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Association of metabolic abnormalities
and the risk of hepatic fibrosis
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Metabolic dysfunction-associated fatty liver disease (MAFLD) is characterized by a range ofmetabolic
abnormalities, and its impact on the U.S. population requires further understanding. This study aimed
to investigate the influence of each component of these metabolic abnormalities on hepatic steatosis
and fibrosis in non-diabetic individuals. We analyzed data from 1711 non-diabetic participants in the
National Health and Nutrition Examination Survey (NHANES) 2017–2018, which included transient
elastography records. Steatosis was defined as a controlled attenuation parameter (CAP) value above
285 dB/m, and significant fibrosis was defined as a liver stiffness measurement greater than 8.0 kPa.
Our results revealed a strong correlation between body mass index and waist circumference, with
waist circumference being a better predictor of liver disease progression. All seven metabolic
abnormalitieswere associatedwith increased severity of steatosis, and hypertension (OR = 2.43, 95%
CI 1.55–3.82), elevated C-reactive protein levels (OR = 2.26, 95% CI 1.53–3.47), and waist
circumference (OR = 2.19, 95% CI 1.39–3.45) were linked to significant fibrosis. These findings
suggest that metabolic risk factors are associated with an increased risk of steatosis in non-diabetic
subjects, while hypertension, central obesity, and chronic inflammation are related to significant
fibrosis and may lead to worse prognosis.

Chronic liver disease is responsible for approximately 2 million deaths
annually worldwide, with cirrhosis and liver cancer being the 11th and 16th
leading causes of mortality, respectively1,2. Although hepatitis B vaccination
and hepatitis C antiviral treatment have greatly reduced the number of liver
disorders, a rising population ofmetabolic dysfunction-associated fatty liver
diseases (MAFLD) poses a considerable health and economic burden on
communities3.

MAFLD is a multisystemic condition that affects a quarter of the adult
population and encompasses a broad spectrum of disease severity and
natural history4. Although the majority of patients display simple steatosis
with minimal symptoms, up to 20% of patients can develop steatohepatitis,
which can lead to cirrhosis, liver cancer, and death5. Substantial interpatient
variation suggests that MAFLD has a heterogenous phenotype, and the
individual susceptibility to progressive and complicated liver disorders is
still unknown.Asnomedical treatment apart from lifestylemodificationhas
been identified for steatohepatitis and fibrosis, preventing the advancement
ofMAFLD in its early stages is essential. Consequently, identifying a reliable
metabolic factor to predict the progression of steatosis and fibrosis in
MAFLD patients is critical.

Individuals with steatosis are diagnosed with MAFLD if one of the
following three criteria ismet: overweight or obesity, type 2 diabetesmellitus

(T2DM), and a state of metabolic dysregulation, defined as the presence of
more than twometabolic risk abnormalities6. The severity of hepaticfibrosis
is a crucial prognostic determinant for patients with fatty liver diseases7,8.
Since the National Cholesterol Education Program—Adult Treatment
Panel III (ATP III) adopted theminimal criteria formetabolic syndrome9, it
has been shown that metabolic syndrome and its individual components,
particularly T2DM, promote fibrosis progression10–12. Although some stu-
dies have found a correlation between fibrosis severity and the number of
metabolic abnormalities13, the majority of previous research has focused on
the effect of a single metabolic risk factor, as opposed to their combination,
on the course of liver diseases. Substantial evidence has illustrated that
T2DM is prevalent inMAFLD and is closely associated with greater risks of
steatohepatitis, fibrosis, and advanced fibrosis14. Non-diabetes patients may
overlook their underlyingmetabolic dysfunctions, which have the potential
to increase the risk of steatosis and fibrosis.In fact, although non-diabetic
populations are not generally considered to be at high risk, existing research
suggests that metabolic abnormalities in these populations can also sig-
nificantly increase the risk of developing liver diseases. For example, non-
alcoholic fatty liver disease (NAFLD) has been widely recognized to exist in
individuals without diabetes, and its association with liver fibrosis is
increasingly recognized. However, studies on the impact of metabolic
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abnormalities on the risk of liver fibrosis in non-diabetic patients are still
lacking. Most of the existing studies have not comprehensively assessed the
role of metabolic disorders in the non-diabetic population, and this gap
limits our understanding of how metabolic abnormalities independently
affect the progression of liver diseases15.

