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Abstract

Background and aims

The cornerstone of clinical management of patients with nonalcoholic fatty liver disease
(NAFLD) are lifestyle changes such as increasing physical activity (PA) aimed at improving
cardiometabolic risk. To inform NAFLD prevention and treatment guidelines we aimed to: (i)
quantify the role of PA on lowering the risk for NAFLD and fibrosis; (ii) characterize NAFLD
and fibrosis association with PA in the context of socioeconomic environment.

Methods

A sample of 2648 participants from the NHANES 2003-2006 was selected to develop sur-
vey weighted multivariable logistic regression models for predicting NAFLD and significant
fibrosis, diagnosed non-invasively via fatty liver index (FLI) and fibrosis-4 (FIB-4) index. The
PA measures were obtained from a hip-worn accelerometer.

Results

The predictive model for NAFLD showed AUC of 0.687 and a decrease of 43% in NAFLD
risk with moderate vigorous PA (MVPA) (OR = 0.569, p < 0.001). The predictive model for
fibrosis had AUC of 0.755 and there was a 48% and a 70% decrease in significant fibrosis
risk with MVPA (OR = 0.518, p = 0.022) and total log activity count (TLAC) (OR = 0.296, p =
0.017), respectively. Participants with NAFLD and NAFLD with fibrosis engage in declining
PA. Despite having jobs with higher level of PA and participating in more moderate-to-vigor-
ous PA, a larger proportion of Hispanics participants had NAFLD and significant fibrosis.
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Conclusions

These findings demonstrate the role of PA as a protective factor against the presence of
NAFLD and significant fibrosis. Protective levels of PA in NAFLD differ by races.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease in
the United States, affecting nearly 1 in 3 Americans [1-3]. NAFLD is commonly associated
with metabolic comorbid conditions such as diabetes, obesity, and cardiovascular disease [2,
4]. NAFLD can be classified further based on liver biopsy into either nonalcoholic fatty liver
(NAFL) or nonalcoholic steatohepatitis (NASH) [5]. Patients with NAFL are at relatively low
risk of fibrosis progression and cirrhosis, whereas patients with NASH are at considerably
higher risk for fibrosis progression and cirrhosis.

As NAFLD is considered the hepatic manifestation of metabolic syndrome, its prevalence is
considerably higher in patients with coexisting metabolic comorbidities such as obesity [1, 6].
NAFLD development is closely related to sedentary lifestyle and Western diet [7]. Given this
association between obesity and NAFLD, multiple studies have targeted lifestyle modification
aimed at increasing physical activity to treat NAFLD [8, 9]. Several studies have now demon-
strated that structured physical activity improves hepatic fat content, irrespective of weight
loss. Even modest amount of physical activity, compared to inactivity, is associated with
reduced risk of NAFLD [10] and sedentary behavior is associated with higher risk of metabolic
comorbidities including NAFLD [11-13]. Furthermore, previous studies connected lower
socioeconomic status to higher rates of NAFLD and its severity [14] and found significant
interactions between physical activity and socioeconomic status on NAFLD prevalence in a
large NHANES III and NHANES 1999-2014 cohorts [15].

However, thus far, the literature evaluating the role of physical activity in diverse socioeco-
nomic groups on NAFLD concentrated on self-reported physical activity, which can be
affected by cognitive impairment associated with disease, age, and psychosocial factors [16-
19]. While some previous literature examined the associations between accelerometer-mea-
sured physical activity and NAFLD [20] in NHANES 2003-2006 and further linked it to mor-
tality outcomes [21-24], no study has yet connected objectively measured physical activity to
NAFLD and further to fibrosis. Additionally, there is a lack of data regarding the association
between the physical activity and fibrosis in diverse socioeconomic groups. To address these
significant gaps in the literature, we sought to examine the relationship between the socioeco-
nomic status in NHANES 2003-2006 cohort, which includes detailed information regarding
physical activity measured objectively by accelerometers, socioeconomic status, and chronic
liver disease. We hypothesized that presence and severity of NAFLD will correlate inversely
with physical activity. Furthermore, this association will be more pronounced in individuals of
lower socioeconomic status.

Methods
Study cohort

The NHANES is the ongoing study conducted by the Centers for Disease Control and Preven-
tion (CDC) to monitor health of the US population [25]. The data collected includes demo-
graphic, socioeconomic, dietary, health-related questionnaires’ and also provides medical,
dental, physiological and laboratory measurements.
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The NHANES 2003-2004 and 2005-2006 cohorts’ data was examined in this study since
there is detailed information regarding physical activity measured objectively by accelerome-
ters, socioeconomic status, and chronic liver disease. The key exclusion criteria included: 1)
were younger than 18 and older than 85; 2) had unspecified estimated wear time or had their
data quality or device calibration flagged by NHANES; 3) consumed more than 7 drinks/week
for females and more than 14 drinks/week for males; 4) had iron overload with transferrin sat-
uration greater than 50%; 5) were pregnant; 6) had HIV; 7) had viral hepatitis C; 8) had hepati-
tis B; 9) had missing data for arthritis, type II diabetes, triglycerides, BMI, GGT or waist
circumference; 10) were in the unspecified race category coded as Other.

Missing education values were classified into an additional category. Participants who
reported to be of Mexican American and other Hispanic ethnicity were combined into a single
Hispanic racial category. Participants with glucose plasma level greater than 126 mg were clas-
sified to have type II diabetes [26]. If fast glucose measurements were unavailable, type II dia-
betes was diagnosed by insulin level greater than 10 uU or the glycohemoglobin (HbAlc)
levels greater than 6.5 uU [27]. Within the population of participants who were diagnosed
with NAFLD, those with missing fibrosis index were further excluded from the fibrosis sub-
analyses. Our exclusion criteria are consistent with the non-invasion NAFLD and advanced
fibrosis diagnosis procedures based on the fatty liver index and FIB-4 index discussed in [28-
32]. The fatty liver index and FIB-4 index were developed in the absence of all other causes like
alcohol, drug-induced, autoimmune, viral, metabolic for chronic liver disease.

Physical activity

The physical activity data in NHANES cohorts of 2003-2004 and 2005-2006 was collected via
hip worn accelerometers (ActiGraph AM-7164). Participants were advised to wear the acceler-
ometer for a period of 7 consecutive days except when sleeping or bathing. Non-wear time was
defined as time intervals with at least 90 consecutive minutes of 0 activity counts and at most 2
minutes with counts between 0 and 100 [33]. Valid accelerometry wear days were identified
using the R function exclude_accel in package rnhanesdata [34]. The total log activity count
(TLAC) was defined as the sum of log(1+activity count) at the minute level. A light physical
activity (LIPA) minute was defined as having activity counts equal to or more than 100 and
less than 2020. A moderate to vigorous physical activity (MVPA) minute was defined as having
an activity count greater or equal to 2020 [35, 36]. The total time spent in LIPA and MVPA
and TLAC averaged across days with available accelerometry measures were used in analysis.
Participants with either invalid or low-quality accelerometry data were excluded from the
study.

