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Abstract

Background

Non-alcoholic fatty liver disease (NAFLD) is increasingly common in the adult population. In

the United States, the overall burden of NAFLD is unknown due to challenges with popula-

tion-level NAFLD detection. The purpose of this study was to estimate prevalence of

NAFLD and significant NAFLD fibrosis and identify factors associated with them in the U.S.

Methods

Data came from the 2017–2018 cycle of National Health and Nutrition Examination Survey.

We defined NAFLD by controlled attenuation parameter (CAP) scores of�248 dB/m in

absence of excessive alcohol use and viral hepatitis. We defined significant fibrosis as

Vibration controlled transient elastography (VCTE) liver stiffness measurements (LSM)

value�7.9 kPa. We calculated the adjusted odds ratio (OR) and 95% confidential intervals

(CI) for associations with NAFLD and significant NAFLD fibrosis using multivariable logistic

regression.

Results

Overall, among 4,024 individuals aged�20 years included in the analysis, 56.7% had

NAFLD by CAP. In comparison, when defined by elevated liver enzymes, NAFLD preva-

lence was 12.4%. The prevalence of significant NAFLD fibrosis by VCTE LSM was 14.5%.

NAFLD prevalence increased with age, was higher among men than women and among

Hispanics compared with non-Hispanic whites. Individuals who were obese, had metabolic

syndrome (MetS) and type 2 diabetes were more likely to have NAFLD compared to those
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that who were not obese or without MetS/diabetes. Inadequate physical activity (OR = 1.57,

95% CI: 1.18–2.08) was also a factor associated with NAFLD. MetS, high waist circum-

stance, diabetes and hypertension were independently associated with significant NAFLD

fibrosis.

Conclusions

NAFLD and significant NAFLD fibrosis are highly prevalent in U.S. general population.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease in the

U.S. [1], and anticipated to become the leading indication for liver transplantation [2].

NAFLD is characterized by hepatic fat accumulation [3] and is the main hepatic complication

of obesity and the metabolic syndrome [4]. NAFLD is a spectrum of disease ranging from stea-

tosis to steatohepatitis with progressive fibrosis to cirrhosis. While most individuals with

NAFLD are likely to have a good prognosis [5], up to 25% of NAFLD patients develop nonal-

coholic steatohepatitis (NASH) [6] and 20% of NASH patients develop significant fibrosis

(Metavir stage�2) [7], which is strongly associated with risk of adverse liver related complica-

tions, including hepatocellular carcinoma (HCC) [8].

Most population-based prevalence studies have relied on liver enzymes or ultrasonography

for identifying and quantifying the burden of NAFLD; however, both methods potentially

underestimate the true population prevalence of NAFLD [9, 10]. The sensitivity of using liver

enzymes for NAFLD is low as liver enzymes may be normal in up to 78% of patients with

NAFLD [11], while ultrasonography has a sensitivity of only 60%-94% and specificity of 66%-

95% for detecting fatty liver [12]. Furthermore, neither method can quantify NAFLD fibrosis

stage, which is essential for identifying high risk NAFLD cases. Vibration controlled transient

elastography (VCTE) can estimate liver fibrosis by measuring liver stiffness; simultaneously it

can quantify liver fat using the controlled attenuation parameter (CAP) with a sensitivity of

87% and specificity of 91% for detecting hepatic steatosis [13]. VCTE has been approved by

the FDA as a test for the evaluation of liver fibrosis and is recommended in the current

NAFLD clinical practice guidelines from the European Association for the Study of the Liver

(EASL), European Association for the Study of Diabetes (EASD) and European Association

for the Study of Obesity (EASO) [14].

There are no estimates for NAFLD prevalence or severity by CAP in the U.S. The

National Health and Nutrition Examination Survey (NHANES), a survey among a nation-

ally representative sample of the U.S. general population, used VCTE as part of its study

procedures for the first time in 2017–2018. Using this more sensitive diagnostic technique

will provide the best estimate yet for the population-based burden of NAFLD in the U.S., as

well as factors associated with NAFLD. Analyses using these data so far have estimated a

47.8% age adjusted prevalence of hepatic steatosis (without excluding alcohol-related liver

disease and defined as CAP�263 dB/m) and 24.2% prevalence of NAFLD among adoles-

cents [15]. However, NAFLD prevalence among the adult using this sensitive diagnostic

technique is still unknown.

We therefore undertook this analysis using NHANES 2017–2018 survey data to: 1) estimate

NAFLD prevalence; 2) estimate prevalence of significant NAFLD fibrosis; and 3) characterize

the factors associated with NAFLD and significant NAFLD fibrosis in the U.S.
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Materials and methods

Data source

We conducted a cross-sectional study using aggregated data from the 2017–2018 cycle

of NHANES, a stratified, multistage probability sample representative of the civilian non-

institutionalized U.S. population. NHANES methodology and data collection have been fully

described previously [16] and are available on the NHANES website (http://www.cdc.gov/

nchs/nhanes.htm). In brief, participants complete a survey capturing demographic, socioeco-

nomic, dietary, and health-related information and a medical exam including anthropometric

measurements and laboratory assessments. The National Center for Health Statistics institu-

tional review board approved the overall NHANES and all participants provided written con-

sent. The University of Texas, MD Anderson Cancer Center Institutional Review Board

approved this analysis.

Study population

A total of 5,265 adults (age�20 years) participated in the 2017–2018 NHANES cycle and com-

pleted both the survey and medical examination. We excluded participants who did not

undergo VCTE or with incomplete VCTE data (n = 755, due to partial exam, ineligibility or

not done), or missing Median CAP scores (n = 1). We also excluded participants with evidence

of alternative liver disease etiologies: hepatitis B surface antigen positivity (n = 27), hepatitis C

antibody positivity (n = 43) and harmful alcohol drinking (�30g/day for men or� 20g/day

for women; calculated using the dietary total nutrients data; n = 415). The final analysis sample

included 4,024 participants (Fig 1). S1 Table compares our final study population with the

source population (n = 5,265). We also compared the characteristics of those with successful

VCTE measurement and those that failed VCTE measurement and found that obese partici-

pants were more likely to have failed VCTE measurement. There were no significant difference

by age, gender, race and diabetes status (S2 Table).

NAFLD and fibrosis definitions

NAFLD and NAFLD fibrosis were assessed using data obtained by VCTE with controlled

attenuation. The VCTE measurements were obtained in the NHANES Mobile Examination

Center (MEC), using the FibroScan1model 502 V2 Touch equipped with a medium (M) or

extra-large (XL) wand (probe). For all examinations, the M probe was applied first; however,

the operator switched to the XL probe if needed based on the recommendations of the device

and the manufacturer’s instructions (M probe: Liver is�25 mm below skin; XL probe: liver is

>25 mm below skin). The operator obtained a minimum of 10 measurements from each par-

ticipant, and the device calculated the median CAP and LSM values along with the interquar-

tile range. All studies were read over by a trained NHANES health technician to ensure

quality. Exams were considered complete if participants fasted at least 3 hours prior to the

exam, there were 10 or more complete LSM, and the liver stiffness IQR/median <30% [17].