We hypothesized that the existence of metabolic aberrations included
in the MAFLD diagnostic criteria is related to the severity of liver disorders
in patients without diabetes. Using liver elastography data from NHANES
2017–2018, we assessed the impact of each metabolic dysregulation com-
ponent on the risk of steatosis and significant fibrosis in non-diabetic
populations.

Results
Patient features
A total of 2149 patients with transient elastography data included, classified
into BMI ≥ 25 kg/m2, T2DM, andmetabolic dysfunction groups according
to the diagnostic criteria for MAFLD (Supplementary Fig. 1). Our analysis
shows a significant difference in the risk of fibrosis between individuals with
and without diabetes. Specifically, we found that diabetic patients have a
markedly higher risk of liver fibrosis progression compared to non-diabetic
patients (Supplementary Table 1). These results suggest that although both
groups exhibit metabolic abnormalities, the presence of diabetes further
exacerbates the risk of fibrosis. This may lead to an increased focus on
diabetes management, potentially overlooking the health management of
non-diabetic individuals. Then the analysis was performed on 1711 non-
diabetic patients, who were categorized by their CAP and LSM levels
(Table 1). 47.1% of participants were male, with an average age of 46.71
years. Steatosis (CAP ≥ 285 dB/m) and significant fibrosis (LSM ≥ 8.0 kPa)
were present in 519 and 113 patients, respectively, with substantially worse
metabolic panels. The values of metabolic parameters such as BMI, waist
circumference, TG, fasting glucose, fasting insulin, HbA1c, and HOMA-IR
were significantly higher in steatosis and fibrosis patients. 13.9% of patients
with fatty liver diseases exhibited significant fibrosis, while 4.1% of the
patients had advanced fibrosis. A sex difference was also seen, with more
male than female patients affected.

Effect of metabolic abnormalities on steatosis and fibrosis
As previously described, the MAFLD criteria defined seven metabolic risk
abnormalities, including central obesity, hypertension, hyperlipidemia, low
HDL-C levels, pre-diabetes, insulin resistance, and chronic inflammation.
The most prevalent metabolic abnormalities in non-diabetic individuals
with steatosis and fibrosis were dysregulation of triglycerides (50.9%) and
blood pressure (10.3%) (Fig. 1). Overall, the probabilities of steatosis sig-
nificantly increased when participants had more than two anomalies,
whereas the association between metabolic dysfunction and fibrosis was
modest (Fig. 2).

Univariate and multivariate analyses were performed on each meta-
bolic aberration in the non-diabetic population. Univariate analysis
(adjusted to age, sex, and race) showed a rise in all seven metabolic
abnormalities for steatosis participants; the risk for substantial fibrosis was
elevated in patients with central obesity, hypertension, pre-diabetes, insulin
resistance, and higher hsCRP levels. In multiple regression, steatosis was
significantly related towaist circumference (OR = 3.81 [95%CI 2.74–5.30]),
HOMA-IR score (OR = 2.26 [95% CI 1.70–3.01]), elevated hsCRP levels
(OR = 1.73 [95% CI 1.30–2.29]), and hypertension (OR = 1.68 [95% CI
1.25–2.25]) (Table 2). Moreover, hypertension (OR= 2.43 [95% CI
1.55–3.82]), elevated hsCRP levels (OR= 2.26 [95% CI 1.53–3.47]), and
waist circumference (OR = 2.19 [95% CI 1.39–3.45]) were associated with
fibrosis (Table 3). In addition, based on the latest guidelines, we used dif-
ferent thresholds to differentiate fatty degeneration and cirrhosis16. The
results showed no significant differences (Supplementary Table 2 and
Supplementary Table 3). This suggests that changes in the diagnostic
thresholdshave aminimal impact on themain results and conclusionsof the
study. Therefore, regardless of the specific thresholds used for diagnosing
fatty degeneration and cirrhosis, our findings remain reliable.