Occupation and socioeconomic status

Based on the reported annual family income (NHANES variable INDFEMINC) the following
categories were created: 1) below poverty, if the family income was less than $19,999; 2) above
poverty, if the family income was more than $20,000; and (3) unknown income, if the partici-
pants refused to answer, had unknown or unreported income.

Participants’ occupational level of physical activity was defined by combining multiple
questions from NHANES [37-39]. Participants were considered full-time employees if they
responded as “working at a job or business” or “with a job or business but not at work”
(NHANES question OCD150) in the week prior to the interview and the number of work
hours per week was greater than 35, and part-time employees if the number of work hours per
week was less than 35 (NHANES question OCQ210, OCQ180). Those who responded as
“looking for work” or “not working at a job or business” (NHANES question OCD150) were
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classified as not employed. The remaining participants were categorized as not employed due
to retirement or health reasons (NHANES question OCQ380). Using established classification
system for 2003-2004 waves and extended classification system for 2005-2006 waves (see S1
File), reported occupations (NHANES question OCD240, OCD241) were categorized as pro-
fessions with high, mixed and low physical activity [40, 41].

Diagnosis of NAFLD and fibrosis

The diagnosis of NAFLD was established in the study cohort non-invasively using Fatty Liver
Index (FLI), which has been validated extensively in patients with NAFLD [28-30]. Partici-
pants with the FLI > 60 were classified to have NAFLD.

The diagnosis of fibrosis was made within the population of NHANES participants with
NAFLD using the fibrosis-4 index (FIB-4) [31]. Fibrosis was determined via FIB-4 with cutoff
value > 1.37, suggesting presence of significant fibrosis [42].

Statistical analysis

The NHANES 2003-2004 and 2005-2006 data files were downloaded and processed using the
R package rnhanesdata [34, 35]. To ensure that results are generalizable to the entire US popu-
lation each participant was assigned a survey weight, which corresponds to the number of indi-
viduals this participant represents in the population. Individuals’ survey weights were re-
weighted based on the sub-population of the NHANES cohort selected for the purposes of this
study via the reweight_accel() function in the rnhanesdata package [34].

Demographic summary. The complex-survey adjusted demographic and clinical charac-
teristics of the participants were obtained using the tableone package in R.

NAFLD and fibrosis prediction models. To identify the best subset of variables that pre-
dicted NAFLD and FIB-4, a forward selection survey weighted multivariable logistic regression
model was obtained by maximizing the 10-fold cross-validated AUC as optimization criteria.
The models were fitted using the function svyglm() in the R package survey.

Candidate predictors selection. Variance inflation factor (VIF) was examined and pre-
dictors leading to VIF > 10 were excluded from analysis. Forward selection models were then
re-run for final selection. For NAFLD the final selection was performed using the set of predic-
tors age, gender, race, education, type II diabetes, CHF, stroke, arthritis, income, TLAC,
MVPA, LIPA. For the fibrosis model the best predictors were selected from gender, race, edu-
cation, BMI, type II diabetes, CHF, stroke, arthritis, income, TLAC, MVPA, LIPA.

Sociodemographic differences. Two-way ANOVA with interaction was performed to
test for differences on MVPA, LIPA and TLAC by 1) race and occupational physical activity
level; and 2) race and income level. Differences between individual racial, occupational physi-
cal activity and income level groups were assessed using Tukey’s Honest Significant Difference
adjustment for multiple comparisons and the R function TukeyHSD. The independence
between race and occupational physical activity, respectively income levels was tested using a
chi-squared test of association for survey design. The upward trend in the amount of MVPA
was tested using the Jonckheere-Terpstra rank-based test.

Results
Study cohort characteristics

A total of 14,631 NHANES in 2003-2004 and 2005-2006 participants had physical activity
quantified via accelerometer. Of these, 12,802 participants had at least one valid accelerometry
wear day (Fig 1). We excluded 4,620 participants who were younger than 18 years old, 481
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Fig 1. Flow chart showing the exclusion criteria.

https://doi.org/10.1371/journal.pone.0301774.g001

heavy drinkers, 42 participants with iron overload greater than 50%, 414 pregnant women, 98
participants with hepatitis C, 17 participants with hepatitis B, 27 with HIV, 792 participants
with missing arthritis information, 3,159 participants with missing type II diabetes informa-
tion, 383 participants with missing the fatty liver index (FLI), and 121 participants with the
ethnicity category Other than white, black or Hispanic. The final sample size was 2,648.

The clinical characteristics of the final study cohort are presented in Table 1. Compared to
subjects without NAFLD, the subjects with NAFLD were older and more likely to be males. As
expected, the distribution of metabolic comorbidities such as diabetes, obesity and hypertrigly-
ceridemia were significantly higher as patients with NAFLD. When patients with NAFLD
were stratified according to fibrosis status (Table 1), patients with significant fibrosis were
more likely to be older, males, non-Hispanic whites with higher prevalence of metabolic co-
morbid conditions. Regarding socioeconomic status (SES), no significant differences in pov-
erty level were noted in patients with NAFLD [vs. non-NAFLD] or NAFLD with significant
fibrosis [compared to those without significant fibrosis].

MYVPA is the strongest predictor for NAFLD

The predictive model was developed to determine strength of relationship between NAFLD
and physical activity. MVPA was the strongest predictor in the univariate logistic regression in
the forward selection procedure with the highest AUC of 0.602. The model had CV-AUC of
0.687 and demonstrated that diagnosis of NAFLD was directly associated with Hispanic or
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Table 1. Demographic and participant characteristics stratified by the NAFLD and significant fibrosis status. The total number of participants (N) is non-survey
weighted, while the means (SD) or the totals (%) for each variable are survey-weighted.

