFLD metabolic dysfunction-associated fatty liver disease, MetS 
metabolic syndrome, NA not available
1 MetS as a continuous variable excludes those with FLI < 30. P-interaction by sex for categorical FLI (p = 0.316), MAFLD (p = 0.283) and categorical MetS (p = 0.018)

FLI MAFLD MetS IDF 2006

FLI < 30 FLI ≥ 30 and < 60 FLI ≥ 60 FLI (per each 
10‑point 
increase)1

No Yes No MetS MetS Mets (per 1 unit 
increase)

All

Cases, N 149 147 224 371 298 222 305 215 520

Model 1 1.00 1.27 (0.99 − 1.63) 2.04 (1.60 − 2.59) 1.15 (1.08 − 1.21) 1.00 1.80 (1.48 − 2.19) 1.00 1.77 (1.47 − 2.13) 1.77 (1.53 − 2.04)

Model 2 1.00 1.28 (0.99 − 1.64) 2.06 (1.61 − 2.63) 1.15 (1.08 − 1.22) 1.00 1.84 (1.50 − 2.24) 1.00 1.75 (1.44 − 2.12) 1.72 (1.49 − 1.99)

Men

Cases, N 41 80 172 252 123 170 153 140 293

Model 1 1.00 1.26 (0.85 − 1.86) 1.83 (1.53–2.19) 1.21 (1.13 − 1.29) 1.00 2.07 (1.62 − 2.65) 1.00 2.27 (1.78 − 2.90) 1.78 (1.47 − 2.16)

Model 2 1.00 1.29 (0.87 − 1.93) 1.64 (1.33 − 2.03) 1.19 (1.11 − 1.28) 1.00 1.93 (1.50 − 2.49) 1.00 2.05 (1.59 − 2.65) 1.55 (1.24 − 1.95)

Women

Cases, N 108 67 52 119 175 52 152 75 227

Model 1 1.00 1.35 (0.97 − 1.88) 1.66 (1.37 − 2.02) 1.03 (0.93 − 1.14) 1.00 1.47 (1.05 − 2.07) 1.00 1.24 (0.92 − 1.67) 1.75 (1.41 − 2.16)

Model 2 1.00 1.42 (1.01 − 1.99) 1.70 (1.39 − 2.07) 1.04 (0.93 − 1.15) 1.00 1.53 (1.08 − 2.18) 1.00 1.28 (0.93 − 1.75) 1.78 (1.42 − 2.21)

Table 5 HRs (95% CIs) for risk of any other cause of death according to FLI, MAFLD and MetS indices, European Prospective 
Investigation into Cancer, 1992–2000 (n = 15,784)

Model 1: stratified by centre, sex and age at recruitment

Model 2: Model 1 additionally adjusted for smoking status, physical activity, lifetime alcohol pattern (never drinker, former drinker, light or never heavy drinker, 
periodically or always heavy drinker, unknown), education level, HbA1c, fasting status and Mediterranean diet score.NA: not available

CI confidence interval, FLI fatty liver index, HR hazard ratio, IDF International Diabetes Federation, MAFLD metabolic dysfunction-associated fatty liver disease, MetS 
metabolic syndrome
1 MetS as a continuous variable excludes those with FLI < 30. P-interaction by sex for categorical FLI (p = 0.297), MAFLD (p = 0.378) and categorical MetS (p = 0.553)

FLI MAFLD MetS IDF 2006

FLI < 30 FLI ≥ 30 and < 60 FLI ≥ 60 FLI (per each 
10‑point 
increase)1

No Yes No MetS MetS Mets (per 1 unit 
increase)

All

Cases, N 253 160 229 389 414 228 423 219 642

Model 1 1.00 0.93 (0.74 − 1.15) 1.33 (1.07 − 1.64) 1.15 (1.09 − 1.22) 1.00 1.37 (1.14 − 1.65) 1.00 1.49 (1.24 − 1.78) 1.63 (1.42 − 1.88)

Model 2 1.00 0.90 (0.72 − 1.12) 1.21 (0.97 − 1.51) 1.14 (1.08 − 1.21) 1.00 1.27 (1.06 − 1.54) 1.00 1.39 (1.16 − 1.67) 1. 52 (1.32 − 1.75)