Note that the waist circumference and the BMI showed a significant
collinearity in our analysis (r = 0.90, Fig. 3). 95.3% of 856 patients with high
waist circumference had a BMI ≥ 25 kg/m2, while central obesity was found
in 70.6% of the overweight/obese patients.We compared the effects of waist
circumference and BMI on the progression of liver diseases. Waist cir-
cumference was a more relevant predictor with a greater coefficiency than
BMI in regression models. When incorporating BMI into our analysis, it
would be excluded from the model by stepwise regression when analyzing
LSM and fibrosis.

Discussion
Multiple factors influenced the occurrence and progression of MAFLD,
such as metabolic disorders, physical activities, and diet. In this study, we
analyzed the effect of metabolic abnormalities from theMAFLD criteria on
liver steatosis andfibrosis after eliminating the effect of diabetes.All aberrant
abnormal metabolic parameters may contribute to the severity of steatosis,
whereas elevated blood pressure, hsCRP levels, and waist circumference
indicate an increased risk of fibrosis progression.

MAFLD is currently the most common liver disease globally and has
long been seen as a liver manifestation of the metabolic syndrome, with
obesity, diabetes, and hyperlipidemia recognized as risk factors17. However,
the connectionbetween fatty liver diseases and components of themetabolic
syndrome ismore complicated than previously assumed18,19, and the roles of
metabolic abnormalities require a deeper understanding20. Comparable to
other chronic liver diseases, MAFLD presented with a broad pathophy-
siological spectrumextending from simple steatosis through steatohepatitis,
fibrosis, cirrhosis, and hepatocellular carcinoma21. Multiple factors,
including hereditary factors, extrinsic environmental factors, and internal
microbial factors, contributed to the complexity of fibrosis progression in
patients with MAFLD14,22.

Hypertension and even pre-hypertension may increase the inci-
dence of MAFLD23. However, few studies have evaluated the association
between HTN and the progression of liver diseases, which is not negli-
gible, even though its effect is smaller than that of obesity and dyslipi-
demia. An Italian cohort demonstrated that a baseline HTNmay predict
fibrosis progression by serial liver biopsies, and a meta-analysis of 11
cohort studies validated these findings, showing that HTN at baseline
almost doubled the risk (OR = 1.94, [95% CI 1.00–3.74]) of fibrosis
progression throughout the observation period24. Our analysis also
revealed a link between hypertension and the development of fibrosis,
necessitating closer monitoring of blood pressure and liver stiffness in
high-risk individuals.

HsCRP is a prominent acute-phase protein that serves as a sensitive
marker of systemic inflammation, which has been reported to be a powerful
predictor of cardiovascular events25,26, insulin resistance, and visceral
obesity27,28. A profound elevation in hsCRP was shown in the course of
MAFLD progression29. Dogru et al. found that in obese people, increased
hsCRP indicated the presence of steatosis rather than the severity of
MAFLD, despite that the metabolic background profiles such as diabetes,
hypertension, and dyslipidemia were absent from the models in this
research30. Our research confirmed an independent connection between
hsCRP and the degree of steatosis and fibrosis, suggesting that hsCRP may
be a valuable complementary predictor for monitoring fibrosis in indivi-
duals with metabolic dysfunction.

The obesity epidemic has been consistently associated with the rising
prevalence of MAFLD, which is not only linked to simple steatosis, but also
with progressive fibrosis31. The MAFLD criteria revealed a considerable
overlap between waist circumference and BMI in the definition of over-
weight/obesity32. In our study, we witnessed a substantial correlation
between BMI and waist circumference, with waist circumference had
superior performance in predicting steatosis and fibrosis. BMI is a well-
established cardiometabolic-related index that requires simple measure-
ment of weight and height, whereas waist circumference was widely
acknowledged as a superior clinical index to BMI for describing abnormal
fat distribution. Using waist circumference in clinical practice is important
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for predicting steatosis and subsequent fibrosis throughout the MAFLD
courses.

According to population studies, patients with established T2DM
had a higher prevalence of MAFLD33–35, ranging from 30% to 70%36. As
determined by repeated liver biopsies, T2DM was regarded as the
strongest precursor for the fibrosis progression37. Due to the strong
bidirectional pathophysiological connections between insulin resis-
tance, diabetes, and the progression of fatty liver diseases, numerous
studies have sought licensed anti-diabetic medications for the treatment
of fatty liver diseases38. By examining the relationship betweenmetabolic
profiles and the risk of liver fibrosis in non-diabetic individuals, our
study highlights that metabolic disorders remain a key factor in the
development of liver disease, even in the absence of diabetes. Therefore,
our research focused on non-diabetic populations and revealed the
impact of metabolic abnormalities on hepatic fibrosis across a broad
population, providing new perspectives for early intervention and per-
sonalized treatment.