NAFLD Significant fibrosis
Variable Absent Present p-value Absent Present p-value
N=1389 N =1259 N =923 N =329
DEMOGRAPHIC Age 44.22 (16.79) 48.84(15.38) <0.001 | 42.30(13.93) 67.93(10.88) <0.001
Gender female 872.2(59.4) 496.8(42.1) <0.001 |564.1(53.3) 83(42.8) 0.015
Race 0.440 <0.001
White 1135.4(77.3) 893.1(75.8) 784.5(74.2) 166.4(85.8)
Black 156.6(10.7) 145.8(12.4) 126.3(11.9) 15.8(8.1)
Hispanic 177.4(12.1) 139.8(11.9) 147.1(13.9) 11.8(6.1)
METABOLIC COMORBITIES Diabetes 47.6(3.2) 144.8(12.3) <0.001 97.4(9.2) 38.9(20) <0.001
Stroke 22.5(1.5) 43.6(3.7) 0.002 | 23.8(2.2) 21.2(10.9) <0.001
BMI <0.001 0.013
Obese 100.7(6.9) 824.5(70) 792.4(74.9) 124.2(64)
Hypertension systolic 117.81(16.84) 125.36(16.47) <0.001 122.68(14.73) 133.19(21.48) <0.001
SOCIOECONOMIC STATUS Education 0.053 0.153
Less than high school 212.7(14.5) 203.7(17.3) 174.4(16.5) 46.4(23.9)
High school 351.4(23.9) 317.6(26.9) 285.1(26.9) 52(26.8)
More than high school 489.3(33.3) 386.5(32.8) 366.7(34.7) 53.6(27.6)
Income 0.197 0.066
Above poverty 1174.9(80) 958.3(81.3) 856.6(81) 141.2(72.8)
Below poverty 259.6(17.7) 205.2(17.4) 188.5(17.8) 50.6(26.1)
LABORATORY AST 23.35(14.02) 26.56(14.16) <0.001 24.73(8.79) 32.72(27.9) <0.001
ALT 21.62(10.87) 30.67(17.82) <0.001 29.96(16.31) 30.31(22.26) 0.803
Bilirubin total mg 0.78(0.29) 0.75(0.26) 0.014 | 0.7(0.25) 0.82(0.28) <0.001
(0 missing) (1 missing)
Platelets 266.02(64.16) 276.38(73.18) 0.002 | 298.26(70.28) 211.47(51.05) <0.001
Total Cholesterol 193.25(37.72) 205.95(45.36) <0.001 205.36(47.94) 200.14(42.33) 0.497
(682 missing) (617 missing) (133 missing) (477 missing)
HDL Cholesterol 59.59(15.81) 48.08(12.39) <0.001 | 47.57(11.33) 53.21(15.85) 0.015
(707 missing) (642 missing) (196 missing) (446 missing)
LDL Cholesterol 113.34(33.82) 120.52(36.81) <0.001 | 121.09(36.05) 113.95(38.95) 0.092
(4 missing) (73 missing) (17 missing) (56 missing)
Triglycerides (mg) 102.15(52.57) 195.22(144.13) <0.001 191.63(143.2) 182.73(102.91) 0.455

https://doi.org/10.1371/journal.pone.0301774.t001

black ethnicity, presence of diabetes and arthritis, and inversely with female gender, income
level below poverty or unknown level, and MVPA (Table 2). There was a decrease of 43% in
NAFLD risk with MVPA (OR = 0.569, p < 0.001). Females had a 62.4% lower risk for NAFLD
(OR =0.376, p < 0.001). Having diabetes or arthritis increased the risk for NAFLD

(OR = 3.152, 1.774, p < 0.001). The NAFLD risk was not significantly associated with being
black (OR = 1.24, p = 0.079) or Hispanic (OR = 1.212, p = 0.213) compared to white. While
stroke was selected in forward regression models based on the CV-AUC criteria, it was not sig-
nificantly associated with the risk of NAFLD.

MVPA and socioeconomic status predicts significant fibrosis

The advanced fibrosis prediction model had a CV-AUC of 0.755 and included MVPA, arthri-
tis, gender, TLAC, type II diabetes, BMI, CHF and income status (Table 2). Presence of
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Table 2. Estimated final model coefficient odds ratio (OR) for the NAFLD and significant fibrosis prediction models. For each model, the variables are arranged in
the order they entered the forward selection model with the corresponding cumulative CV-AUC due to adding each variable into the model. For example, in the NAFLD
model, the row labeled Gender indicates that gender is the second variable that was added to the model and the corresponding AUC includes MVPA and Gender.

Variable
MVPA

Gender: female
Diabetes: yes
Arthritis: yes
Race: black
Race: Hispanic
Stroke: yes
Income: below

poverty
Income: unknown

NAFLD prediction model Significant fibrosis prediction model
OR Estimate | p-value |95% CI Cumulative AUC | Variable OR Estimate | p-value |95% CI Cumulative AUC

0.569 < 0.001 | (0.470, 0.602 MVPA 0.518 0.022 | (0.296, 0.705
0.689) 0.908)

0.376 < 0.001 | (0.312, 0.662 Arthritis: yes 2.863 <0.001 | (1.922, 0.729
0.454) 4.268)

3.152 < 0.001 | (2.197, 0.677 Gender: female 0.450 0.001 | (0.286, 0.736
4.519) 0.707)

1.774 < 0.001 | (1.350, 0.686 TLAC 0.296 0.017 | (0.109, 0.744
2.330) 0.803)

1.247 0.079 | (0.975, 0.686 Diabetes: yes 1.606 0.075 | (0.952, 0.748
1.595) 2.711)

1.212 0.213 | (0.895, BMI: overweight 0.615 0.430 | (0.184, 0.752
1.641) 2.055)
1.548 0.117 | (0.896, 0.686 BMI: obese 0.343 0.124 | (0.088,
2.675) 1.342)

0.867 0.168 | (0.708, 0.687 CHF: yes 1.470 0.112 | (0.914, 0.754
1.062) 2.360)

0.434 0.053 | (0.186, Income: below 1.397 0.175 | (0.862, 0.755
1.009) poverty 2.261)
Income: unknown 0.792 0.802 | (0.127,
4.920)

https://doi.org/10.1371/journal.pone.0301774.t1002

significant fibrosis was inversely associated with MVPA, female gender and TLAC and posi-
tively associated with arthritis. The prediction model for significant fibrosis showed that there
was a 48% and a 70% decrease in significant fibrosis risk with MVPA (OR = 0.518, p = 0.022)
and TLAC (OR = 0.296, p = 0.017), respectively. Females had a 55% lower risk for significant
fibrosis (OR = 0.45, p = 0.001). There was a high risk for significant fibrosis in subjects with
arthritis (OR = 2.863, p < 0.001). While diabetes or CHF were selected in a forward regression
model based on the CV-AUC criteria, the risk for significant fibrosis was not statistically asso-
ciated with these variables (OR = 1.606,1.470, p = 0.075, 0.112). The risk for significant fibrosis
was not statistically associated with a reduced risk of overweight or obesity (OR = 0.615, 0.343,
p = 0.430, 0.124), and with an increased below poverty income (OR = 1.397, p = 0.175).