The detailed procedure manual was described in the Liver Ultrasound Transient Elastography

Procedures Manual [18]. In our final study population, 73% of participants used M probe,

while 27% used XL probe. VCTE derives liver stiffness measurements (LSM) from the velocity

of liver tissue microdisplacements induced by propagated shear waves. LSM measurements

range from 1.5 kPa to 75kPa, with higher values indicating more severe fibrosis. Simulta-

neously, VCTE measures the CAP value, which reflects the ultrasonic attenuation in the

liver. CAP values range from 100-400dB/m, with higher values indicating higher amounts of

liver fat.
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Fig 1. Flow chart for study population selection.

https://doi.org/10.1371/journal.pone.0252164.g001
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We defined NAFLD as a CAP score�248dB/m, based on published data from a large

meta-analysis assessing CAP diagnostic cutoffs for NAFLD [19] and as used in previous popu-

lation based studies [15]. In addition, we categorized patients into 3 steatosis severity levels:

mild defined as CAP 248 to<268 dB/m (correlates with 10%-33% steatosis); moderate, CAP

268 to<280 dB/m (33%-66% steatosis); and severe, CAP�280 dB/m (�66% steatosis) [19].

Individuals with CAP score <248 dB/m were considered non-NAFLD controls.

We defined NAFLD fibrosis according to published VCTE LSM cut-off values: F0-F1,<7.9

kPa; F2, 7.9 to<8.8 kPa; F3, 8.8 to<11.7 kPa; F4,�11.7 kPa [20]. NAFLD participants with a

VCTE LSM value of 7.9 kPa or greater (�F2) were considered to have significant NAFLD

fibrosis [21]. We examined NAFLD fibrosis as a categorical variable (F01,2,3,4) and as a

dichotomous variable (absence vs. presence of significant fibrosis).

We used the FibroScan–AST (FAST) score, a probability score that combines FibroScan

results with an easily accessible blood biomarker to help identify patients with active fibrotic

NASH (histologic nonalcoholic steatohepatitis (NASH), a NAFLD activity score� 4, and sig-

nificant fibrosis (F�2). Active Fibrotic NASH is identified by a cutoff of 0.35 for sensitivity of

0.90 or greater and a cutoff of 0.67 for specificity of 0.90 or greater [22]. In this study, we used

both these two thresholds to detect active fibrotic NASH.

In order to make comparisons with prior NHANES analyses that relied on liver enzymes

for NAFLD case definitions, we additionally assessed NAFLD based on liver enzyme cutoffs:

aspartate aminotransferase (AST)> 37 or alanine aminotransferase (ALT)> 40 U/L in males

or AST or ALT > 31 U/L in females [23].

Measurement

Interview and biochemistry. The interview obtained information on age, sex, race/eth-

nicity, and household income. Physical activity was collected with the Global Physical Activity

Questionnaire (GPAQ) developed by the World Health Organization [24]. Physical activity

was classified as adequate versus inadequate physical activity. Adequate was defined as meeting

the Physical Activity Guidelines for Americans: engaging in at least 150 minutes a week of

moderate-intensity or 75 minutes a week of vigorous-intensity aerobic physical activity or an

equivalent combination of moderate- and vigorous-intensity aerobic physical activity [25].

Inadequate was defined as anything less than meeting these guidelines. We estimated intake of

energy nutrients and other food components using data collected as a part of the Dietary Recall

Interview that assessed the food and beverage consumed by the participants during a 24-hour

period before the interview. Laboratory methods for measurements of ALT and AST are

reported in detail elsewhere [26].

Metabolic factors and comorbidities. Trained staff measured participants’ weight and

height, as well as waist circumference. We calculated body mass index (BMI) as weight divided

by height squared (kg/m2). Overweight status was defined as BMI 25 to 29.9 kg/m2 and obesity

as BMI� 30 kg/m2, while underweight was defined as BMI<18.5. High waist circumference

was defined as waist circumference >102 cm in men and>88 cm in women. Hypertension

was defined as systolic BP� 130, diastolic BP� 80 or ever told by a doctor they had high

blood pressure or taking hypertension medications [27]. LDL cholesterol was calculated using

the Friedewald formula [28]. Hyperlipidemia (HL) was defined as a serum cholesterol level of

�200 mg/dL, LDL of�130 mg/dL, and HDL� 40 mg/dL in men or� 50 mg/dL in women.

Diabetes was categorized as: normal [HgbA1C (<5.7%) and no self-report diabetes], pre-dia-

betes [HgbA1C (5.7–6.4%) and no self-report diabetes], and diabetes [HgbA1C (�6.5%) or

self-report diabetes]. The diagnosis of metabolic syndrome required the presence of three of
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the five measures which were created as binary affirmative variables according to the Adult

Treatment Panel III criteria [29].

Statistical analysis

Descriptive statistics were used to summarize data. We calculated NAFLD prevalence among

the overall population; and significant NAFLD fibrosis prevalence among participants who

had NAFLD by CAP. For between group comparisons, we used two sample t-test or Wilcoxon

rank-sum test for continuous variables and Chi-Square test or Fisher’s exact test for categorical

variables. Univariable linear regression models were used to examine difference across ordinal

categories of steatosis grade and fibrosis stage. We used univariate and multivariate logistic

regression models to assess predictors of NAFLD among the general population and predictors

of significant fibrosis among participants with NAFLD. Variables selected for assessment were

determined a priori based on clinical variables expected to be associated with NAFLD and

fibrosis. In addition, we recognize that there is not currently a standard cut-off. Therefore, we

have added a number of sensitivity analyses using different CAP cut-offs (290 dB/m [30] and

302 dB/m [31]) to define NAFLD.

Weighted analyses were carried out using survey weights, which was fundamental to

NHANES. These weights were used to account for the complex survey design, survey non-

response, post-stratification, and oversampling. By weighting, the sample becomes representa-

tive of the U.S. non-institutionalized population [32]. We used SAS 9.4 (SAS Institute INC,

Cary, NC) for data analysis, and p<0.05 was used for statistical significance.

Results

Study population

The overall study population had a mean age of 48.4 years (SE, 0.6 years), 49% were male, and

61% were non-Hispanic white, 12% were non-Hispanic Black and 16% were Hispanic. Overall,

42.8% of participants were obese, 35.8% had pre-diabetes or diabetes, 26.6% had metabolic

syndrome, and 35.9% of participants reported inadequate physical activity. Other study popu-

lation characteristics are shown in Table 1 and S3 Table.

