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Associations of ambient air pollution @
and lifestyle with the risk of NAFLD:
a population-based cohort study
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Abstract

Background Both ambient air pollution and lifestyle factors contribute to the incidence of non-alcoholic fatty liver
disease (NAFLD), but previous studies usually focused on single-factor associations. We aimed to assess the joint
associations of ambient air pollution and lifestyle with the NAFLD risk and investigate whether lifestyle modifies the
association of air pollution with NAFLD risk.

Methods A total of 417,025 participants from the UK Biobank were included in this study. Annual average
concentrations of NO,, NO,, PM, 5, PM,, and PM, 5_;, were estimated. A composite lifestyle score was determined
based on physical activity, alcohol intake, smoking status, dietary patterns, sedentary time, and sleep duration. Cox
proportional hazards regression models were used to estimate the hazard ratios (HRs) and 95% confidence intervals
(Cls), as well as the population attributable fraction (PAF). Potential additive interactions of air pollution with lifestyle
were also examined by the relative excess risk due to the interaction (RERI) and the attributable proportion due to the
interaction (AP).

Results 4752 (1.14%) incident NAFLD events were recorded. Long-term exposure to air pollutants and an unhealthy
lifestyle were significantly associated with the increased risk of incident NAFLD. Lifestyle was the primary factor of
incident NAFLD, with a PAF of 37.18% (95% Cl: 29.67%, 44.69%). In addition, a significant additive interaction between
air pollution and lifestyle for NAFLD risk was observed (RERI: 0.36, 95% Cl: 0.09-0.63).

Conclusions Long-term exposure to ambient air pollutants and poor lifestyle were jointly associated with a higher
risk of NAFLD.
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Background

Non-alcoholic fatty liver disease (NAFLD) is one of the
most common liver diseases, with a worldwide preva-
lence of 32.4%. Meanwhile, it continues to be a leading
cause of cirrhosis and hepatocellular carcinoma [1, 2].
Given the increasing prevalence and potential complica-
tions associated with NAFLD, it has become a significant
public health concern [3]. Understanding the underlying
risk factors associated with NAFLD is crucial for devel-
oping effective prevention and treatment strategies.

Increasing studies have suggested that genetic suscep-
tibility plays a crucial role in developing NAFLD [4—6]
and helps to identify high-risk individuals effectively [7,
8]. Besides these intrinsic risks, accumulating evidence
has indicated that exposure to ambient air pollutants and
poor lifestyle, such as smoking, drinking, poor diet hab-
its, lack of physical exercise, and poor sedentary behavior,
may be associated with the risk of NAFLD [9-13]. How-
ever, the available evidence is limited and inconclusive.
Previous studies were mainly designed as cross-sectional
and primarily conducted in the East Asia populations
and were almost only restricted to PM,; exposure [9,
10]. Besides, few studies detect the association between
lifestyle and the risk of NAFLD using synthetical lifestyle
measures even though there are internal connections
among the lifestyle factors [14, 15]. In addition, previous
studies mainly focused on the separate associations of
air pollutants and lifestyle factors with the NAFLD risk
[13, 15, 16], ignoring the joint associations and potential
modification effects that might provide valuable insights
into the development of disease and enable to develop
effective strategies for NAFLD prevention.

Therefore, based on the prospective population-based
cohort (UK Biobank), this study aimed to investigate:
(1) the associations and population attributable fraction
(PAF) of ambient air pollutants exposure and lifestyle
with NAFLD risk; (2) whether ambient air pollutants
exposure and lifestyle jointly contribute to the risk of
NAFLD, as well as the possible interactions between
ambient air pollutants exposure and lifestyle.

Methods

Study population

The UK Biobank is a large, population-based prospec-
tive study, approved by the North West Multicenter
Research Ethics Committee (Application No0.92675).
Details of the design and investigation methods of the
UK Biobank have been described elsewhere [17]. Briefly,
this large prospective cohort study recruited more than
500,000 participants aged 37—73 between 2006 and 2010.
Participants were invited to complete a self-reported

touchscreen questionnaire at one of the 22 assessment
centers in England, Wales, and Scotland. Baseline demo-
graphics, socioeconomics, lifestyle, and health informa-
tion were obtained through touchscreen questionnaires,
face-to-face interviews, and physical health measure-
ments [18]. Informed written consent for the study was
collected from all participants.

For the present analyses, we excluded participants with
NAFLD (n=547), previous cancer (n=38,616), liver dis-
ease (hepatitis, infective/viral hepatitis, non-infective
hepatitis, and liver failure/cirrhosis) (n=2,464), or other
viral infections including HIV, HBV, and HCV (n=264)
at baseline. Those with sex mismatch (z=372), alcohol
dependency (#=3,590), lack of demographic informa-
tion (n=2,777), or missing air pollution information
(n=41,299) were also excluded. Finally, 417,025 par-
ticipants were involved in the association analyses of
ambient air pollutants and NAFLD risk, and 321,930 par-
ticipants were involved in lifestyle and air pollution rel-
evant analyses by excluding participants with inaccessible
information on lifestyle (n=95,095) (Fig. 1).