Individuals with NAFLD and significant fibrosis engage in less physical
activity

Based on objectively measured accelerometry data, participants with NAFLD spent less time
in MVPA, LIPA and had lower TLAC (Fig 2A-2C). Similarly, among those who had NAFLD,

the patient with significant fibrosis had significantly lower MVPA, LIPA and had lower TLAC
(Fig 2D and 2E).

Variable physical activity based on ethnicity

Race and occupational physical activity are associated variables for participants with NAFLD
(p < 0.001). Employed white and black individuals with NAFLD had predominantly occupa-
tions that involved low physical activity (high PA: 11% white and 11.6% black; mixed PA:
23.1% white and 23.1% black; low PA: 30.9% white and 28.5% black). Employed Hispanics
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Fig 2. MVPA, LIPA and TLAC physical activity summaries by NAFLD (top panel) and significant fibrosis (bottom panel) status. In
panels A-F the Wilcoxon test showed a p-value < 0.001 indicating differences in physical activity between those who have NAFLD or fibrosis
and those who do not have the disease.

https://doi.org/10.1371/journal.pone.0301774.9002
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with NAFLD had occupations that were distributed similarly among the three types of PA
intensity categories (high PA: 24.9%, mixed PA: 25.1%, low PA: 24.0%).

Among the participants with NAFLD, race, occupational PA level and their interaction
were significantly associated with different levels of MVPA (p < 0.001 for race and occupa-
tional PA, p = 0.021 for their interaction in the 2-way ANOVA test). The racial significant dif-
ferences in MVPA were between Hispanic and white (p < 0.001), Hispanic and black
(p = 0.008) with Hispanics having increased levels of MVPA than black and white groups.

Individual statistically significant pair-wise differences across races and occupational status
are shown in Fig 3 (panel A) and in S2 Table of S1 File. MVPA levels were higher for Hispanics
with jobs characterized as having a low PA level when compared to other racial groups. For
Hispanics with jobs characterized as having a mixed level of PA, their MVPA levels were
higher when compared to white but not black participants. MVPA levels were higher for His-
panics with jobs characterized as having high levels of PA when compared to those of any race
and unemployed due to any reason.

The interaction between physical activity, NAFLD and socioeconomic
status

Race and income levels were associated variables for participants with NAFLD (p < 0.001). A
higher percentage of the white, black and Hispanic individuals with NAFLD are above the pov-
erty line (15% below poverty vs 84% above poverty for whites; 25% below poverty vs 74%
above poverty for blacks; 27% below poverty vs 71% above poverty for Hispanics).

Next, we evaluated the impact of poverty on MVPA and noted that MVPA was significantly
higher in patients who were living above the poverty level when compared to those below pov-
erty level across all ethnicities (Fig 3, panel B). A stepwise increase in MVPA was noted in
patients with NAFLD living below the poverty threshold from whites to blacks to Hispanics
(p < 0.001 from Jonckheere-Terpstra rank-based test).

PLOS ONE | https://doi.org/10.1371/journal.pone.0301774 May 9, 2024 9/15


https://doi.org/10.1371/journal.pone.0301774.g003
https://doi.org/10.1371/journal.pone.0301774

PLOS ONE

Physical activity and socioeconomic disparities in fatty liver disease

MVPA

Among participants with NAFLD, race and poverty were significantly associated with dif-
ferent levels of MVPA but their interaction was not significant (p < 0.001 for race and income,
p = 0.157 for their interaction in 2-way ANOVA). The racial significant differences in MVPA
were between Hispanic and white (p < 0.001), Hispanic and black (p = 0.028) with Hispanics
having increased levels of MVPA compared to black and white groups.

Higher proportion of Hispanic patients with fibrosis are employed and
have increased levels of MVPA

Race and occupational physical activity are associated variables for participants with signifi-
cant fibrosis (p < 0.001). White and black individuals with fibrosis were predominantly retired
(51.3% white and 39.3% black). Those who were employed had occupations that involved low
physical activity (high PA: 2.6% white and 5.2% black; mixed PA: 13.4% white and 9.9% black;
low PA: 16.1% white and 19.2% black). Black participants with significant fibrosis were 20.3%
unemployed due to health problems (9.3% white and 11.3% Hispanic). For Hispanic partici-
pants with significant fibrosis 28% were not employed, followed by 24.9% retired. They also
had occupations that involved 17.5% high PA, 9.5% mixed PA and 8.8% low PA.

Among participants with significant fibrosis, race and occupational PA were significantly
associated with different levels of MVPA but their interaction was not significant (p = 0.004
for race, p < 0.001 for occupational PA, p = 0.179 for their interaction in 2-way ANOVA). The
racial significant differences in MVPA were between Hispanic and white (p = 0.017), Hispanic
and black (p = 0.005) with Hispanics having increased levels of MVPA than black and white
groups.

Individual statistically significant pair-wise differences across races and occupational status
are shown in Fig 4 (panel A) and in S2 Table of S1 File.
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Fig 4. Boxplots of MVPA by occupational PA levels and of income levels for white, black and Hispanic participants with significant fibrosis.
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MYVPA is related to increased likelihood of advanced fibrosis in patients
living above poverty

Race and income are not associated variables for participants with significant fibrosis

(p =0.711). A higher percentage of the white, black and Hispanic individuals with fibrosis
were above the poverty line (25.2% below poverty vs 73.9% above poverty for whites; 30.4%
below poverty vs 67.3% above poverty for blacks; 33.3% below poverty vs 65.2% above poverty
for Hispanics).

Next, we evaluated the impact of poverty on MVPA and noted that MVPA was significantly
higher in patients who were living above the poverty level when compared to those below pov-
erty level across all ethnicities (Fig 4, panel B). A stepwise increase in MVPA was noted in
patients with fibrosis living below the poverty threshold from whites to blacks to Hispanics
(p =0.001 from Jonckheere-Terpstra rank-based test).

Among participants with fibrosis, race and income were significantly associated with differ-
ent levels of MVPA but their interaction was not significant (p = 0.016 for race, p = 0.004 for
income, p = 0.384 for their interaction in 2-way ANOVA). The racial significant differences in
MVPA were between Hispanic and white (p-value = 0.039), Hispanic and black (p = 0.021)
with Hispanics having increased levels of MVPA than black and white groups.

Discussion

The current study provides insights into the relationship between physical activity and the
socioeconomic level in patients with NAFLD and significant fibrosis. Using physical activity as
measured by accelerometers in the large population National Health and Examination Survey
(NHANES) 2003-2006 cohort, we developed predictive models for NAFLD and significant
fibrosis. Our findings show that individuals with NAFLD and further NAFLD with significant
fibrosis engage in reduced physical activity. The levels of physical activity are further impacted
by race and type of occupation.