Prevalence of NAFLD

Approximately 57% of participants had NAFLD by CAP (weighted prevalence, 56.7%; 95% CI

53.5%-59.9%), corresponding to 102 million U.S. adults over 20 years of age, 95%CI: (96 mil-

lion-108 million). The prevalence of S1, S2 and S3 steatosis by CAP were 9.9%, 7.7% and

39.1%, respectively (Table 2). When stratified by sex and race/ethnicity, males (62.6%) and

Hispanics (63.7%) had higher NAFLD prevalence compared with females (48.8%) and other

race/ethnicities (non-Hispanic white, 56.8%; non-Hispanic Black, 46.2%), respectively. The

prevalence was highest in males aged 50–59 years (75.5%, 95% CI: 65.0%-86.0%) and females

aged 70–79 years (68.7%, 95% CI: 60.2%-77.2%) (Tables 2 and 3). The sensitivity analysis

using CAP cut-offs of 290 dB/m and 302 dB/m for NAFLD showed similar findings (S5

Table).

The prevalence of NAFLD defined as elevated liver enzymes was 12.4%, corresponding to

21 million U.S. adults over 20 years of age, 95%CI: (18 million-24 million). When stratified by

sex and race/ethnicity, males (15.3%) and Hispanics (17.6%) again had higher NAFLD preva-

lence compared with females (9.7%) and non-Hispanic whites (11.2%), respectively. In con-

trast to the NAFLD by CAP findings, prevalence was highest in males aged 20–29 years
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Table 1. Characteristics of factors according to NAFLD status by CAP.

Variables Total NAFLD Status�

Yes (CAP�248 dB/m) No (CAP<248 dB/m) P-value

(n = 2373) (n = 1651)

n Weighted % ± SE n Weighted % ± SE n Weighted % ± SE

Fibroscan CAP value (dB/m), Mean ± SE <0.001

4024 263.6 ± 1.8 2373 308.3 ± 1.6 1651 205.1 ± 1.2

Age <0.001

Mean ± SE 4024 48.4 ± 0.6 2373 51.4 ± 0.6 1651 44.5 ± 0.8

20–29 587 18.0 ± 1.3 230 11.8 ± 1.2 357 26.2 ± 2.2

30–39 617 17.9 ± 0.7 310 16.1± 1.1 307 20.3 ± 1.4

40–49 585 15.4 ± 0.9 355 15.2 ± 1.1 230 15.8 ± 1.4

50–59 691 19.2 ± 1.3 472 23.1 ± 2.0 219 14.0 ± 1.8

60–69 844 16.0 ± 1.5 570 18.1 ± 1.1 274 13.3 ± 2.0

70–79 450 9.6 ± 0.7 299 11.9 ± 1.1 151 6.4 ± 0.6

80–89 250 3.9 ± 0.4 137 3.8 ± 0.4 113 4.0 ± 0.5

Sex 0.001

Male 1941 48.5 ± 1.0 1226 53.5 ± 1.7 715 41.9 ± 1.7

Female 2083 51.5 ± 1.0 1147 46.5 ± 1.7 936 58.1 ± 1.7

Race <0.001

Non-Hispanic White 1335 61.3±2.7 802 61.4±2.9 533 61.2±3.1

Non-Hispanic Black 940 11.6±1.7 465 9.5±1.7 475 14.4±1.8

Hispanics 938 16.4±2.1 638 18.3±2.5 300 13.7±1.8

Other 811 10.8±1.4 468 10.8±1.4 343 10.7±1.5

Household income 0.65

<$55,000 1948 41.7 ± 1.8 1146 42.4 ± 2.1 802 40.9 ± 2.8

�$55,000 1704 58.2 ± 1.8 997 57.6 ± 2.1 707 59.1 ± 2.8

Smoking 0.0944

Nonsmoker 2404 60.1 ± 1.8 1388 57.8 ± 2.2 1016 63.0 ± 2.3

Former smoker 142 3.3 ± 0.4 88 3.8 ± 0.5 54 2.7 ± 0.5

Current smoker 1478 36.6 ± 1.7 897 38.3 ± 2.1 581 34.3 ± 2.3

Alcohol drinking 0.0934

Yes 638 20.6 ± 1.2 353 18.5 ± 1.8 285 23.3 ± 1.7

No 3036 79.4 ± 1.2 1810 81.4 ± 1.8 1226 76.7 ± 1.7

Physical activity

Inadequate 1323 35.9 ± 1.4 847 41.8 ± 2.3 476 28.2 ± 1.3 <0.001

Adequate 1750 64.1 ± 1.4 947 58.2 ± 2.3 803 71.8 ± 1.3

Carbohydrate intake (Mean ± SE) 3674 240.6 ± 2.9 2163 245.8 ± 3.7 1511 234.0 ± 3.4 0.02

Body mass index <0.001

Mean ± SE 3991 29.7 ± 0.3 2351 32.7 ± 0.3 1640 25.9 ± 0.3

Underweight (<18.5) 58 1.5 ± 0.3 6 0.3 ± 0.2 52 3.1 ± 0.6

Normal (18.5 to 25) 990 24.8 ± 1.5 250 8.9 ± 0.8 740 45.7 ± 2.5

Overweight (25–29.9) 1304 30.8 ± 1.3 767 30.1 ±2.0 537 31.8 ± 1.6

Obesity (�30) 1639 42.8 ± 2.1 1328 60.7 ± 2.3 311 19.4 ± 2.3

Diabetes <0.001

Normal 2132 64.2 ± 1.2 992 52.1 ± 1.7 1140 79.8 ± 1.4

Pre-diabetes 993 21.7 ± 0.9 660 26.5 ± 1.1 333 15.5 ± 1.1

Diabetes 791 14.1 ± 0.6 647 21.4 ± 0.9 144 4.7 ± 0.6

Metabolic Syndrome <0.001

(Continued)
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Table 1. (Continued)

Variables Total NAFLD Status�

Yes (CAP�248 dB/m) No (CAP<248 dB/m) P-value

(n = 2373) (n = 1651)

n Weighted % ± SE n Weighted % ± SE n Weighted % ± SE

Yes 1153 26.6 ± 1.3 977 40.2 ± 1.5 176 8.7 ± 0.8

No 2871 73.4 ± 1.3 1396 59.8 ± 1.5 1475 91.3 ± 0.8

NAFLD defined by liver enzymes 0.002

Yes 464 12.4 ± 0.8 348 15.9 ± 1.1 116 7.8 ± 1.3

No 3326 87.6 ± 0.8 1909 84.1 ± 1.1 1417 92.1 ± 1.3

AST (IU/L) (Mean± SE) 3790 21.6 ± 0.2 2257 22.2 ± 0.4 1533 20.8 ± 0.5 0.051

ALT (IU/L) (Mean± SE) 3799 22.7 ± 0.4 2262 25.5 ± 0.6 1537 19.1 ± 0.4 <0.001

VCTE LSM value (kPa, Mean± SE) 4024 5.7 (0.1) 2373 6.4 (0.2) 1651 4.8 (0.1) <0.001

https://doi.org/10.1371/journal.pone.0252164.t001

Table 2. Prevalence of steatosis stage, NAFLD defined by CAP, NAFLD defined by serum liver enzymes, fibrotic

NASH defined by FAST (Fibroscan-AST) score and NAFLD fibrosis stage among NAFLD participants defined by

VCTE LSM.