Men

Cases, N 83 91 164 338 175 163 223 115 338

Model 1 1.00 0.77 (0.56 − 1.06) 1.10 (0.83 − 1.47) 1.06 (1.01 − 1.10) 1.00 1.27 (1.01 − 1.60) 1.00 1.49 (1.16 − 1.92) 1.60 (1.32 − 1.93)

Model 2 1.00 0.74 (0.53 − 1.02) 0.96 (0.71 − 1.30) 1.03 (0.99 − 1.08) 1.00 1.15 (0.90 − 1.45) 1.00 1.27 (0.98 − 1.65) 1.37 (1.10 − 1.71)

Women

Cases, N 170 69 65 110 239 65 200 104 304

Model 1 1.00 1.06 (0.78 − 1.43) 1.59 (1.16 − 2.17) 1.18 (1.07 − 1.32) 1.00 1.56 (1.16 − 2.10) 1.00 1.49 (1.15 − 1.92) 1.67 (1.36 − 2.06)

Model 2 1.00 1.00 (0.73 − 1.36) 1.49 (1.08 − 2.06) 1.19 (1.06 − 1.33) 1.00 1.49 (1.10 − 2.03) 1.00 1.45 (1.11 − 1.89) 1.63 (1.31 − 2.03)
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the positive associations with mortality remain among 
those having FLI ≥ 60. Using the MetS IDF 2009 harmo-
nized and NCEP definitions did not drastically alter the 
findings (Additional file  1: Supplementary Table  5). As 
for the overlap in indices, we found a positive association 
with all-cause mortality for individuals with (1) FLI ≥ 60, 
MAFLD and MetS (HR 1.43, 95%CI 1.25 − 1.64); (2) 
FLI ≥ 60, MAFLD and phenotypic NASH (HR 1.59, 
95% CI 1.20 − 2.10) and (3) FLI ≥ 60, MAFLD, MetS 
and phenotypic NASH (HR 1.64, 95% CI 1.27 − 2.11). 
In additional analyses, having phenotypic NASH was 
positively associated with all-cause mortality (HR = 1.32, 
95%CI = 1.11 − 1.56) and CVD mortality (HR = 1.60, 
95%CI = 1.18 − 2.17) (data not shown). Heterogeneity of 
associations between phenotypic NASH and CVD mor-
tality by smoking status (p-interaction = 0.006) in Addi-
tional file  1: Supplementary Table  6. The Kaplan Meier 
curves for all-cause and cause-specific mortality by 
NAFLD and MetS are shown in Additional file  1: Sup-
plementary Fig. 1.

Discussion
In this large study based on a prospective cohort, we 
observe that NAFLD, MAFLD and MetS are associ-
ated with increased risk of mortality, particularly from 
CVD (NAFLD, MAFLD, Mets) and cancer (NAFLD, 
MAFLD). Of the individual MetS components, abnor-
mal glucose metabolism was the strongest driver of 
mortality risk associations. Strong, positive risk asso-
ciations for all-cause, cancer and CVD mortality were 
also observed for classifications of MASLD and Met-
ALD, which have been proposed to replace NAFLD 
terminology [6]. Sensitivity analyses did not mean-
ingfully alter our findings. We also observed an even 
higher risk of mortality for individuals who had higher 
baseline alcohol consumption levels with NAFLD (all-
cause, cancer and CVD mortality). Overall, although 
our findings further highlight the health implications 
of metabolic dysfunction and hepatic steatosis. They 
also demonstrate the need for further assessment and 
validation of these scores in different populations and 
studying the impact of interventions aimed at improv-
ing metabolic dysfunction and reducing hepatic fat 
accumulation.

Existing evidence on NAFLD and mortality risk 
is inconsistent. Two previous global meta-analyses 
including population- or hospital-based studies and 
ranging in size from 173 to 11,613 participants showed 
no statistically significant associations between NAFLD 
and risk of all-cause, cancer or CVD mortality [1, 12]. 
In contrast, another meta-analysis of population-based 
studies ranging in size from 337 to 318,224 participants 
showed a positive risk association between NAFLD 
and all-cause mortality but no association with CVD 
or cancer mortality [13]. However, this meta-analysis 
included studies with type 2 diabetes, chronic kidney 
disease or myocardial infarction patients and NAFLD 
was diagnosed using either abdominal imaging, liver 
biopsy or ultrasonography. Liver biopsy is the gold 
standard of NAFLD or NASH diagnoses, but is expen-
sive, invasive and presents side-effects (e.g. bleeding 
and infection) [34], being impractical for use in large 
population-based studies. The development and vali-
dation of non-invasive indices to predict NAFLD and 
NASH could potentially be a more cost-effective strat-
egy to identify high-risk individuals for prevention 
purposes.