The nomenclature of MAFLD closely reflects the link between meta-
bolic disorders and fatty liver diseases, casting a wider net and allowing for
an earlier diagnosis of the systemic disorder. The seven metabolic
abnormalitieswere largely derived from the diagnostic criteria formetabolic
syndrome, with similar events (waist circumference, blood pressure, dia-
betes, dyslipidemia, and low HDL-C levels) and cut-off values. To increase
the specificity ofMAFLDcriteria, it is necessary to evaluate the effect of each
component. In this study, we found that in non-diabetic patients, BMI and

seven other metabolic anomalies might partially predict the severity of
steatosis, with waist circumference, hypertension, and hsCRP levels being
related to significant fibrosis. Despite the modifications in nomenclature,
MAFLD requires more precise definitions and classifications for improved
individual care. In addition, the multi-society consensus introduced the
concept of MASLD (Metabolic Dysfunction-associated Steatotic Liver
Disease), and both terms reflect the trend of advancing fatty liver disease
research towards precision medicine. Compared to MAFLD, MASLD
placesmore emphasis on the role of metabolic cardiovascular risk factors in
the disease. For fatty liver disease patients with a normal BMI and no
diabetes, MASLD can be diagnosed with the presence of just one metabolic
cardiovascular risk factor, whileMAFLD requires at least twometabolic risk
factors for diagnosis. We conducted a comparison between the two and
found no significant differences in terms of steatosis and fibrosis risk
(Supplementary Table 4).

This study had several strengths and limitations. It is the first study to
analyze the effect of each metabolic abnormality based onMAFLD criteria.
The data from NHANES datasets were credible and nationally repre-
sentative, in contrast to previous studies that recruited patients from liver
clinics. Transient elastography provided a reliable and quantitative non-
invasive assessment of the severity of steatosis and fibrosis. However, the
liver transient elastography may overestimate older and obese individuals,
andno commonly accepted cutoff values forCAPandLSMfor steatosis and
fibrosis have been determined. Liver biopsies, the gold-standard diagnostic
criteria for steatosis and fibrosis, were absent from the survey. Lastly, we did

Fig. 1 | Prevalence of each metabolic abnormality with substantial steatosis and fibrosis among non-diabetic patients. A Patients with Steatosis (≥ 285 dB/m); (B)
Patients with F2-F4 Fibrosis (≥8.0 kPa).
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not analyze the effect of diet and physical activity, which may affect the
progression of liver diseases.

In conclusion, we found positive associations between metabolic
anomalies and the severity of liver diseases in the non-diabetic population.
Among all components, the risk of significant liver fibrosis went up when
central obesity, hypertension, and chronic inflammation were present.

Methods
Subjects
National Health and Nutrition Examination Surveys (NHANES) was a
series of national surveys directed by the National Center for Health Sta-
tistics (NCHS) and comprised a representative sample of the non-
institutionalized United States population. We conducted a

Fig. 2 | Prevalence of steatosis and significant fibrosis according to the number ofmetabolic abnormalities. APatients with Steatosis (≥ 285 dB/m);BPatients with F2-F4
Fibrosis (≥8.0 kPa).
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cross-sectional analysis of NHANES data from 2017 to 2018. All data was
downloaded in November 2022. All individuals provided written informed
consent, and the NCHS Research Ethics Board has approved the NHANES
protocol (Protocols #2011–17 and #2018–01). More information about the
study design are provided elsewhere39.However, as this study solely utilizes
publicly available data for research and publication purposes, it was
exempted from ethical review and approval.

NHANES2017–2018 contained 9254participants, 4493 ofwhomwere
non-pregnant adults underwent liver transient elastography. 2344 subjects
were excluded on the basis of the following criteria: (1) positive serologic
markers for hepatitis B (n = 28) or hepatitis C (n = 48) virus; (2) current

insulin users (n = 193); and (3) missing data for fasting insulin (n = 2575).
After applying the aforementioned exclusion criteria, a total of 2149 sub-
jects, of which 1711 did not have diabetes, were eligible for the analysis
(Fig. 4).