Steatosis Stage by CAP N % 95% CI

S0 (<10% steatosis, <248 dB/m) 1651 43.3 40.1–

46.5

S1 (10%-33% steatosis, 248–268 dB/m, mild) 436 9.9 8.4–11.5

S2 (33%-66% steatosis, 268–280 dB/m, moderate) 314 7.7 6.0–9.3

S3 (�66% steatosis,�280 dB/m, significant) 1623 39.1 36.6–

41.7

NAFLD defined by Steatosis (CAP�248 dB/m)

No 1651 43.3 40.1–

46.5

Yes 2373 56.7 53.5–

59.9

NAFLD defined by serum liver enzymes (AST > 37 or ALT > 40 U/L in males or AST or

ALT > 31 U/L in females)

No 3326 87.6 86.0–

89.2

Yes 464 12.4 10.8–

14.0

Fibrotic NASH ((NASH+NAS�4+F�2)

Using cut-off point of 0.35

No 3520 93.6 92.5–

94.6

Yes 270 6.4 5.4–7.5

Using cut-off point of 0.67

No 3738 98.6 98.2–

98.9

Yes 52 1.4 1.1–1.8

NAFLD Fibrosis stage by VCTE LSM (Among NAFLD participants defined by CAP)

F0-F1 (<7.9 kPa) 2015 85.5 82.6–

88.3

F2 (7.9 to <8.8 kPa) 88 3.9 2.2–5.6

F3 (8.8 to <11.7 kPa) 134 5.3 3.4–7.2

F4 (�11.7 kPa) 136 5.3 4.2–6.5

https://doi.org/10.1371/journal.pone.0252164.t002
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(25.6%, 95% CI: 19.4%-31.7%) and females aged 50–59 years (12.5, 95% CI: 8.6%-16.4%)

(Tables 2 and 3).

Factors associated with NAFLD

Table 4 shows the factors associated with NAFLD by CAP in univariate and multivariable anal-

ysis. In the multivariable analysis, age 50–59 years old was associated with 3-fold higher odds

for NAFLD, compared with age 20–29 years old (OR = 3.13, 95% CI: 1.78–5.50). Compared

with non-Hispanic whites, non-Hispanic Blacks had lower odds (OR = 0.73, 95% CI: 0.60–

0.89) and Hispanics had higher odds (OR = 1.57, 95%CI: 1.23–2.01) for NAFLD. Metabolic

Table 3. Weighted prevalence of NAFLD using the two definitions by age group, sex and race/ethnicity.

Sex by age Non-Hispanic White Non-Hispanic Black Hispanics Total

Prevalence 95% CI Prevalence 95% CI Prevalence 95% CI Prevalence 95% CI

NAFLD by CAP

Male 63.4 57.3, 69.5 45.6 39.0, 52.2 70.7 64.0, 77.4 62.6 58.0, 67.2

20–29 41.2 25.8, 56.6 25.9 10.1, 41.6 56.9 39.3, 74.5 43.3 33.7, 52.8

30–39 57.0 37.9, 76.2 37.8 25.1, 50.5 64.3 51.8, 76.9 56.9 47.4, 66.4

40–49 58.1 38.1, 78.0 59.7 41.1, 78.3 84.9 71.4, 98.3 62.4 48.5,76.3

50–59 77.0 63.7, 90.2 64.6 52.5, 76.7 80.9 70.5, 91.3 75.5 65.0, 86.0

60–69 73.5 62.0, 85.0 54.2 43.7, 64.7 77.9 69.9, 85.9 71.9 63.4, 80.5

70–79 74.3 63.9, 84.7 47.8 35.9, 59.8 86.0 72.8, 99.2 74.0 65.5, 82.5

80–89 62.0 52.0, 72.1 30.1 13.3, 46.8 73.0 41.1, 100.0 61.2 52.1, 70.3

Female 50.4 44.3, 56.5 46.7 43.0, 50.3 57.0 51.6, 62.5 48.8 45.1, 52.6

20–29 28.2 13.8, 42.7 19.0 8.9, 29.1 42.9 29.7, 56.1 30.5 22.1, 38.9

30–39 47.1 35.1, 59.1 38.6 28.3, 48.9 52.8 41.6, 63.9 45.2 39.1, 51.3

40–49 46.0 32.5, 59.4 48.2 31.3, 65.2 54.7 42.7, 66.8 49.6 41.5, 57.6

50–59 57.9 41.0, 74.7 66.1 57.8, 75.1 68.9 58.8, 79.0 61.7 50.1, 73.3

60–69 51.7 41.1, 62.3 63.6 54.1, 73.1 75.3 64.6, 86.1 56.8 48.5, 65.2

70–79 70.4 60.4, 80.4 57.6 45.9, 69.3 65.2 51.7, 78.6 68.7 60.2, 77.2

80–89 52.7 46.0, 59.3 35.2 9.9, 60.6 51.1 0.0–100.0 49.8 44.6, 55.0

Total 56.8 51.6, 61.9 46.2 42.5, 49.9 63.7 60.7, 66.7 56.7 53.5, 59.9

NAFLD by elevated serum liver enzymes

Male 13.8 10.4, 17.2 13.3 9.5, 17.2 23.0 18.2, 27.7 15.3 12.8, 17.9

20–29 29.2 17.8, 40.5 10.0 1.1, 18.8 28.0 14.8, 41.3 25.6 19.4, 31.7

30–39 11.9 6.0, 17.8 20.8 7.8, 33.7 22.2 8.2, 26.3 17.0 10.5, 23.4

40–49 15.9 2.4, 29.3 15.4 3.3, 27.5 34.5 17.5, 51.5 19.0 9.5, 28.5

50–59 13.9 2.2, 25.6 15.6 5.9, 25.3 16.6 7.7, 25.5 13.9 6.6, 21.2

60–69 7.7 0.9, 14.6 9.5 4.7, 14.3 8.2 2.8, 13.5 7.5 2.6, 12.4

70–79 4.6 0.0, 10.1 3.6 0.0, 10.5 12.3 0.0, 26.8 4.9 0.8, 9.1

80–89 3.4 0.0, 7.7 0.0 0.0–0.0 14.4 0.0, 38.6 4.4 0.6, 8.2

Female 8.8 6.2, 11.3 6.7 5.0, 8.5 12.6 9.8, 15.4 9.7 8.0, 11.4

20–29 12.2 3.1, 21.3 1.9 0.0, 4.5 10.8 0.7, 20.9 9.8 4.3, 15.3

30–39 10.2 2.8, 17.7 3.6 0.0, 7.9 14.2 7.5, 20.9 9.4 5.9, 13.0

40–49 7.0 0.0, 15.7 7.0 1.0, 13.0 3.9 0.0, 8.0 7.4 2.6, 12.2

50–59 8.6 2.2, 15.0 11.6 5.3, 17.8 17.8 9.9, 25.6 12.5 8.6, 16.4

60–69 8.2 1.3, 15.1 9.4 3.9, 14.8 23.6 14.7, 32.5 10.4 5.5, 15.3

70–79 9.1 1.4, 16.9 11.3 0.2, 22.3 7.3 0.0, 22.8 9.9 3.3, 16.5

80–89 2.4 0.0, 6.0 4.9 0.0, 14.0 0 NA 2.5 0.0, 5.6

Total 11.2 8.8, 13.7 9.7 7.6, 11.7 17.6 15.1, 20.1 12.4 10.8, 14.0

https://doi.org/10.1371/journal.pone.0252164.t003
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Table 4. Multivariable analysis for factors associated with NAFLD by CAP.