We demonstrate that MVPA, race, presence of diabetes and arthritis, gender and income
level illustrate that higher levels of intense physical activity significantly lower the risk for
NAFLD. Furthermore, our study shows that among individuals with NAFLD, the risk for sig-
nificant fibrosis decreases with more time spent in MVPA, TLAC. These data corroborate pre-
vious findings based on self-reports that physical activity was inversely associated with
NAFLD and associated significant fibrosis [8], and higher intensities of physical activity
showed larger protective effects [43-45]. Additionally, our predictive models quantify the rela-
tionship between the time engaged in MVPA, thereby, providing foundational data to better
investigate these relationships in larger datasets that included both objective and self-reported
measures of physical activity. These results further suggest the potential for the use of acceler-
ometers as disease-monitoring biomarkers and support their future development for these
indications.

We also specify that the amount of physical activity differs by race and socioeconomic sta-
tus. NAFLD is a complex metabolic disease that is further influenced by a multitude of socio-
environmental factors like individual, social (race, education, income), environmental
(restricted access to healthy food), macro-level (media, government policy) [46]. In our study,
NAFLD and advanced fibrosis were presented in higher proportions of Hispanic patients, con-
firming the role of other environmental and genetic factors. Furthermore, among participants
with NAFLD, white and black individuals with significant fibrosis were predominantly retired
or were employed in occupations that involved lower levels of physical activity. Interestingly,
race and income were associated variables for participants with NAFLD but not with presence
of significant fibrosis. These results confirm previous evidence that genetic factors play an
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important role in NAFLD and significant fibrosis [47]. We further summarize that while
higher physical activity levels are protective for NAFLD and fibrosis, the time spent in physical
activity should be larger in Hispanic individuals to reduce the risk for NAFLD. These findings
have important implications suggesting that NAFLD prevention and management guidelines
should be developed considering differences between racial groups.

The study results must be interpreted within the context of study limitations. First, we used
non-invasive FLI and FIB-4 measures to define patients with NAFLD and significant fibrosis.
Therefore, some individuals may be incorrectly classified. However, it is not feasible to per-
form liver biopsy in a population based study given the cost and invasive nature of a liver
biopsy. Moreover, this study also reflects a ‘real world” cohort as opposed to previously pub-
lished cohorts that are limited by ascertainment bias, thereby, allowing for broader implica-
tions of the study findings. Another important limitation is the use of 2003-2006 NHANES
data. While the new waves of NHANES data are available that include better diagnostic assess-
ment of liver (i.e. vibration controlled transient elastography), we selected the older data
because of availability of accelerometry data measured by Actigraph step counts verified cut-
offs for sedentary, LIPA and MVPA times. In our prediction models, arthritis is a statistically
significant variable and this is likely because these are older patients, and the rates of arthritis,
particularly osteoarthritis, increases with age, BMI and likely limits physical activity.

Our analysis showed that physical activity and socioeconomic levels are associated with
NAFLD and advanced fibrosis differently for Hispanic, black and white participants. The goal
of this study was to increase awareness of health disparities in different populations affected by
liver diseases like NAFLD and clinically significant fibrosis. Potential recommendations for
improving the situation include changes at the individual, institutional, community and socie-
tal level. Disadvantaged groups may benefit from an increased accessibility to health care, edu-
cational programs on nutrition and lifestyle, management of physical activity, recreational
facilities.

In summary, the major strengths of our study is the use of objectively-measured physical
activity in the large nationally-representative population. The current study demonstrates
racial and occupational disparities among the patients with NAFLD and significant fibrosis,
which implicate the need for race-specific guidelines for NAFLD prevention and manage-
ment. Since accelerometers allow to measure physical activity effortlessly and objectively in a
natural living environment, wearable technology can be used to design targeted interven-
tions to monitor diet, physical activity and other health comorbidities in vulnerable groups
affected by liver diseases. NHANES is a rich data resource on the diverse population of US,
and in UK similar information is collected in the UK Biobank data set. Research questions
regarding the consistency of our results compared with UK Biobank could be examined in
the future studies.

Supporting information

S1 File.
(DOCX)

Author Contributions

Conceptualization: Lucia Tabacu, Mark Ledbetter, Mohamad S. Siddiqui, Ekaterina
Smirnova.

Data curation: Lucia Tabacu, Sajag Swami, Ekaterina Smirnova.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301774 May 9, 2024 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301774.s001
https://doi.org/10.1371/journal.pone.0301774

PLOS ONE

Physical activity and socioeconomic disparities in fatty liver disease

Formal analysis: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Mohamad S. Siddiqui, Ekater-
ina Smirnova.

Funding acquisition: Ekaterina Smirnova.

Investigation: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Mohamad S. Siddiqui, Ekaterina
Smirnova.

Methodology: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Mohamad S. Siddiqui, Ekaterina
Smirnova.

Project administration: Lucia Tabacu, Mohamad S. Siddiqui, Ekaterina Smirnova.
Resources: Lucia Tabacu, Ekaterina Smirnova.

Software: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Ekaterina Smirnova.
Supervision: Lucia Tabacu, Ekaterina Smirnova.

Validation: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Mohamad S. Siddiqui, Ekaterina
Smirnova.

Visualization: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Ekaterina Smirnova.
Writing - original draft: Lucia Tabacu, Mohamad S. Siddiqui, Ekaterina Smirnova.

Writing - review & editing: Lucia Tabacu, Sajag Swami, Mark Ledbetter, Mohamad S. Siddi-
qui, Ekaterina Smirnova.

References

1. QuekJ, Chan KE, Wong ZY, Tan C, Tan B, Lim WH, et al. Global prevalence of non-alcoholic fatty liver
disease and non-alcoholic steatohepatitis in the overweight and obese population: a systematic review
and meta-analysis. Lancet Gastroenterol Hepatol. 2023 Jan; 8(1):20-30. https://doi.org/10.1016/
S$2468-1253(22)00317-X PMID: 36400097

2. QuekJ,Ng CH, Tang ASP, Chew N, Chan M, Khoo CM, et al. Metabolic Associated Fatty Liver Disease
Increases the Risk of Systemic Complications and Mortality. A Meta-Analysis and Systematic Review
of 12 620 736 Individuals. Endocr Pract Off J Am Coll Endocrinol Am Assoc Clin Endocrinol. 2022 Jul;
28(7):667-72.