Liver ultrasound transient elastography
Vibration-Controlled Transient Elastography (VCTE) was performed on
NHANES 2017–2018 subjects, utilizing the FibroScan 502 V2 Touch
(Echosens, Paris, France) with a medium (M) or extra-large (XL) probe
according to the skin–liver capsule distance. Although liver biopsy is still the
gold standard for diagnosing fibrosis, the liver elastography is cost-effective

Table 2 | Univariate and Multivariate Analyses of Independent Factors Associated with Steatosis

Univariate Multivariate

OR p OR p

Age 1.01 (1.00–1.02) 0.003 1.00 (0.99–1.01) 0.403

Sex 1.44 (1.14–1.81) 0.002 2.45 (1.76–3.41) < 0.001

Race

Black Reference

Hispanic 2.14 (1.56–2.94) < 0.001 1.98 (1.36–2.87) < 0.001

White 1.70 (1.27–2.28) < 0.001 1.65 (1.17–2.34) 0.004

Waist circumference ≥ 102 cm in males and ≥ 88 cm in females 6.69 (5.00–8.96) < 0.001 3.81 (2.74–5.30) < 0.001

Hypertension 2.20 (1.69–2.86) < 0.001 1.68 (1.25–2.25) < 0.001

Triglyceride ≥ 150mg/dL 2.30 (1.69–3.13) < 0.001 1.41 (0.99–2.01) 0.058

HDL-C < 40mg/dL in males and <50mg/dL in females 1.54 (1.03–2.31) 0.037 0.56 (0.34–0.92) 0.021

Prediabetes 2.43 (1.85–3.18) < 0.001

HOMA-IR ≥ 2.5 4.62 (3.60–5.92) < 0.001 2.26 (1.70–3.01) < 0.001

hsCRP > 2mg/L 2.76 (2.16–3.52) < 0.001 1.73 (1.30–2.29) < 0.001

Platelet × 100, 109/L 1.57 (1.29–1.90) < 0.001 1.31 (1.05–1.62) 0.017

AST/ALT 0.19 (0.13–0.28) < 0.001 0.44 (0.29–0.67) < 0.001

HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostatic model assessment of insulin resistance, hsCRP high-sensitive C-reactive protein, ALT alanine transaminase, AST aspartate
transaminase.
Prediabetes is defined as fasting plasma glucose = 100–125mg/dL or HbA1c = 5.7%–6.4%.

Table 3 | Univariate and Multivariate Analyses of Independent Factors Associated with Significant Fibrosis (≥ F2)

Univariate Multivariate

OR p OR p

Age 1.01 (1.00–1.03) 0.014 1.00 (0.98–1.01) 0.931

Sex 1.16 (0.77–1.76) 0.484 1.75 (1.16–2.65) 0.007

Race

Black Reference

Hispanic 1.66 (0.95–2.90) 0.076

White 1.19 (0.70–2.04) 0.52

Waist circumference ≥ 102 cm in males and ≥ 88 cm in females 2.74 (1.68–4.46) < 0.001 2.19 (1.39–3.45) < 0.001

Hypertension 3.21 (1.95–5.28) < 0.001 2.43 (1.55–3.82) < 0.001

Triglyceride ≥ 150mg/dL 0.91 (0.51–1.63) 0.75

HDL-C < 40mg/dL in males and <50mg/dL in females 1.15 (0.55–2.38) 0.714

Prediabetes 2.13 (1.27–3.59) 0.004

HOMA-IR ≥ 2.5 2.23 (1.45–3.43) < 0.001

hsCRP > 2mg/L 3.05 (1.92–4.83) < 0.001 2.26 (1.53–3.47) < 0.001

Platelet × 100, 109/L 0.94 (0.66–1.35) 0.749

AST/ALT 0.73 (0.40–1.31) 0.291

HDL-C high-density lipoprotein cholesterol, HOMA-IR homeostatic model assessment of insulin resistance, hsCRP high-sensitive C-reactive protein, ALT alanine transaminase, AST aspartate
transaminase.
Prediabetes is defined as fasting plasma glucose = 100–125mg/dL or HbA1c = 5.7%–6.4%.
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and sensitive, and simple to implement in clinical settings. By FibroScan
(Echosens), controlled attenuation parameter (CAP) scores reported in
decibels permeter (dB/m) and liver stiffnessmeasurement (LSM) expressed
in kilopascals (kPa) have been established as reliable noninvasive markers
for liver steatosis and fibrosis. The stiffness of the liver is determined by the