Variables Crude OR 95%CI Multivariable adjusted ORa 95%CI

Age

1 unit increase 1.02 1.018–1.030

20–29 1.76 1.20–2.56 Ref

30–39 2.13 1.47–3.10 1.25 0.81–1.93

40–49 3.63 2.20–6.00 1.82 1.18–2.80

50–59 2.99 2.12–4.23 3.13 1.78–5.50

60–69 4.14 2.67–6.42 2.94 1.88–4.59

70–79 2.07 1.48–2.88 3.02 1.76–5.19

80–89 1.76 1.20–2.56 1.54 1.10–2.14

Sex

Male Ref Ref

Female 0.63 0.49–0.80 0.61 0.44–0.83

Race

Non-Hispanic White Ref Ref

Non-Hispanic Black 0.65 0.50–0.85 0.73 0.60–0.89

Hispanics 1.34 1.04–1.71 1.57 1.23–2.01

Other 1.00 0.76–1.32 1.18 0.97–1.43

High waist circumference
��

1 unit increase 1.10 1.09–1.11

Yes 5.68 4.75–6.79

No Ref

Body mass index
�

1 unit increase 1.23 1.20–1.26

Underweight (<18.5) 0.55 0.14–2.20 1.44 0.42–4.88

Normal (18.5 to 25) Ref Ref

Overweight (25–29.9) 4.87 3.70–6.41 5.00 2.96–8.43

Obesity (�30) 16.13 11.04–23.59 19.10 11.16–32.69

Hyperlipidemia
�

Yes 2.25 1.49–3.39 1.45 0.82–5.56

No Ref Ref

Diabetes
�

Normal Ref Ref

Pre-diabetes 2.62 2.07–3.32 1.93 1.32–2.84

Diabetes 6.95 4.91–9.84 3.80 2.41–5.98

Metabolic Syndrome

Yes 7.00 5.77–8.50 5.51 4.37–6.94

No Ref Ref

Hypertension
�

Yes 2.75 2.24–3.37 1.24 1.01–1.52

No Ref Ref

Smoking

Nonsmoker Ref

Former smoker 1.51 0.97–2.37

Current smoker 1.22 0.94–1.58

Alcohol drinking

Yes 0.75 0.53–1.05

No Ref

(Continued)
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syndrome (OR = 5.51, 95% CI: 4.37–6.94) and obesity (OR = 19.10, 95% CI: 11.16–32.69) were

independently associated with increased odds for NAFLD. An increased odds was also seen in

participants with prediabetes and diabetes. In addition, inadequate physical activity was associ-

ated a higher odds for NAFLD (OR = 1.57, 95% CI: 1.18–2.08). Factors associated with

NAFLD by elevated liver enzymes are shown in S4 Table. Similar to the findings for NAFLD

by CAP, in multivariable analysis, metabolic syndrome, obesity, hypertension, hyperlipidemia

age, and sex were associated with NAFLD by elevated liver enzymes, while race/ethnicity and

diabetes were not significantly associated with NAFLD by elevated liver enzymes. The findings

were similar in the sensitivity analysis using CAP cut-offs of 290 dB/m and 302 dB/m for

NAFLD (S6 and S7 Tables).

Prevalence of significant NAFLD fibrosis

The prevalence of F2, F3 and F4 by VCTE LSM among patients with NAFLD by CAP were

3.9%, 5.3% and 5.3%, respectively (Table 2), and the prevalence of significant NAFLD fibrosis

(�F2) by VCTE LSM among patients with NAFLD by CAP was 14.5% (95% CI: 11.7%-

17.4%), corresponding to 15 million U.S. adults over 20 years of age, 95%CI: (12 million-17

million). Males had a higher prevalence of significant NAFLD fibrosis than females (15.5% vs

13.4%) and Hispanic had the highest prevalence compared to other races/ethnicities (weighted

prevalence 15.4%, 95% CI: 10.4% -20.5%). In males, the highest prevalence of significant fibro-

sis was among those aged 20–29 years (16.7%, 95% CI: 9.9%-17.2%), while in females, partici-

pants 30–39 years old (18.4%) and 70–79 years old (17.0%) had the first and second highest

prevalence (Table 5).

Factors associated with significant NAFLD fibrosis

Table 6 shows the factors associated with significant NAFLD fibrosis in univariate and multi-

variable analysis. Metabolic syndrome (adjusted OR = 2.39, 95% CI: 1.83–3.12), diabetes

(adjusted OR = 3.97, 95% CI: 2.50–6.29), high waist circumstance (adjusted OR = 2.61, 95%

CI: 1.17–5.82) and hypertension (adjusted OR = 1.50, 95% CI: 1.09–2.08) were each indepen-

dently associated with significant fibrosis. No other demographic, behavioral or metabolic syn-

drome components were statistically significantly associated with significant NAFLD fibrosis.

Table 4. (Continued)

Variables Crude OR 95%CI Multivariable adjusted ORa 95%CI

Physical activity

Inadequate 1.83 1.44–2.33 1.57 1.18–2.08

Adequate Ref Ref

Macronutrients

Average total energy intake (100 unit increase) 1.16 1.03–1.30 0.48 0.13–1.72

Carbohydrate intake (10 unit increase) 1.10 1.02–1.19 1.03 0.98–1.08

Total fat (10 unit increase) 1.03 1.01–1.06 1.11 0.96–1.29

� Final model adjusted without metabolic syndrome.

�� High waist circumference was not taken into final model due to high collinearity with obesity.
a Final model including age, sex, race physical activity, total energy intake, carbohydrate intake, total fat with either metabolic syndrome or obesity, diabetes,

hypertension, hyperlipidemia.

https://doi.org/10.1371/journal.pone.0252164.t004
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Prevalence of fibrotic NASH using FAST (Fibroscan-AST) score

Using a cutoff point of 0.35, the prevalence of fibrotic NASH is 6.4%, 95%CI: 5.4%-7.5%; while

using a cutoff point of 0.67, the prevalence of fibrotic NASH is 1.4%, 95%CI: 1.1%-1.8%

(Table 2).