Air pollution assessment

The annual average estimates of particulate matter with
aerodynamic diameter<2.5 pm (PM,;), the coarse par-
ticulate matter between 2.5 um and 10 pm in aero-
dynamic diameter (PM,;_,,), particulate matter with
aerodynamic diameter<10 pm (PM,,), nitrogen dioxide
(NO,), and nitrogen oxides (NO,) concentrations for the
year 2010 were modeled for each address using a Land
Use Regression (LUR) model, which developed as part of
the European Study of Cohorts for Air Pollution Effects
(ESCAPE: http://www.escapeproject.eu/). Air pollution
estimates for 2005-2007 were available only for NO,
and PM,, from EU-wide air pollution maps [19]. The UK
Biobank website recommended that the estimates from
different air pollution models should not be averaged to
avoid introducing bias (https://biobank.ctsu.ox.ac.uk/
crystal/label.cgi?id=114). Therefore, we used the esti-
mates from the ESCAPE project (2010) for the primary
analyses and the estimates from EU-wide air pollution
maps (2005-2007) for the supplementary analyses. More
detailed view of information was provided in Additional
file 1: eMethod.

To better assess the joint exposure to multiple air
pollutants, we obtained PC1-PC5 by principal com-
ponents analysis (PCA) and estimated the [ coeffi-
cients for PC1-PC5 in the adjusted Cox models, then
calculated the weighted air pollution score (wAPS)
by > 2,8 [PCi] x PCi. The concentrations of air
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Excluded:

« Participants with NAFLD on baseline (n=547)

* Participants with previous all types of cancer,
including liver cancer (n=38,616)

* Participants with previous liver disease (n=2,464)

« Participants with previous HIVHBV,HCV (n=264)

« Particip with sex mismatch (n=372)

« Participants with alcohol dependency (n=3,590)

 Participants with missing demographic
information (age, gender, ethnicity) (n=2,777)

« Participants with missing air pollution (n=41,299)

Lifestyle score
construction

*  Test the association
of lifestyle with
incident NAFLD

Based on physical
activity, smoking status,
alcohol intake, dietary
habits, sleep duration
and sedentary time

Cox proportional
hazards model Subgroup analyses

» Test the association of |« Covariates

air pollution with « Lifestyle factors
incident NAFLD

Air Pollution levels

Based on the median of the distribution
* Low air pollution
* High air pollution

Lifestyle levels
Based on lifestyle scores
*  Most healthy lifestyle
* Moderately healthy lifestyle
* Least healthy lifestyle

Fig. 1 Study design and workflow. Abbreviations: NAFLD, non-alcoholic fatty liver disease; HIV, human immunodeficiency virus; HBV, hepatitis B virus;

HCV, hepatitis C virus
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pollutants were categorized as low or high levels based
on the median of the distribution.

Lifestyle score assessment
According to the published studies, the definition of life-
style contained the following six components: physical
activity, alcohol intake, smoking status, dietary patterns,
sedentary time, and sleep duration [20, 21]. Ideal physi-
cal activity was defined as vigorous activities >75 min per
week or moderate activities>150 min per week. Alco-
hol intake was considered unhealthy if the frequency
of drinking was daily or almost daily. The smoking sta-
tus was divided into current smokers and non-current
smokers, with the latter defined as ideal smoking sta-
tus. According to the diet score, the dietary pattern was
divided into healthy and unhealthy diets [21], and details
of the calculation of the diet score were provided in the
online supplementary (Additional file 1: Table S1). Seden-
tary time>7 h per day was considered unhealthy, where
the sedentary time was calculated by summing up time
spent watching TV, using computers, and driving [20].
Regarding sleep duration, participants were considered
unhealthy if the sleep duration was <7 h/day or >9 h/day.
Details about the definition of lifestyle were presented in
the online supplementary (Additional file 1: Table S2).
An unweighted score, ranging from 0 to 6, was calcu-
lated by summing up each component score (0 or 1), with
higher scores indicating an unhealthier lifestyle. Based
on the unweighted score, participants were subsequently
classified into three categories: most healthy (scored 0),
moderately healthy (scored 1 or 2), and least healthy
(scored 3, 4, 5 or 6).