3. Ciardullo S, Perseghin G. Prevalence of NAFLD, MAFLD and associated advanced fibrosis in the con-
temporary United States population. Liver Int Off J Int Assoc Study Liver. 2021 Jun; 41(6):1290-3.
https://doi.org/10.1111/liv.14828 PMID: 33590934

4. Chong B, Kong G, Shankar K, Chew HSJ, Lin C, Goh R, et al. The global syndemic of metabolic dis-
eases in the young adult population: A consortium of trends and projections from the Global Burden of
Disease 2000—2019. Metabolism. 2023 Apr; 141:155402. https://doi.org/10.1016/j.metabol.2023.
155402 PMID: 36717058

5. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, Abdelmalek MF, Caldwell S, Barb D, et al. AASLD
Practice Guidance on the clinical assessment and management of nonalcoholic fatty liver disease.
Hepatology. 2023 May; 77(5):1797. https://doi.org/10.1097/HEP.0000000000000323 PMID: 36727674

6. Chew NWS, Ng CH, Tan DJH, Kong G, Lin C, Chin YH, et al. The global burden of metabolic disease:
Data from 2000 to 2019. Cell Metab. 2023 Mar 7; 35(3):414—428.e3. https://doi.org/10.1016/j.cmet.
2023.02.003 PMID: 36889281

7. Bilic-Curcic |, Cigrovski Berkovic M, Virovic-Jukic L, Mrzljak A. Shifting perspectives—interplay between
non-alcoholic fatty liver disease and insulin resistance in lean individuals. World J Hepatol. 2021 Jan 27;
13(1):80-93. https://doi.org/10.4254/wjh.v13.i1.80 PMID: 33584988

8. Hallsworth K, Adams LA. Lifestyle modification in NAFLD/NASH: Facts and figures. JHEP Rep Innov
Hepatol. 2019 Dec; 1(6):468—-79. https://doi.org/10.1016/j.jhepr.2019.10.008 PMID: 32039399

9. Kenneally S, Sier JH, Moore JB. Efficacy of dietary and physical activity intervention in non-alcoholic
fatty liver disease: a systematic review. BMJ Open Gastroenterol. 2017; 4(1):e000139. https://doi.org/
10.1136/bmjgast-2017-000139 PMID: 28761689

PLOS ONE | https://doi.org/10.1371/journal.pone.0301774 May 9, 2024 13/15


https://doi.org/10.1016/S2468-1253%2822%2900317-X
https://doi.org/10.1016/S2468-1253%2822%2900317-X
http://www.ncbi.nlm.nih.gov/pubmed/36400097
https://doi.org/10.1111/liv.14828
http://www.ncbi.nlm.nih.gov/pubmed/33590934
https://doi.org/10.1016/j.metabol.2023.155402
https://doi.org/10.1016/j.metabol.2023.155402
http://www.ncbi.nlm.nih.gov/pubmed/36717058
https://doi.org/10.1097/HEP.0000000000000323
http://www.ncbi.nlm.nih.gov/pubmed/36727674
https://doi.org/10.1016/j.cmet.2023.02.003
https://doi.org/10.1016/j.cmet.2023.02.003
http://www.ncbi.nlm.nih.gov/pubmed/36889281
https://doi.org/10.4254/wjh.v13.i1.80
http://www.ncbi.nlm.nih.gov/pubmed/33584988
https://doi.org/10.1016/j.jhepr.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/32039399
https://doi.org/10.1136/bmjgast-2017-000139
https://doi.org/10.1136/bmjgast-2017-000139
http://www.ncbi.nlm.nih.gov/pubmed/28761689
https://doi.org/10.1371/journal.pone.0301774

PLOS ONE

Physical activity and socioeconomic disparities in fatty liver disease

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Zelber-Sagi S, Ratziu V, Oren R. Nutrition and physical activity in NAFLD: an overview of the epidemio-
logical evidence. World J Gastroenterol. 2011 Aug 7; 17(29):3377-89. https://doi.org/10.3748/wjg.v17.
i29.3377 PMID: 21876630

Kim D, Vazquez-Montesino LM, Li AA, Cholankeril G, Ahmed A. Inadequate Physical Activity and Sed-
entary Behavior Are Independent Predictors of Nonalcoholic Fatty Liver Disease. Hepatol Baltim Md.
2020 Nov; 72(5):1556-68. https://doi.org/10.1002/hep.31158 PMID: 32012316

MaQ, Ye J, Shao C, Lin Y, Wu T, Zhong B. Metabolic benefits of changing sedentary lifestyles in nonal-
coholic fatty liver disease: a meta-analysis of randomized controlled trials. Ther Adv Endocrinol Metab.
2022; 13:20420188221122426. https://doi.org/10.1177/20420188221122426 PMID: 36147997

Ryu S, Chang Y, Jung HS, Yun KE, Kwon MJ, Choi Y, et al. Relationship of sitting time and physical
activity with non-alcoholic fatty liver disease. J Hepatol. 2015 Nov; 63(5):1229-37. https://doi.org/10.
1016/j.jhep.2015.07.010 PMID: 26385766

Giammarino AM, Qiu H, Bulsara K, Khan S, Jiang Y, Da BL, et al. Community Socioeconomic Depriva-
tion Predicts Nonalcoholic Steatohepatitis. Hepatol Commun. 2022 Mar; 6(3):550—60. https://doi.org/
10.1002/hep4.1831 PMID: 34668658

Chen W, Cao L, Wu Z. Association Between Physical Activity and Prevalence/Mortality of Non-Alco-
holic Fatty Liver Disease in Different Socioeconomic Settings. Int J Public Health. 2023; 68:1605031.
https://doi.org/10.3389/ijph.2023.1605031 PMID: 37206096

Sallis JF, Saelens BE. Assessment of physical activity by self-report: status, limitations, and future
directions. Res Q Exerc Sport. 2000 Jun; 71 Suppl 2:1-14.

Washburn RA. Assessment of physical activity in older adults. Res Q Exerc Sport. 2000 Jun; 71(2
Suppl):S79-88. PMID: 10925829

Kwak MS, Kim D. Non-alcoholic fatty liver disease and lifestyle modifications, focusing on physical activ-
ity. Korean J Intern Med. 2018 Jan; 33(1):64—74. https://doi.org/10.3904/kjim.2017.343 PMID: 29202557

Thorp A, Stine JG. Exercise as Medicine: The Impact of Exercise Training on Nonalcoholic Fatty Liver
Disease. Curr Hepatol Rep. 2020 Dec; 19(4):402—11. https://doi.org/10.1007/s11901-020-00543-9
PMID: 33767944

Gerber L, Otgonsuren M, Mishra A, Escheik C, Birerdinc A, Stepanova M, et al. Non-alcoholic fatty liver
disease (NAFLD) is associated with low level of physical activity: a population-based study. Aliment
Pharmacol Ther. 2012 Oct; 36(8):772-81. https://doi.org/10.1111/apt.12038 PMID: 22958053