Discussion

This is the first study to report NAFLD prevalence and significant NAFLD fibrosis among U.S.

adults using VCTE measurements. In this nationally representative, population-based cross-

sectional study, approximately 57% of U.S. adults over 20 years of age during the 2017–2018

time period had NAFLD, suggesting 102 million U.S. adults over 20 years of age with NAFLD

(CAP�248 dB/m). Assuming a more stringent NAFLD thresholds (CAP�290 dB/m or 302

dB/m), NAFLD is present in at least 51 million U.S. adults over 20 years of age. Among those

with NAFLD, 15% had significant fibrosis, suggesting 15 million U.S. adults over 20 years of

age with NAFLD also have significant fibrosis. Men, middle-aged adults and Hispanics had the

highest prevalence rates of NAFLD, while non-Hispanic blacks had the lowest. Metabolic dys-

function (metabolic syndrome, obesity, diabetes) and inadequate physical activity were

strongly and independently associated with NAFLD, while metabolic syndrome and diabetes

were independently associated with significant fibrosis among those with NAFLD. Moreover,

our findings are robust in regarding of the choice of CAP cut-off.

The 57% NAFLD prevalence that we detected by CAP is higher than previously reported

among the U.S. population. NHANES based surveys have shown a gradual increase in NAFLD

population prevalence over time: from 19.0% in NHANES 1988–1994 (diagnosed by ultraso-

nography) [33] to 32.2% in NHANES 1999–2016 (diagnosed by United States Fatty Liver

Index (USFLI)>30) [34] to 53.6% in NHANES 2005–2016 (diagnosed by hepatic steatosis

index (HSI)>36) [35]. The higher prevalence we observed may be explained to some degree by

the fact that CAP is the most sensitive diagnostic measure used by so far NHANES cycle and

Table 5. Weighted prevalence of significant NAFLD fibrosis (F2, F3 and F4) by age group, sex and race/ethnicity.

Sex by age Non-Hispanic White Non-Hispanic Black Hispanics Total

Prevalence 95% CI Prevalence 95% CI Prevalence 95% CI Prevalence 95% CI

Male 15.2 10.1, 20.4 13.7 9.2, 18.2 16.9 11.1, 22.6 15.5 11.9, 19.1

20–29 30.3 11.5, 49.2 9.4 0.0, 19.7 8.0 0.6, 15.4 16.7 9.9, 17.2

30–39 12.5 0.2, 24.8 10.7 2.8, 18.6 10.9 0.0, 26.2 12.1 3.1, 21.1

40–49 17.8 0.8, 34.8 10.5 1.6, 19.4 13.8 0.0, 27.8 16.4 5.2, 27.7

50–59 11.8 6.0, 17.6 16.4 8.6, 24.3 28.9 13.3, 44.5 16.3 11.7, 20.9

60–69 12.2 4.3, 20.1 23.6 16.8, 30.4 23.5 14.2, 32.8 14.2 8.6, 19.7

70–79 13.6 3.6, 23.6 9.4 0.0, 24.0 27.2 7.3, 47.1 14.4 7.3, 21.6

80–89 15.1 2.4, 27.8 0.0 NA 40.0 12.6, 67.3 15.7 4.4, 26.9

Female 13.8 8.5, 19.2 15.3 10.9, 19.7 13.8 6.7, 20.8 13.4 9.8, 16.9

20–29 21.2 2.8, 39.5 0.0 NA 0.0 NA 10.7 0.2, 21.3

30–39 20.7 7.1, 34.3 18.5 4.4, 32.6 17.1 7.1, 27.1 18.4 10.8, 26.0

40–49 6.7 0.0, 13.7 13.5 4.1, 22.8 12.2 0.0, 25.4 7.7 3.2, 12.2

50–59 15.4 0.2, 30.7 23.3 13.8, 32.8 18.2 7.2, 29.3 15.3 6.3, 24.3

60–69 8.3 0.0, 17.3 12.1 3.2, 21.0 21.3 8.0, 34.5 11.1 5.0, 17.2

70–79 15.6 6.6, 24.6 15.0 0.0, 35.2 14.8 3.3, 26.2 17.0 9.2, 24.9

80–89 9.8 0.5, 19.1 0.0 NA 0 NA 8.4 0.4, 16.5

Total 14.6 10.8, 18.5 14.6 11.2, 18.0 15.4 10.4, 20.5 14.5 11.7, 17.4

https://doi.org/10.1371/journal.pone.0252164.t005
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Table 6. Multivariable analysis for factors associated with significant NAFLD fibrosis among NAFLD participants by CAP.

Variables Crude OR 95%CI Multivariable adjusted ORa 95%CI

Age

1 unit increase 0.998 0.992–1.004

20–29 Ref Ref

30–39 0.91 0.48–1.73 0.81 0.45–1.47

40–49 0.73 0.38–1.41 0.60 0.32–1.15

50–59 0.97 0.65–1.45 0.80 0.52–1.23

60–69 0.75 0.45–1.27 0.63 0.37–1.07

70–79 0.97 0.54–1.75 0.82 0.47–1.45

80–89 0.72 0.30–1.71 0.59 0.23–1.51

Sex

Male Ref Ref

Female 0.84 0.59–1.20 0.82 0.59–1.14

Race

Non-Hispanic White Ref Ref

Non-Hispanic Black 1.00 0.65–1.55 1.10 0.69–1.74

Hispanics 1.07 0.71–1.61 1.06 0.67–1.67

Other 0.82 0.50–1.33 0.87 0.54–1.41

High waist circumference
�

1 unit increase 1.06 1.04–1.08

Yes 2.18 1.19–3.99 2.61 1.17–5.82

No Ref Ref

Body mass index

1 unit increase 1.12 1.09–1.16

Underweight (<18.5)�� NA -

Normal (18.5 to 25) Ref

Overweight (25–29.9) 0.41 0.13–1.27

Obesity (�30) 1.92 0.59–6.31

Hyperlipidemia
�

Yes 1.43 0.87–2.35 1.25 0.72–2.17

No Ref Ref

Diabetes
�

Normal Ref Ref

Pre-diabetes 0.87 0.51–1.46 0.96 0.55–1.68

Diabetes 3.27 2.36–4.54 3.97 2.50–6.29

Metabolic Syndrome

Yes 2.29 1.72–3.03 2.39 1.83–3.12

No Ref Ref

Hypertension
�

Yes 1.62 1.19–2.20 1.50 1.09–2.08

No Ref Ref

Smoking

Nonsmoker Ref

Former smoker 1.19 0.53–2.67

Current smoker 1.05 0.82–1.34

Alcohol drinking

Yes 1.03 0.64–1.67

No Ref

(Continued)
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we used the lowest CAP threshold for identification of hepatic steatosis [19]. However, the

higher prevalence may also reflect a real increase in disease prevalence over time. In keeping

with this possibility, we observed 12.4% NAFLD prevalence using the same liver enzyme cut-

offs utilized by previous NHANES reports and represents the highest reported prevalence to

date (vs. 5.5% in NHANES 1988–1994 to 9.8% in NHANES 1999–2004 and 11.0% in NHANES

2005–2008 [36].