Ascertainment of outcome

The outcome of this study was incident NAFLD, defined
according to the International Classification of Diseases,
Tenth Revision (ICD-10) coding system through linkage
with diagnoses made during hospital inpatient admis-
sions, and NAFLD was ascertained by the ICD-10 codes
K75.8 and K76.0, as presented in Additional file 1: Table
S3 [13]. Participants were followed up from the recruit-
ment until the date of NAFLD first occurrence or censor-
ing. Censoring was defined as loss to follow-up, death, or
the end of follow-up (August 15, 2021), whichever came
first.

Covariates

A directed acyclic graph (DAG) illustrating the asso-
ciation between air pollution, lifestyle and NAFLD is
presented in Additional file 1: Figure S1. The DAG was
constructed to identify potential confounding variables
that should be adjusted in the analysis [22]. According
to DAG, a sufficient number of variables were retained
for adjustment, including sociodemographic factors
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(age, sex, ethnicity, and BMI), socioeconomic status
(Townsend deprivation index, household income, edu-
cation level [23], and employment status [24]), and local
environmental exposure (24-hour weighted average noise
[13], greenspace percentage in 1000 m buffer and proxim-
ity to major roads [24]), which were collected at baseline.
The detailed information for covariates was described
in the Additional file 1: eMethods. Multiple imputation
by chained equations was performed to impute missing
covariates data (Additional file 1: eMethods) [25].

Statistical analyses

Continuous variables were reported as meanztstan-
dard deviation (SD), or median with interquartile range
(Q1, Q3), and categorical variables were described using
frequency and proportion (%) by the NAFLD group and
non-NAFLD group, respectively. Cox proportional haz-
ard models were used to estimate the hazard ratios (HRs)
and 95% confidence intervals (Cls) for the single-factor
and joint associations of ambient air pollutants and life-
style score with incident NAFLD, adjusting for age, sex,
ethnicity, BMI, education level, employment status,
household income, TDI, 24-hour weighted average noise,
greenspace percentage in 1000 m buffer and proximity
to major roads. Moreover, the air pollutant concentra-
tions were adjusted when the single-factor association of
lifestyle was analyzed. The assumption of proportional
hazards was confirmed by Schoenfeld residual plots. The
population-level fractions of incident NAFLD hazard
rate due to risk factors (i.e., ambient air pollution and
lifestyle) were estimated by calculating PAF with 95% CI
[26]. Restricted cubic spline functions with four predeter-
mined knots (5%, 35%, 65%, and 95%) were used to depict
the exposure-response curves between ambient air pol-
lutants and the risk of NAFLD after excluding partici-
pants with the top 1% of exposure due to poor accuracy
[27]. Potential interactions for ambient air pollutants and
lifestyle with NAFLD risk were reported on the additive
scale by two indexes: the relative excess risk due to the
interaction (RERI) and the attributable proportion due to
the interaction (AP) [28]. Multivariate delta method was
used to estimate the 95% CI of the RERI and AP, and the
Wald overall test was used to examine the overall addi-
tive interaction.

We performed several sensitivity analyses to verify the
robustness of the results. First, we excluded participants
who developed NAFLD within the first year of follow-up.
Second, we restricted analyses among participants who
had lived at their current address for five or more years
to consider the effects of reliable cumulative exposures.
Third, we limited the analyses to participants with com-
plete covariate data to compare with the results based on
multiple imputations [29]. Fourth, to investigate whether
the associations between air pollutants and NAFLD risk
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were significantly lower than desired thresholds, we only
included participants exposed to air pollutant concen-
trations below the specified thresholds (PM,s: 25 pg/
m?, PM,,: 40 pg/m®, NO,: 40 pg/m?®) [23, 30]. Fifth, a
weighted lifestyle score was considered by summing the
products of each component score and the correspond-
ing coefficient [31].

All analyses were performed by R software (version
4.2.3), and the statistical significance was defined as two-
sided P<0.05.

Results

Baseline characteristics

Over a median follow-up of 12.38 years (Q1, Q3: 11.68,
13.04 years), there were 4,752 (1.14%) incident NAFLD
events recorded, with a median onset time of 7.38 years
(Q1, Q3: 3.82, 10.93 years). Table 1 shows the baseline
characteristics of all participants. The average age at
baseline was 56.30+8.12 years, and 53.7% were females.
Median (Q1, Q3) air pollutants (NO,, NO,, PM, 5, PM,,,
PM, 5_;,) exposure levels were 26.13 (21.38, 31.21), 42.23
(34.22, 50.72), 9.93 (9.29, 10.56), 16.03 (15.25, 17.01)
and 6.11 (5.84, 6.64) pg/m> respectively. The descrip-
tion after excluding missing data is presented in Addi-
tional file 1: Table S4. Participants with incident NAFLD
tended to have a poorer lifestyle than NAFLD-free ones
(P<0.001). There were statistically significant positive
correlations among five air pollutants to varying degrees
(0.2<r<0.92) (Additional file 1: Table S5).