Henry A, Paik JM, Austin P, Eberly KE, Golabi P, Younossi |, et al. Vigorous physical activity provides
protection against all-cause deaths among adults patients with nonalcoholic fatty liver disease
(NAFLD). Aliment Pharmacol Ther. 2023 Mar; 57(6):709-22. https://doi.org/10.1111/apt.17308 PMID:
36380111

Kim D, Murag S, Cholankeril G, Cheung A, Harrison SA, Younossi ZM, et al. Physical Activity, Mea-
sured Objectively, Is Associated With Lower Mortality in Patients With Nonalcoholic Fatty Liver Disease.
Clin Gastroenterol Hepatol Off Clin Pract J Am Gastroenterol Assoc. 2021 Jun; 19(6):1240-1247.e5.
https://doi.org/10.1016/j.cgh.2020.07.023 PMID: 32683103

Loprinzi PD, VanWagner LB. Survival effects of physical activity on mortality among persons with liver
disease. Prev Med Rep. 2015 Dec 29; 3:132—4. https://doi.org/10.1016/j.pmedr.2015.12.011 PMID:
26844199

Vilar-Gomez E, Vuppalanchi R, Gawrieh S, Pike F, Samala N, Chalasani N. Significant Dose-Response
Association of Physical Activity and Diet Quality With Mortality in Adults With Suspected NAFLD in a
Population Study. Am J Gastroenterol. 2023 Sep 1; 118(9):1576-91. https://doi.org/10.14309/ajg.
0000000000002222 PMID: 36799895

NHANES—ADbout the National Health and Nutrition Examination Survey [Internet]. 2023 [cited 2024
Mar 2]. https://www.cdc.gov/nchs/nhanes/about_nhanes.htm

Diabetes Diagnosis & Tests | ADA [Internet]. [cited 2024 Mar 2]. https://diabetes.org/about-diabetes/
diagnosis

Use of Glycated Haemoglobin (HbA1c) in the Diagnosis of Diabetes Mellitus: Abbreviated Report of a
WHO Consultation [Internet]. Geneva: World Health Organization; 2011 [cited 2024 Mar 2]. (WHO
Guidelines Approved by the Guidelines Review Committee). http://www.ncbi.nlm.nih.gov/books/
NBK304267/

Bedogni G, Bellentani S, Miglioli L, Masutti F, Passalacqua M, Castiglione A, et al. The Fatty Liver
Index: a simple and accurate predictor of hepatic steatosis in the general population. BMC Gastroen-
terol. 2006 Nov 2; 6:33. https://doi.org/10.1186/1471-230X-6-33 PMID: 17081293

LiuY, Liu S, Huang J, Zhu Y, Lin S. Validation of five hepatic steatosis algorithms in metabolic-associ-
ated fatty liver disease: A population based study. J Gastroenterol Hepatol. 2022 May; 37(5):938—45.
https://doi.org/10.1111/jgh.15799 PMID: 35174539

PLOS ONE | https://doi.org/10.1371/journal.pone.0301774 May 9, 2024 14/15


https://doi.org/10.3748/wjg.v17.i29.3377
https://doi.org/10.3748/wjg.v17.i29.3377
http://www.ncbi.nlm.nih.gov/pubmed/21876630
https://doi.org/10.1002/hep.31158
http://www.ncbi.nlm.nih.gov/pubmed/32012316
https://doi.org/10.1177/20420188221122426
http://www.ncbi.nlm.nih.gov/pubmed/36147997
https://doi.org/10.1016/j.jhep.2015.07.010
https://doi.org/10.1016/j.jhep.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26385766
https://doi.org/10.1002/hep4.1831
https://doi.org/10.1002/hep4.1831
http://www.ncbi.nlm.nih.gov/pubmed/34668658
https://doi.org/10.3389/ijph.2023.1605031
http://www.ncbi.nlm.nih.gov/pubmed/37206096
http://www.ncbi.nlm.nih.gov/pubmed/10925829
https://doi.org/10.3904/kjim.2017.343
http://www.ncbi.nlm.nih.gov/pubmed/29202557
https://doi.org/10.1007/s11901-020-00543-9
http://www.ncbi.nlm.nih.gov/pubmed/33767944
https://doi.org/10.1111/apt.12038
http://www.ncbi.nlm.nih.gov/pubmed/22958053
https://doi.org/10.1111/apt.17308
http://www.ncbi.nlm.nih.gov/pubmed/36380111
https://doi.org/10.1016/j.cgh.2020.07.023
http://www.ncbi.nlm.nih.gov/pubmed/32683103
https://doi.org/10.1016/j.pmedr.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26844199
https://doi.org/10.14309/ajg.0000000000002222
https://doi.org/10.14309/ajg.0000000000002222
http://www.ncbi.nlm.nih.gov/pubmed/36799895
https://www.cdc.gov/nchs/nhanes/about_nhanes.htm
https://diabetes.org/about-diabetes/diagnosis
https://diabetes.org/about-diabetes/diagnosis
http://www.ncbi.nlm.nih.gov/books/NBK304267/
http://www.ncbi.nlm.nih.gov/books/NBK304267/
https://doi.org/10.1186/1471-230X-6-33
http://www.ncbi.nlm.nih.gov/pubmed/17081293
https://doi.org/10.1111/jgh.15799
http://www.ncbi.nlm.nih.gov/pubmed/35174539
https://doi.org/10.1371/journal.pone.0301774

PLOS ONE

Physical activity and socioeconomic disparities in fatty liver disease

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

Fedchuk L, Nascimbeni F, Pais R, Charlotte F, Housset C, Ratziu V, et al. Performance and limitations
of steatosis biomarkers in patients with nonalcoholic fatty liver disease. Aliment Pharmacol Ther. 2014
Nov; 40(10):1209-22. https://doi.org/10.1111/apt. 12963 PMID: 25267215

Sterling RK, Lissen E, Clumeck N, Sola R, Correa MC, Montaner J, et al. Development of a simple non-
invasive index to predict significant fibrosis in patients with HIV/HCV coinfection. Hepatol Baltim Md.
2006 Jun; 43(6):1317-25. https://doi.org/10.1002/hep.21178 PMID: 16729309

Monelli F, Venturelli F, Bonilauri L, Manicardi E, Manicardi V, Rossi P, et al. Systematic review of exist-
ing guidelines for NAFLD assessment. Hepatoma Res. 2021; 7:25-37.

Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activity in the United
States measured by accelerometer. Med Sci Sports Exerc. 2008 Jan; 40(1):181-8. https://doi.org/10.
1249/mss.0b013e31815a51b3 PMID: 18091006

Leroux A. rnhanesdata: NHANES Accelerometry Data Pipeline [Internet]. [cited 2024 Mar 2]. https:/
andrew-leroux.github.io/rnhanesdata/index.html

Leroux A, DiJ, Smirnova E, Mcguffey EJ, Cao Q, Bayatmokhtari E, et al. Organizing and analyzing the
activity data in NHANES. Stat Biosci. 2019 Jul; 11(2):262-87. https://doi.org/10.1007/s12561-018-
09229-9 PMID: 32047572

Di J, Leroux A, Urbanek JK, Varadhan R, Spira A, Schrack J, et al. Patterns of sedentary and active
time accumulation are associated with mortality in US adults: The NHANES study. BioRxiv. 2017;

Van Domelen DR, Koster A, Caserotti P, Brychta RJ, Chen KY, McClain JJ, et al. Employment and
physical activity in the U.S. Am J Prev Med. 2011 Aug; 41(2):136—45. https://doi.org/10.1016/j.amepre.
2011.03.019 PMID: 21767720

Yu X, Hao L, Crainiceanu C, Leroux A. Occupational determinants of physical activity at work: Evidence
from wearable accelerometer in 2005-2006 NHANES. SSM—Popul Health. 2022 Mar 1; 17:100989.
https://doi.org/10.1016/j.ssmph.2021.100989 PMID: 34977325

Labor Force Characteristics (CPS): U.S. Bureau of Labor Statistics [Internet]. [cited 2024 Mar 2].
https://www.bls.gov/cps/lfcharacteristics.htm

King GA, Fitzhugh EC, Bassett DR, McLaughlin JE, Strath SJ, Swartz AM, et al. Relationship of leisure-
time physical activity and occupational activity to the prevalence of obesity. Int J Obes Relat Metab Dis-
ord J Int Assoc Study Obes. 2001 May; 25(5):606—12.

Steeves JA, Tudor-Locke C, Murphy RA, King GA, Fitzhugh EC, Harris TB. Classification of occupa-
tional activity categories using accelerometry: NHANES 2003-2004. Int J Behav Nutr Phys Act. 2015
Jun 30; 12:89. https://doi.org/10.1186/s12966-015-0235-z PMID: 26122724

Siddiqui MS, Yamada G, Vuppalanchi R, Van Natta M, Loomba R, Guy C, et al. Diagnostic Accuracy of
Noninvasive Fibrosis Models to Detect Change in Fibrosis Stage. Clin Gastroenterol Hepatol Off Clin
Pract J Am Gastroenterol Assoc. 2019 Aug; 17(9):1877-1885.€5. https://doi.org/10.1016/j.cgh.2018.
12.031 PMID: 30616027

Chun HS, Lee M, Lee HA, Oh SY, Baek HJ, Moon JW, et al. Association of Physical Activity With Risk
of Liver Fibrosis, Sarcopenia, and Cardiovascular Disease in Nonalcoholic Fatty Liver Disease. Clin
Gastroenterol Hepatol Off Clin Pract J Am Gastroenterol Assoc. 2023 Feb; 21(2):358-369.e12. https:/
doi.org/10.1016/j.cgh.2021.12.043 PMID: 34998993

van Kleef LA, Hofman A, Voortman T, de Knegt RJ. Objectively Measured Physical Activity Is Inversely
Associated With Nonalcoholic Fatty Liver Disease: The Rotterdam Study. Am J Gastroenterol. 2022
Feb; 117(2):311-8. https://doi.org/10.14309/ajg.0000000000001584 PMID: 34904966

Park JH, Lim NK, Park HY. Protective Effect of Leisure-Time Physical Activity and Resistance Training
on Nonalcoholic Fatty Liver Disease: A Nationwide Cross-Sectional Study. Int J Environ Res Public
Health. 2022 Feb 18; 19(4):2350. https://doi.org/10.3390/ijerph19042350 PMID: 35206539

Talens M, Tumas N, Lazarus JV, Benach J, Pericas JM. What Do We Know about Inequalities in
NAFLD Distribution and Outcomes? A Scoping Review. J Clin Med. 2021 Oct 28; 10(21):5019. https://
doi.org/10.3390/icm10215019 PMID: 34768539

Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, et al. Genetic variation in
PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat Genet. 2008 Dec; 40(12):1461-5.
https://doi.org/10.1038/ng.257 PMID: 18820647

PLOS ONE | https://doi.org/10.1371/journal.pone.0301774 May 9, 2024 15/15


https://doi.org/10.1111/apt.12963
http://www.ncbi.nlm.nih.gov/pubmed/25267215
https://doi.org/10.1002/hep.21178
http://www.ncbi.nlm.nih.gov/pubmed/16729309
https://doi.org/10.1249/mss.0b013e31815a51b3
https://doi.org/10.1249/mss.0b013e31815a51b3
http://www.ncbi.nlm.nih.gov/pubmed/18091006
https://andrew-leroux.github.io/rnhanesdata/index.html
https://andrew-leroux.github.io/rnhanesdata/index.html
https://doi.org/10.1007/s12561-018-09229-9
https://doi.org/10.1007/s12561-018-09229-9
http://www.ncbi.nlm.nih.gov/pubmed/32047572
https://doi.org/10.1016/j.amepre.2011.03.019
https://doi.org/10.1016/j.amepre.2011.03.019
http://www.ncbi.nlm.nih.gov/pubmed/21767720
https://doi.org/10.1016/j.ssmph.2021.100989
http://www.ncbi.nlm.nih.gov/pubmed/34977325
https://www.bls.gov/cps/lfcharacteristics.htm
https://doi.org/10.1186/s12966-015-0235-z
http://www.ncbi.nlm.nih.gov/pubmed/26122724
https://doi.org/10.1016/j.cgh.2018.12.031
https://doi.org/10.1016/j.cgh.2018.12.031
http://www.ncbi.nlm.nih.gov/pubmed/30616027
https://doi.org/10.1016/j.cgh.2021.12.043
https://doi.org/10.1016/j.cgh.2021.12.043
http://www.ncbi.nlm.nih.gov/pubmed/34998993
https://doi.org/10.14309/ajg.0000000000001584
http://www.ncbi.nlm.nih.gov/pubmed/34904966
https://doi.org/10.3390/ijerph19042350
http://www.ncbi.nlm.nih.gov/pubmed/35206539
https://doi.org/10.3390/jcm10215019
https://doi.org/10.3390/jcm10215019
http://www.ncbi.nlm.nih.gov/pubmed/34768539
https://doi.org/10.1038/ng.257
http://www.ncbi.nlm.nih.gov/pubmed/18820647
https://doi.org/10.1371/journal.pone.0301774