The prevalence of significant NAFLD fibrosis among NAFLD participants using VCTE was

14.5%. This is higher than reported among previous NHANES surveys. For example, advanced

fibrosis prevalence among NAFLD participants was estimated at 10.3% in NHANES 1988–

1994 using the NAFLD fibrosis score [37]. Subsequently, the prevalence of advanced fibrosis

among NAFLD participants was reported as increasing from 3.3% (2005–2008) and 6.4%

(2009–2012), to 6.8% (2013) using the FIB4 and APRI scores [35]. The reason why our preva-

lence of significant fibrosis was higher than previous studies may be due to definitions: previ-

ous studies defined significant/advanced fibrosis using NFS, APRI or FIB4 [38]. In contrast,

we defined significant fibrosis as�F2 using VCTE LSM because data over the years has shown

that METAVIR stage 2 and higher is strongly associated with adverse liver disease outcomes

among patients with NAFLD [39]. Our findings suggest that approximately 15 million Ameri-

can adults have significant NAFLD fibrosis and are at high risk for disease progression and

complications, such as liver failure and HCC [39].

Consistent with prior analyses we found that males, older age, and Hispanic ethnicity were

independently associated with NAFLD. The age trends for NAFLD are not strong in our find-

ings compared to previous findings [33]. However, the age trends within ethnicities were nota-

bly different. The highest NAFLD prevalence rates were seen among non-Hispanic whites

between 50 and 79 years of age. In contrast, NAFLD prevalence rates were higher at a younger

age among Hispanics than non-Hispanic whites, which is in line with prior observations [40].

Given the rapidly increasing rate of NAFLD and obesity in younger people, there will be a sub-

stantial burden on the U.S. health system as they age. There was also a higher prevalence of

NAFLD among Hispanics compared with other races/ethnicities in our study. This finding

may be due to the high prevalence of PNPLA3 (a gene associated with increased susceptibility

to hepatic steatosis, NASH, and fibrosis) G allele among Hispanics and/or the high prevalence

of metabolic factors [41]. Meanwhile, our prevalence of NAFLD was higher in males than

females which is in keeping with the findings of a recent meta-analysis [42].

We confirmed that metabolic syndrome and diabetes are strong independent factors associ-

ated with both NAFLD and significant NAFLD fibrosis, in keeping with findings from prior

Table 6. (Continued)

Variables Crude OR 95%CI Multivariable adjusted ORa 95%CI

Physical activity

Inadequate 1.21 0.74–1.99

Adequate Ref

Macronutrients

Average total energy intake (1000 unit increase) 1.15 0.86–1.54

Carbohydrate intake (10 unit increase) 0.99 0.80–1.21

Total fat (10 unit increase) 1.04 0.98–1.10

� Final model adjusted without metabolic syndrome.

�� The cell frequency is too small to obtain a OR.
a Final model including age, sex, race with either metabolic syndrome or high waist circumference, diabetes, hypertension, hyperlipidemia.

https://doi.org/10.1371/journal.pone.0252164.t006
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analyses conducted among both NHANES and non-NHANES study populations [36, 43, 44].

Interestingly, we found that inadequate physical activity was associated with higher NAFLD

prevalence independent of metabolic factors and BMI. This finding aligns with prior studies

showing that patients with NAFLD exercise less frequently than those without NAFLD [45]

and that most patients with NAFLD fail to meet the recommended physical activity guidelines

[46]. While our study using CAP-defined NAFLD found associations with race/ethnicity and

physical activity, these factors were not associated with NAFLD fibrosis when using a less accu-

rate NAFLD definition by ALT/AST.

It is well established that NASH with significant fibrosis is the most concerning phenotype

of NAFLD, accounting for a relatively small proportion of cases. Prior biopsy based studies

have shown 12% prevalence of NASH fibrosis and constitutes a relatively small proportion

[45]. In our study, using a cut-off of 0.35, the prevalence of fibrotic NASH was 6.4%; while

using a cutoff point of 0.67, the prevalence of fibrotic NASH was 1.4%. The difference is proba-

bly because our study was a population based study, whereas most studies that report preva-

lence of significant NASH used biopsy-proven NAFLD study populations, which might

introduce potential selection bias and overestimate the true prevalence of NASH.

To our knowledge, this is the first study reporting NAFLD and significant NAFLD fibrosis

estimates among adults from the general U.S. population using VCTE and CAP. Current clini-

cal evidence suggests that CAP and VCTE LSM had a high sensitivity and specificity to diagno-

sis liver disease from significant fibrosis to liver cirrhosis [47]. In this study, we used a CAP

threshold of 248 dB/m to define NAFLD (S1 and higher). There is no universally agreed upon

CAP cut point to identify NAFLD in population based studies. The cut points used in this

study come from the largest meta-analysis (including 21 studies, and 2735 patients with

NAFLD defined by biopsy) addressing the correlation between CAP cut point and hepatic

steatosis; and they have been used in several studies [21, 48–50]. We used the lowest threshold

in order to provide greater clarity into the prevalence of all 3 hepatic steatosis severity level in

the population, which has never previously been described in the U.S. population. While using

two more stringent cut-offs (CAP�290 dB/m and�302 dB/m) gave similar findings. Mean-

while, we excluded other liver disease caused by HCV, HBV and excessive alcohol drinking.

Finally, we focused on and included traditional factors associated with NAFLD and fibrosis

that are supported by a large body of prior work. Our study has several limitations. First, while

VCTE is reliable for distinguishing between presence versus absence of significant fibrosis, we

acknowledge that it is less reliable for differentiating between F0 and F1 and for identifying

discrete stages of fibrosis. Second, the cross-sectional study design limits causal inference.

Third, obese participants were more likely to have failure of VCTE measurement, which might

lead to potential selection bias in our final results. Fourth, notably, 23% of participants were

measured using XL probe, as previously reported, the median liver stiffness might be signifi-

cantly lower than that measured with the M probe [51]. Last, there may be some selection bias

for the NHANES 2017–2018, as individuals with more significant forms of disease may not

participate in NHANES; however, this bias would result in underestimating the true associa-

tion between factors and NAFLD.

Conclusions

NAFLD, as a body fat problem has affected approximately 57% of the U.S. population, and

15% of those with NAFLD have significant fibrosis. Overall, 6% of the U.S population have sig-

nificant NASH detected by FAST (Fibroscan-AST) score with a cutoff point of 0.35. These are

the people that are potentially the targets of pharmaceutical trials and agents for disease modi-

fication. Hispanics, middle to older adults, males, people with metabolic syndrome, diabetes,
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obesity, and low levels of physical activity are most affected. Therefore, multidimensional and

precision public health programs should use race/ethnicity, sex, age, metabolic profile and

behavioral patterns to target efforts to address NAFLD prevention and treatment.