Associations of air pollutants and lifestyle with incident
NAFLD

Participants with incident NAFLD were exposed to
higher levels of air pollution and unhealthier lifestyles.
Additional file 1: Table S6 shows the HR (95% CI) for
high NO,, NO,, PM, 5, PM,(, PM, :_;5, WAPS, and least
healthy lifestyle, respectively. The exposure-response
relationships of ambient air pollutants (as a continuous
variable) with the risk of NAFLD did not observe a signif-
icant nonlinear trend (P-nonlinear>0.05, Additional file
1: Figure S2). We observed an increased risk of NAFLD
across the lifestyle score (P-trend<0.001; Additional
file 1: Figure S3), which did not change with additional
adjustment for wAPS (Additional file 1: Table S7). The
results of supplementary analyses were robust when we
conducted the analyses using the air pollution estimates
from 2005 to 2007 (Additional file 1: Table S8).

Lifestyle was the leading factor for incident NAFLD,
with a PAF of 37.18% (95% CL: 29.67%, 44.69%) (Fig. 2).
Ambient air pollutants were also significant risk factors
[PAF of wAPS: 9.91% (95% CIL: 6.12%, 13.70%)]. Specifi-
cally, when high levels of air pollutants (NO,, NO,, and
PM, ;) were reduced to low levels, there were 10.19%
(95% CI: 6.42%, 13.96%), 8.18% (95% CI: 4.72%, 11.64%),
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and 5.82% (95% CI: 2.36%, 9.29%) of NAFLD risk would
be potentially reduced, respectively.

Joint associations of air pollutants and lifestyle with
incident NAFLD
We observed that the overall NAFLD risk increased
as both air pollutants exposure and lifestyle risk score
increased (Fig. 3). Compared with those with low air pol-
lutants exposure and the most healthy lifestyle, the high-
est NAFLD risk was observed in participants with the
least healthy lifestyle and high air pollutants exposure
(NO,: HR: 2.30, 95% CI: 1.65-3.22; NO,: HR: 2.24, 95%
CIL 1.61-3.13; PM,;: HR: 2.15, 95% CI:1.54-3.01; PM;:
HR: 2.09, 95% CIL:1.50-2.91; PM,._;,: HR: 2.18, 95%
CIL:1.56-3.03; wAPS: HR: 2.35, 95% CI:1.68-3.28).
Additionally, we observed significant risk stratification
at different levels of air pollutant exposure and lifestyle
(Additional file 1: Figure S4). The results of sensitivity
analyses and supplementary analyses were also robust
(Additional file 1: Table S9-S13).

Interactions of air pollutants with lifestyle on NAFLD risk
The additive interactions were indicated by the Wald
overall test of RERI and AP (Table 2), which showed
statistically significant interactions between air pollut-
ants (including NO, and wAPS) and lifestyle. Unhealthy
lifestyle and high air pollutant levels, particularly NO,,
significantly impact the risk of NAFLD. In general, with
high ambient air pollutants exposure (wAPS) with a
moderately healthy lifestyle, the RERI was 0.36 (95% CI:
0.09-0.63), suggesting that there would be a 0.36 relative
excess risk because of the additive interaction, account-
ing for 19% (95% CIL: 4%—35%) of the risk of NAFLD in
participants exposed to both moderately healthy lifestyle
and high air pollutants exposure.

Discussion

In this population-based cohort study, we observed that
long-term exposure to air pollutants (NO,, NO,, PM, ;,
and PM,,) and an unhealthy lifestyle were significantly
associated with the increased risk of incident NAFLD.
Lifestyle was the primary factor of incident NAFLD,
accounting for about 37% of population-level risk. Fur-
thermore, the most significant NAFLD risk was observed
among those with high exposure to air pollutants and the
most unhealthy lifestyle. Meanwhile, lifestyle might mod-
ify the impact of long-term exposure to air pollutants on
the risk of NAFLD.

In this study, we used air pollution estimates from
2010 to capture long-term air pollutant exposure since
air pollution levels in the UK have been relatively stable
over the years [32]. The associations between air pollut-
ant exposure and NAFLD risk align with the previous
report [9, 10, 13]. However, we did not find the same
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Table 1 Population characteristics included in the study