In line with our findings, another cohort study in 
Korea (n = 418,296 deaths) [35] has shown positive risk 
associations between NAFLD and all-cause, CVD and 
cancer mortality. Similar associations with all-cause 
mortality have been observed in two smaller Euro-
pean prospective studies [36, 37]. Another prospective 

Table 6 HRs (95% CIs) for mortality risk according to the new 
nomenclature of metabolic dysfunction‑associated steatotic liver 
disease (MASLD), European Prospective Investigation into Cancer, 
1992–2000 (n = 15,733)

MetALD individuals with MASLD who consume more than the recommended 
amounts of alcohol per week (> 140 g/week and 210 g/week for females and 
males)
a All participants disregarding alcohol consumption. Calculated index of MASLD 
based on FLI values
b Calculated index of MetALD. Comparison of participants with MASLD and 
with high alcohol intake: > 140 g/week and 210 g/week for females and males, 
respectively, vs. those with lower alcohol intake

Calculated Index of MASLDa Calculated Index of 
METALDb

No Yes No Yes

All‑cause mortality

Cases, N 1276 721 1775 213

Model 1 1.00 1.44 (1.31 − 1.61) 1.00 1.71 (1.45 − 2.02)

Model 2 1.00 1.40 (1.26 − 1.56) 1.00 1.59 (1.33 − 1.90)

Cancer mortality

Cases, N 567 268 748 81

Model 1 1.00 1.30 (1.10 − 1.53) 1.00 1.60 (1.23 − 2.08)

Model 2 1.00 1.27 (1.08 − 1.51) 1.00 1.43 (1.08 − 1.88)

Cardiovascular mortality

Cases, N 182 110 259 33

Model 1 1.00 1.60 (1.22 − 2.10) 1.00 2.35 (1.52 − 3.63)

Model 2 1.00 1.60 (1.20 − 2.11) 1.00 2.82 (1.77 − 4.50)

Other causes of death

Cases, N 413 229 571 68

Model 1 1.00 1.38 (1.15 − 1.65) 1.00 1.59 (1.19 − 2.14)

Model 2 1.00 1.28 (1.06 − 1.55) 1.00 1.30 (0.95 − 1.78)
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study including data from health insurance records 
(n = 14,991 deaths) assessed mortality risks in Finnish 
individuals with NAFLD at 4 consecutive timepoints 
between 2009 and 2013 [38]. The study observed that 
individuals with NAFLD had significantly higher mor-
tality risk than those without NAFLD [38]. A novel 
aspect of our study is our choice of a second, but arbi-
trary, cut-off value of FLI ≥ 80, assuming that those 
with a very high FLI score have more serious degrees of 
steatosis, needing to be validated in additional studies. 
This sub-analysis showed strong risk associations for 
all-cause, cancer and CVD mortality, among those with 
FLI ≥ 80 compared to those with FLI < 30, with much 
higher magnitudes of risk than those observed for a 
cut-off value of FLI ≥ 60.

Our observations of positive associations between 
MetS and risk of all-cause and cancer mortality are in 
line with findings from other prospective cohort studies 
or primary health care data focused on various popula-
tions [17, 19, 20, 37, 39, 40]. Our lack of statistical signifi-
cance for the association of MetS with cancer mortality 
may be related to study power. Also in line with our find-
ings, previous literature has shown positive associations 
between MetS and CVD mortality in retrospective and 
prospective cohort designs or studies using health care 
data and focusing on specific populations (i.e. American 
and Iranian) [23, 41–43].

MAFLD is an index which emphasizes the pathogenic 
association of fatty liver disease with metabolic dysfunc-
tion [27] and it is defined as liver steatosis in combination 
with metabolic dysfunction [9]. MetS plays a major role 
in driving the perturbations of cardiometabolic homeo-
stasis and its incidence and prevalence positively corre-
lates with that of MAFLD [44]. A recent meta-analysis 
reported a higher risk of all-cause, cancer and CVD mor-
tality with presence of MAFLD [45], in line with our find-
ings. As for NASH, previous evidence on risk of mortality 
is scarce and inconsistent [46, 47].