Supporting information

S1 Table. Characteristics comparison between included and excluded participants.

(DOCX)

S2 Table. Characteristics comparison between participants with successful VCTE measure-

ment and failed VCTE measurement.

(DOCX)

S3 Table. Characteristics of factors according to NAFLD status by CAP.

(DOCX)

S4 Table. Multivariable analysis for risk factors for NAFLD by elevated liver enzymes.

(DOCX)

S5 Table. Weighted prevalence of NAFLD using two cut off points by age group, sex and

race/ethnicity.

(DOCX)

S6 Table. Multivariable analysis for factors associated with NAFLD by CAP cut off point

of 290 dB/m.

(DOCX)

S7 Table. Multivariable analysis for factors associated with NAFLD by CAP cut off point

of 302 dB/m.

(DOCX)

S1 File. Data file for this study.

(XLSX)

Author Contributions

Conceptualization: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Data curation: Xiaotao Zhang, Natalia I. Heredia, Aaron P. Thrift.

Formal analysis: Xiaotao Zhang.

Investigation: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Methodology: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Resources: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Software: Xiaotao Zhang.

Supervision: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Validation: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P. Thrift.

Visualization: Xiaotao Zhang.

Writing – original draft: Xiaotao Zhang.

Writing – review & editing: Xiaotao Zhang, Natalia I. Heredia, Maya Balakrishnan, Aaron P.

Thrift.

PLOS ONE Prevalence and factors associated with NAFLD

PLOS ONE | https://doi.org/10.1371/journal.pone.0252164 June 3, 2021 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252164.s008
https://doi.org/10.1371/journal.pone.0252164


References
1. Younossi ZM, Otgonsuren M, Henry L, Venkatesan C, Mishra A, Erario M, et al. Association of nonalco-

holic fatty liver disease (NAFLD) with hepatocellular carcinoma (HCC) in the United States from 2004 to

2009. Hepatology. 2015; 62(6):1723–30. https://doi.org/10.1002/hep.28123 PMID: 26274335

2. Rinella ME. Nonalcoholic fatty liver disease: a systematic review. JAMA. 2015; 313(22):2263–73.

https://doi.org/10.1001/jama.2015.5370 PMID: 26057287

3. Liu Q, Bengmark S, Qu S. The role of hepatic fat accumulation in pathogenesis of non-alcoholic fatty

liver disease (NAFLD). Lipids in health and disease. 2010; 9(1):42. https://doi.org/10.1186/1476-511X-

9-42 PMID: 20426802

4. Huang T, Behary J, Zekry A. Non-alcoholic fatty liver disease (NAFLD): a review of epidemiology, risk

factors, diagnosis and management. Intern Med J. n/a(n/a). https://doi.org/10.1111/imj.14709 PMID:

31760676

5. Dam-Larsen S, Franzmann M, Andersen I, Christoffersen P, Jensen L, Sørensen T, et al. Long term

prognosis of fatty liver: risk of chronic liver disease and death. Gut. 2004; 53(5):750–5. https://doi.org/

10.1136/gut.2003.019984 PMID: 15082596

6. Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the multiple parallel

hits hypothesis. Hepatology. 2010; 52(5):1836–46. https://doi.org/10.1002/hep.24001 PMID: 21038418

7. DeWeerdt S. Disease progression: Divergent paths. Nature. 2017; 551(7681):S92–S3. https://doi.org/

10.1038/d41586-017-06925-2 PMID: 32080574

8. Vilar-Gomez E, Calzadilla-Bertot L, Wai-Sun Wong V, Castellanos M, Aller-de la Fuente R, Metwally M,

et al. Fibrosis Severity as a Determinant of Cause-Specific Mortality in Patients With Advanced Nonal-

coholic Fatty Liver Disease: A Multi-National Cohort Study. Gastroenterology. 2018; 155(2):443–57.

e17. https://doi.org/10.1053/j.gastro.2018.04.034 PMID: 29733831

9. Clark JM, Brancati FL, Diehl AM. Nonalcoholic fatty liver disease. Gastroenterology. 2002; 122

(6):1649–57. https://doi.org/10.1053/gast.2002.33573 PMID: 12016429

10. Saadeh S, Younossi ZM, Remer EM, Gramlich T, Ong JP, Hurley M, et al. The utility of radiological

imaging in nonalcoholic fatty liver disease. Gastroenterology. 2002; 123(3):745–50. Epub 2002/08/29.

https://doi.org/10.1053/gast.2002.35354 PMID: 12198701.

11. Torres DM, Harrison SA. Diagnosis and therapy of nonalcoholic steatohepatitis. Gastroenterology.

2008; 134(6):1682–98. Epub 2008/05/13. https://doi.org/10.1053/j.gastro.2008.02.077 PMID:

18471547.

12. Schwenzer NF, Springer F, Schraml C, Stefan N, Machann J, Schick F. Non-invasive assessment and

quantification of liver steatosis by ultrasound, computed tomography and magnetic resonance. Journal

of Hepatology. 2009; 51(3):433–45. https://doi.org/10.1016/j.jhep.2009.05.023 PMID: 19604596

13. Pu K, Wang Y, Bai S, Wei H, Zhou Y, Fan J, et al. Diagnostic accuracy of controlled attenuation parame-

ter (CAP) as a non-invasive test for steatosis in suspected non-alcoholic fatty liver disease: a systematic

review and meta-analysis. BMC Gastroenterol. 2019; 19(1):51. https://doi.org/10.1186/s12876-019-

0961-9 PMID: 30961539

14. EASL-EASD-EASO Clinical Practice Guidelines for the management of non-alcoholic fatty liver dis-

ease. J Hepatol. 2016; 64(6):1388–402. Epub 2016/04/12. https://doi.org/10.1016/j.jhep.2015.11.004

PMID: 27062661.

15. Ciardullo S, Monti T, Perseghin G. Prevalence of Liver Steatosis and Fibrosis Detected by Transient

Elastography in Adolescents in the 2017–2018 National Health and Nutrition Examination Survey. Clini-

cal Gastroenterology and Hepatology. 2020. https://doi.org/10.1016/j.cgh.2020.06.048 PMID:

32623006

16. Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszon-Moran D, Dohrmann SM, et al. National

health and nutrition examination survey: analytic guidelines, 1999–2010. Vital and health statistics

Series 2, Data evaluation and methods research. 2013;(161):1–24. Epub 2014/08/05. PMID:

25090154.

17. National Health and Nutrition Examination Survey. 2017–2018 Data Documentation, Codebook, and

Frequencies.: Centers for Disease Control and Prevention; 2020 [cited 2021 04/29]. Available from:

https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/LUX_J.htm.

18. Liver Ultrasound Transient Elastography Procedures Manual. Centers for Disease Control and Preven-

tion, 2018.

19. Karlas T, Petroff D, Sasso M, Fan JG, Mi YQ, de Lédinghen V, et al. Individual patient data meta-analy-
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