Characteristics Total Individuals without NAFLD Individuals with NAFLD Pvalue
(n=417,025) (n=412,273) (n=4,752)
Sex [n (%)] 0.002
Female 223,892 (53.7) 221,446 (53.7) 2446 (51.5)
Male 193,133 (46.3) 190,827 (46.3) 2306 (48.5)
Age [mean+SD] 56.30+£8.12 56.29+8.12 56.82+7.93 <0.001
Age [n (%)] 0.017
<60 241,067 (57.8) 238,401 (57.8) 2666 (56.1)
>60 175,958 (42.2) 173,872 (42.2) 2086 (43.9)
Ethnicity [n (%)] 0.005
White 392,478 (94.1) 388,051 (94.1) 4427 (93.2)
Others 24,547 (5.9) 24,222 (5.9) 325 (6.8)
BMI [mean +SD] 27444479 2739+4.76 3145+5.69 <0.001
BMI [n (%)] <0.001
Normal (< 25 kg/mz) 136,727 (32.8) 136,261 (33.1) 466 (9.8)
Overweight (25-29.9 kg/m?) 176,670 (42.4) 175,008 (42.4) 1662 (35.0)
Obesity (=30 kg/mz) 101,353 (24.3) 98,781 (24.0) 2572 (54.1)
Missing 2275 (0.5) 2223(0.5) 52(1.1)
24-h weighted average noise [n (%)] 0.130
<55 dB[A] 215,380 (51.6) 212,934 (51.6) 2446 (51.5)
>55 to <60 dB[A] 150,445 (36.1) 148,716 (36.1) 1729 (36.4)
>60 to <65 dB[A] 24,576 (5.9) 24,327 (5.9) 249 (5.2)
>65 dB[A] 26,624 (6.4) 26,296 (6.4) 328 (6.9)
Household income [n (%)] <0.001
Less than £31,000 168,999 (40.5) 166,633 (40.4) 2366 (49.8)
Equal to or above £31,000 184,468 (44.2) 182,963 (44.4) 1505 (31.7)
Missing 63,558 (15.2) 62,677 (15.2) 881 (18.5)
TDI [N (%)] <0.001
Tertilel 138,845 (33.3) 137,691 (334) 1154 (24.3)
Tertile2 138,852 (33.3) 137,472 (33.3) 1380 (29.0)
Tertile3 138,857 (33.3) 136,644 (33.1) 2213 (46.6)
Missing 471(0.1) 466 (0.1) 5(0.1)
Education level [n (%)] <0.001
Degree or professional education 131,228 (31.5) 130,240 (31.6) 988 (20.8)
Other levels 277,924 (66.6) 274,288 (66.5) 3636 (76.5)
Missing 7873 (1.9) 7745 (1.9) 128 (2.7)
Employment status [n (%)] <0.001
Paid 243,407 (58.4) 241,062 (58.5) 2345 (49.3)
Not employed or not in paid 171,958 (41.2) 169,572 (41.1) 2386 (50.2)
Missing 1660 (0.4) 1639 (0.4) 21(04)
Greenspace percentage in 1000 m buffer [n (%)] <0.001
Low 197,043 (47.2) 194,516 (47.2) 2527 (53.2)
High 197,052 (47.3) 194,938 (47.3) 2114 (44.5)
Missing 22,930 (5.5) 22,819 (5.5) 111 (23)
Proximity to major road [n (%)] 0.034
Low 208,440 (50.0) 206,138 (50.0) 2302 (48.4)
High 208,585 (50.0) 206,135 (50.0) 2450 (51.6)
Lifestyle factor
Lifestyle score [n (%)] <0.001
0 45,380 (10.9) 36 (10.9) 244 (5.1)
1 98,862 (23.7) 98 039 (23.8) 823(17.3)
2 100,798 (24.2) 99,683 (24.2) 1115 (23.5)
3 54,883 (13.2) 22(13.1) 766 (16.1)
4 18,193 (4.4) 17 872( 3) 321(6.8)




Kong et al. BMC Public Health

Table 1 (continued)

(2024) 24:2354

Page 7 of 11

Characteristics Total Individuals without NAFLD Individuals with NAFLD Pvalue
(n=417,025) (n=412,273) (n=4,752)

>5 3768 (0.9) 3685 (0.9) 83(1.7)

Missing 95,136 (22.8) 93,736 (22.7) 1400 (29.5)
Lifestyle [n (%)] <0.001

Mostly healthy 45,380 (10.9) 45,136 (10.9) 244 (5.1)

Moderately healthy 199,660 (47.9) 197,722 (48.0) 1938 (40. 8)

Least healthy 76,849 (18.4) 75,679 (18.4) 1170 (24.6

Missing 95,136 (22.8) 93,736 (22.7) 1400 (29. )
Air pollution, pg/m?3
NO, [median (Q1, Q3)] 26.13(21.38,31.21) 26.12(21.37,31.19) 27.80(22.91,32.51) <0.001
NO, [median (Q1, Q3)] 42.23 (34.22,50.72) 42.20 (34.19,50.69) 44.72 (36.69, 53.55) <0.001
PM, s [median (Q1, Q3)] 9.93(9.29, 10.56) 9.93 (9.29, 10.56) 10.11(9.49,10.79) <0.001
PM,, [median (Q1, Q3)] 16.03 (15.25,17.01) 16.03 (15.25,17.01) 16.11 (1542,17.15) <0.001
PM,5_;q [median (Q1, Q3)] 6.11(5.84, 6.64) 1(5.84,6.64) 4(5.86,6.72) <0.001