velocity of a 50-Hz shear wave traveling through it. Prior to testing, parti-
cipants were instructed to fast for at least three hours. Multiple CAP and
LSM were taken from the right lobe of the liver via the intercostal space
located at the junction of the mid-axillary line and a transverse line at the
level of the xiphoid process, and their median values were recorded as
the representative CAP and LSM values. All NHANES health technicians
were trained and certified, performing the elastography exam in accordance
with the manufacturer’s guidelines39. Here, we defined steatosis as
CAP ≥ 285 dB/m, significant fibrosis as LSM ≥ 8.0 kPa (≥ F2), and sus-
pected cirrhosis as LSM ≥ 13.1 kPa33.

Measurements
Demographic information and health-related histories were collected in
household interviews by trained interviewers using a computer-assisted
personal interview system. All body measurements were recorded by
experienced health technicians. Body mass index (BMI) was calculated by
dividing weight in kilograms by height in meters squared and rounding to
onedecimal place; a BMI ≥ 25 kg/m2was considered as overweight or obese.
Theparticipants fasted for ninehours before the blood samplewas collected,
from which the concentrations of glycated hemoglobin (HbA1c), low-
density lipoprotein cholesterol (LDL-C), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) were measured. Plasma fasting glucose
and insulin levels were determined by hexokinase and two-site immu-
noenzymometric assays. The homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated using the following formula:
HOMA-IR = fasting insulin (μIU/mL) × fasting glucose (mg/dL) / 40540.
According to theMAFLD definition, metabolic risk abnormalities included
the following: (1) waist circumference ≥ 102 cm in men and ≥ 88 cm in
women; (2) blood pressure ≥ 130/85mmHg or specific drug treatment; (3)
TG ≥ 150mg/dL or specific drug treatment; (4) HDL-C < 40mg/dL for
men and < 50mg/dL for women; (5) prediabetes (fasting plasma glucose =

Fig. 3 | Graph of Correlation Matrix Regarding Variables from the National
Health and Nutrition Examination Surveys Datasets. The closer to blue, the
stronger the correlation.

Fig. 4 | FlowDiagram of Participants for the Study
(National Health and Nutrition Examination
Survey [NHANES] 2017–2018). The study classi-
fied the non-diabetic population according to CAP
and LSM.

https://doi.org/10.1038/s44355-025-00025-z Article

npj Gut and Liver |            (2025) 2:13 7

www.nature.com/npjgutliver


100–125mg/dL or HbA1c = 5.7%–6.4%); (6) HOMA-IR score ≥ 2.5; and
(7) CRP ≥ 2mg/L. Diabetes is defined as a self-reported history of diabetes,
fasting plasma glucose (FPG) ≥ 126mg/dL, or HbA1c ≥ 6.5%. In non-
diabetic patients, MAFLD was diagnosed if any of the following two con-
ditions were present: overweight/obesity or the existence of at least two
metabolic risk abnormalities6. Measurement details can be found at https://
wwwn.cdc.gov/nchs/nhanes/default.aspx.

Statistical analysis
Continuous variables were presented as mean ± standard deviation (SD)
and interquartile ranges (IQR); categorical variables were presented as fre-
quency and percentage. Differences between groups in baseline character-
istics underwent a Student’s t-test for continuous variables and a chi-square
test for categorical variables. Variables related to metabolic dysfunction
components, together with age, sex, race, and education level were included
in a forward stepwise logistic regression procedure to identify the associa-
tionwith steatosis andfibrosis. All tests were two-tailed, and a P value of less
than 0.05 was considered statistically significant. R 4.2.0 (https://www.r-
project.org/) was used for our analyses.

Data availability
The dataset supporting the conclusions of this article is available in the
Nhanes, https://wwwn.cdc.gov/nchs/nhanes/default.aspx, which can be
accessed by everyone through the links provided in this study.
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