In our study we also compared associations between 
each individual component of MetS and risk of mortal-
ity. We found positive associations between each MetS 
component with all-cause and CVD mortality, while a 
higher risk of cancer mortality was observed only for 
higher abdominal obesity (i.e. ≥ 94 cm in men, ≥ 80 cm 
in women). Previous evidence on associations between 
individual MetS components and mortality is incon-
sistent, with potential reported differences by sex [43], 
age [48] and ethnicity [49]. A recent meta-analysis of 
13 observational cohort studies demonstrated a strong 
positive association between MetS, but not its individ-
ual components, and all-cause mortality [50], whereas 
an earlier meta-analysis of 20 cohort studies of elderly 
adults also reported positive all-cause mortality risk 

associations for higher blood glucose and lower HDL 
cholesterol, in addition to a positive association for 
MetS itself [48].

As the different indices each aim to identify some 
form of metabolic dysfunction, we expected an over-
lap of findings between them. We found positive risk 
associations between each index and risk of all-cause 
mortality. According to our observations, having two 
or more indices which identify metabolic dysfunction 
increased the risk of all-cause mortality more than the 
risk predicted by one single index, thus the duration 
of metabolic dysfunction and fatty liver disease may 
have worse health implications. Publications on the 
duration of metabolic dysfunction and fatty liver dis-
ease are only recently appearing and more research is 
required.

Fatty liver disease nomenclature has recently been 
reclassified with the term MASLD chosen by consensus 
to replace NAFLD, with some alterations in the diagnos-
tic definition [6]. Using calculated indices based on FLI 
to approximate this newer classification, we observe a 
higher risk of all-cause, cancer and CVD mortality for 
individuals with MASLD or MetALD compared to those 
without. Additional studies are needed to validate the FLI 
against MASLD and MetALD terminology.

The strengths of our study include its prospective 
design, long follow-up and large sample size, allow-
ing linking of information collected at baseline to 
mortality at a later point in time. We performed sen-
sitivity analyses to address potential reverse causa-
tion by exclusion of the first 2  years of follow-up. We 
also investigated residual confounding due to chronic 
inflammation by adjusting for circulating hs-CRP levels 
and excluding participants with higher alcohol intake 
levels at baseline, as well as periodically and always 
heavy drinkers during lifetime. We also looked at het-
erogeneity by tobacco smoking and excessive alcohol 
consumption, given their relevance as avoidable causes 
of death. However, additional studies are required to 
assess these interactions in different populations. Our 
study also had limitations. First, only the FLI, MAFLD 
and MetS indices have been previously validated in dif-
ferent populations, while the phenotypic NASH index 
still needs validation. Moreover, we utilized FLI-based 
estimation of hepatic steatosis to calculate indices of 
MASLD and MetALD. Secondly, we were not able to 
control for medication use due to data unavailability 
in our cohort. Another limitation is some misclassi-
fication of lifestyle factors. For instance, the FLI does 
not adequately assess lean NAFLD (i.e. NAFLD in non-
obese subjects). Pathophysiological mechanisms justi-
fying the non-obese and lean phenotypes are not well 
understood, but they may include a more dysfunctional 
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fat, altered body composition, genetic predisposition, 
epigenetic alterations and different gut microbiota 
profiles [51]. Fourthly, in our dataset, a large percent-
age of participants were either not fasting (< 3 h since 
last meal, 40%) or were in between meals (3–6 h, 16%) 
at blood collection whereas 14% of participants had 
missing data. The inability to focus exclusively on fast-
ing subjects may have introduced potential bias in the 
observed risk associations. Finally, even though we 
showed higher mortality risk estimates with a cut-point 
of FLI ≥ 80 in an attempt to identify individuals with a 
stronger presence of metabolic risk factors, our choice 
of cut-off was arbitrary and needs to be extensively val-
idated by further studies.

Conclusions
We conclude that FLI and MetS, non-invasive indices 
of metabolic dysfunction, are strongly associated with 
increased risk of all-cause and cause-specific mortality. 
Broadly similar observations were made for MAFLD. 
These indices are easier to assess across larger stud-
ies than currently used imaging and liver biopsy tech-
niques for assessment of hepatic steatosis. Assessment 
of the up-to-date classifications of MASLD and Met-
ALD [6] show that both are strongly associated with 
increased risk of all-cause, cancer and CVD mortal-
ity. Additional validation of these indices and their 
application in studies may facilitate their use for more 
research, as well as for population-wide screening, sur-
veillance and early diagnosis.
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