Abbreviations: NO,, nitrogen dioxide; NO,, nitrogen oxides; PM, s, particulate matter with aerodynamic diameter<2.5 pm; PMm, particulate matter with aerodynamic
diameter<10 um; PM, 5_,,, particulate matter with aerodynamic diameter in 2.5-10 pm; BMI, body mass index; SD, standard deviation; Q, quartile

PAF (95%Cl)

Lifestyle 4

WAPS -

NO, -

NO, -

PM 54

PM2.5-101

PM1o-

9.91%(6.12%,13.70%)

10.19%(6.42%,13.96%)

8.18%(4.72%,11.64%)

5.82%(2.36%,9.29%)

2.31%(-0.73%,5.36%)

0.39%(-2.73%,3.51%)

0 10% 20%

30% 40%

Fig.2 PAF for NAFLD risk factors in the UK Biobank. Abbreviations: NO,, nitrogen dioxide; NO,, nitrogen oxides; PM, 5, particulate matter with aerodynam-
ic diameter < 2.5 um; PM,, particulate matter with aerodynamic diameter < 10 um; PM, 5 _,, particulate matter with aerodynamic diameter in 2.5-10 pm;
WAPS, weighted air pollution score; PAF, the population attributable fraction; Cl, confidence interval. The above factors were calculated separately in the
Cox Proportional Hazard model.Lifestyle model: adjusted for age, sex, ethnicity, BMI, education level, employment status, household income, Townsend
deprivation index, 24-hour weighted average noise, greenspace percentage in 1000 m buffer, and proximity to major roads.Air pollution model: ad-
justed for age, sex, ethnicity, BMI, education level, employment status, household income, Townsend deprivation index, 24-hour weighted average noise,

greenspace percentage in 1000 m buffer, and proximity to major roads

strong association between PM,, and NAFLD risk as in
the previous report (HR: 1.14, 95% CIL: 1.09-1.20, per
IQR), which used the air pollution average estimates for
the years 2005-2010 with different air pollution mod-
els [13]. It is worth noting that the UK Biobank does not
recommend using the average estimates of air pollution
from different models, as it may introduce bias (https://
biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=114).

We constructed a lifestyle risk score to evaluate the
potential impact of a modifiable lifestyle, confirming
that an unhealthy lifestyle plays an essential role in the
increased risk of NAFLD. Previous studies also discov-
ered that some lifestyle factors, such as long sedentary
time [33], night shift work [34], physical activity [15],
high-fat diet [35], and smoking [35], are associated with
increased risk of NAFLD. Nevertheless, the complexity
and interconnectedness of health behaviors suggest that
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Subgroup No. of Events/ Incidence/ Hazard Ratio Pvalue Subgroup No. of Events/ Incidence/ Hazard Ratio Palue
Total No. 10000 person-yr (95%Cl) Total No. 10000 person-yr (95%Cl)
Most healthy lifestyle Most healthy lifestyle
Low NO, 123124127 41.52 ] Ref. Low NO, 122/24274 41.01 - Ref.
High NO, 121/21253 46.73 i 1.04(0.81,1.35)  0.749 High NO, 122/21106 47.34 -t 1.02(0.79,1.32) 0.878
Moderately healthy lifestyle Moderately healthy lifestyle
Low NO, 844/103554 66.68 - 1.39(1.15,1.68) 6.92x10~ Low NO, 842/103619 66.62 - 1.40(1.16,1.70) 4.88x10™
High NO; 1094/96106 94.08 e 1.78(1.29,2.47) 4.84x10™ High NOx 1096/96041 94.11 .- 1.73(1.25,2.39) 9.37x10™*
Least healthy lifestyle Least healthy lifestyle
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Subgroup No. of Events/ Incidence/ Hazard Ratio Pvalue Subgroup No. of Events/ Incidence/ Hazard Ratio Pvalue
Total No. 10000 person-yr (95%Cl) Total No. 10000 person-yr (95%Cl)
Most healthy lifestyle Most healthy lifestyle
Low PMy5 118/23908 40.40 - Ref. Low PM;o 121/23634 4164 Ref.
High PM; 5 126121472 47.89 - 1.02(0.79,1.32)  0.876 High PMo 123/21746 46.48 1.00(0.78,1.29)  0.978
Moderately healthy lifestyle Moderately healthy lifestyle
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High PM; 5 1100/97097 93.06 - 1.69(1.22,2.34)  0.002 High PM;o 981/98183 82.58 - 1.53(1.11,2.11)  0.010
Least healthy lifestyle Least healthy lifestyle
Low PM; 5 494/36640 112.36 —a— 2.00(1.63,2.45) 1.99x10"" Low PM;o 539/37407 119.51 —— 2.02(1.65,2.46) 4.29x10""2
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Total No. 10000 person-yr (95%Cl) Total No. 10000 person-yr (95%Cl)
Most healthy lifestyle Most healthy lifestyle
Low PM;5-50 118/23514 40.83 - Ref. Low wAPS 121/24107 40.86 - Ref.
High PMz 510 126/21866 47.34 i 1.08(0.84,1.39)  0.554 High wAPS 123/21273 47.48 i 1.10(0.85,1.42)  0.489
Moderately healthy lifestyle Moderately healthy lifestyle
Low PM;5-10 953/100803 77.32 - 1.60(1.32,1.94) 1.31x10°6 Low WAPS 836/103475 66.07 - 1.40(1.16,1.69) 5.74x10™
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Fig. 3 Risk of incident NAFLD according to air pollution and lifestyle categories. Abbreviations: NO,, nitrogen dioxide; NO,, nitrogen oxides; PM, s, par-
ticulate matter with aerodynamic diameter<2.5 pm; PM,,, particulate matter with aerodynamic diameter<10 pm; PM,s_,,, particulate matter with
aerodynamic diameter in 2.5-10 um; wAPS, weighted air pollution score; HR, hazard ratio; Cl, confidence interval; Ref, reference. The hazard ratios for
NAFLD according to (4) NO,, (B) NO,, (C) PM, 5, (D) PM,, (E) PM, 5_;, (F) WAPS, and lifestyle risk score categories were estimated by using Cox proportional
hazard models with adjustment for age, sex, ethnicity, BMI, education level, employment status, household income, Townsend deprivation index, 24-hour
weighted average noise, greenspace percentage in 1000 m buffer and proximity to major roads. Definition of lifestyle categories: most healthy (scored 0),

moderately healthy (scored 1 or 2), and least healthy (scored 3, 4, 5, or 6)

the lifestyle risk score we used, which incorporates mul-
tiple lifestyle factors, may better reflect the impact of a
healthy lifestyle than separate analyses using only a spe-
cific single factor.

The current study also identified several less-estab-
lished associations. The combined effects and interac-
tions of ambient air pollutants and lifestyle on the risk of
incident NAFLD have not been investigated. This study
incorporating the joint association enables ascertaining
the collective contribution of individual risk factors and
their cumulative effect on the development of NAFLD,
which facilitates the acquisition of more precise risk
stratification and identification of high-risk populations.
Additionally, the current study demonstrated that 36% of
NAFLD risk could be attributed to the additive interac-
tion between lifestyle and aggregate air pollutants expo-
sure (surrogated by the wAPS), suggesting that lifestyle
choices may modulate the impacts of ambient air pollut-
ants on NAFLD risk.

Indeed, long-term air pollutant exposure and lifestyle
factors have been found to be associated with elevated
levels of systemic inflammation [36—38]. Consequently,
higher levels of systemic inflammatory markers may
contribute to the development of NAFLD [39]. There-
fore, it is plausible that populations exposed to high air
pollutants and a poor lifestyle may experience an ampli-
fied impact. These findings indicate that both ambient
air pollutants and lifestyle play a vital role in the devel-
opment of NAFLD and highlight the importance of life-
style improvement that can provide valuable insights for
formulating personalized prevention strategies aimed at
mitigating the risk of NAFLD incidence, thereby helping
to reduce the health burden of NAFLD.

We note that due to NAFLD has principal limitations
that rely on exclusionary confounder terms and the use
of potentially stigmatising language, an international
panel of experts proposed a new concept, metabolic
dysfunction associated steatotic liver disease (MASLD),
which requires the presence of both hepatic steatosis and
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Table 2 RERI and AP for additive interaction between air pollutants and lifestyle categories
Exposure Interaction Lifestyle
Moderately healthy Least healthy P-overall
High pollution of wAPS RERI (95% Cl) 0. 36(0 09,0.63) 0.29(-0.06,0.64) 0.033
AP (95% Cl) 19(0.04,0.35) 0.12(-0.03,0.27) 0.055
High pollution of NO, RERI (95% Cl) 0. 35(0 09,0.62) 0.37(0.03,0.70) 0.024
AP (95% Cl) 0.20(0.04,0.36) 0.16(0.01,0.31) 0.045
High pollution of NO, RERI (95% Cl) 0. 30(0 04,0.57) 0.32(-0.01,0.65) 0.057
AP (95% Cl) 18(0.01,0.34) 0.14(-0.01,0.30) 0.092
High pollution of PM, 5 RERI (95% Cl) 0. 24( 0.03,0.50) 0.14(-0.21,048) 0.206
AP (95% Cl) 14(-0.03,031) 0.06(-0.10,0.22) 0.244
High pollution of PM, RERI (95% Cl) —OAOS(—OA34,O.24) 0.07(-0.27,041) 0.699
AP (95% Cl) -0.03(-0.22,0.16) 0.03(-0.13,0.20) 0.691
High pollution of PM s 1, RERI (95% CI) -0.07(-037,0.24) 001(-0.35037) 0820
AP (95% Cl) -0.04(-0.23,0.14) 0.01(-0.16,0.17) 0.816

Abbreviations: NO,, nitrogen dioxide; NO,, nitrogen oxides; PM, s, particulate matter with aerodynamic diameter<2.5 pm; PM,, particulate matter with aerodynamic
diameter<10 pm; PM, 5_,,, particulate matter with aerodynamic diameter in 2.5-10 um; wAPS, weighted air pollution score; RERI, relative excess risk due to the
interaction; AP, attributable proportion due to the interaction; Cl, confidence interval

Lifestyle model: adjusted for age, sex, ethnicity, BMI, education level, employment status, household income, Townsend deprivation index, 24-hour weighted
average noise, greenspace percentage in 1000 m buffer, and proximity to major roads

Definition of lifestyle categories: most healthy (scored 0), moderately healthy (scored 1, or 2), and least healthy (scored 3, 4, 5, or 6)

To estimate the RERI and AP, the low air pollution category and the most healthy lifestyle (scored 0) groups were the reference categories

metabolic dysfunction for diagnosis [40, 41]. However,
follow-up outcomes were defined according to ICD-10
in the UK Biobank. Therefore, the definition of NAFLD
is still used in this study. Song et al. studied the data of
1016 subjects who underwent proton magnetic reso-
nance spectroscopy in a randomly selected community in
Hong Kong between 2008 and 2010 and found that only
6 out of 261 NAFLD patients did not meet the metabolic
criteria for MASLD [42]. In addition, an expert panel
analysis of the European LITMUS Consortium showed
that 98% of registered cases of NAFLD met the new crite-
ria for MASLD [41]. Therefore, it is reasonable to assume
that the old NAFLD findings are still valid under the new
MASLD definition.

To our knowledge, this study is the first to report the
joint and interactive associations of ambient air pollut-
ants and lifestyle with the risk of NAFLD while adjusting
for a wide range of potential confounders identified by
the casual DAG. Major strengths of this study include the
population-based prospective design and standardized
individual air pollution exposure assessments. More-
over, we analyzed aggregate air pollution exposure using
a weighted air pollution score and overall lifestyle using
both unweighted and weighted lifestyle scores, further
reinforced by several sensitivity analyses.

However, the present study still has some limitations
when interpreting our results. First, the assessment of
air pollution exposure based on a single address does
not account for other potentially influential long-term
exposures, such as occupational exposure and indoor
air pollution. Second, data on lifestyle composition were
self-reported and thus may be subject to recall bias, and

changes in lifestyle over time were not accounted for in
the analyses. Third, we conducted the primary analyses
with the imputed covariate values using the multiple
imputations(MI) method based on the missing at random
(MAR) assumption. The results might be biased from the
actual ones even though we found they were similar to
ones based only on complete cases. Fourth, we excluded
approximately 23% cases with missing data when analyz-
ing the lifestyle score as an exposure variable. Thus, it
can decrease statistical power and potentially limit the
generalizability of the findings. Fifth, although we have
adjusted for a range of potential confounders using causal
DAG in our analysis, residual confounders may still exist.
Sixth, We chose the time-scale over the age-scale for Cox
regression; however, this approach might not be appro-
priate if there is no direct relationship between the entry
time into the cohort and the observed outcome. Finally,
the population in UK Biobank is not universally repre-
sentative, which may have had some volunteer bias, and
most of the participants in our study were of European
descent, limiting the generality of the results.

Conclusions

We found that long-term exposure to ambient air pol-
lutants and poor lifestyle were jointly associated with a
higher risk of NAFLD in this population-based cohort
study. Poor lifestyle may exacerbate the impact of ambi-
ent air pollutants on NAFLD risk, highlighting the
importance of developing a healthy lifestyle to reduce
the hazards of air pollution. Government interventions
to improve air quality and individuals’ adherence to a
healthy lifestyle are essential for preventing NAFLD.
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NAFLD Non-alcoholic fatty liver disease

NO, Nitrogen dioxide
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PM;, Particulate matter with aerodynamic diameter <10 pm

PM,s_,o  Particulate matter with aerodynamic diameter in 2.5-10 pm
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PCA Principal component analysis

ICD-10 International Classification of Diseases, Tenth Revision

DAG Directed acyclic graph

BMI Body mass index

TDI Townsend deprivation index

SD Standard deviation

HR Hazard ratio
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MASLD Metabolic dysfunction associated steatotic liver disease

Ml the multiple imputations
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