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Lean MASLD and Limits of Body Size in Risk Stratification

Elisabetta Bugianesi, MD, PhD

Evaluation of metabolic dysfunction-associated steatotic liver
disease (MASLD) relies on the “visible proxy” of body size. This
isunderstandable: excess adiposity, associated with insulin re-
sistance, type 2 diabetes, and cardiometabolic dysfunction,

is amajor driver of the global
. MASLD epidemic. Yet this
Related article . . .

framing becomes misleading
when body mass index (BMI) is treated as a surrogate for meta-
bolicrisk. A clinically important minority of patients develop
MASLD despite a BMIin the normal range. These patients, com-
monly described as having lean MASLD, reveal the limita-
tions of an obesity-centered clinical approach and ultimately
challenge the assumption that normal body weight implies low
liver-related risk.!?

In thisissue of JAMA, de Avila and colleagues provide one
of the largest and most geographically diverse evaluations of
lean MASLD to date. In more than 18 000 adults with biopsy-
confirmed MASLD from 41 countries, approximately 6% to 7%
met lean criteria by BMI or waist circumference. Lean MASLD
was especially represented in South and Southeast Asia, re-
inforcing the importance of ethnicity-specific anthropomet-
ric thresholds and the inadequacy of universal BMI cutoffs.
Equally important, concordance between BMI- and waist cir-
cumference-based definitions was only moderate. This ob-
servation is not a technical detail but a clinical warning. BMI
and waist circumference describe related but distinct dimen-
sions of body habitus, but neither fully captures the meta-
bolic biology that determines liver injury.!

The main clinical message is straightforward. Lean pa-
tients had fewer metabolic comorbidities and milder histo-
logic activity than patients with overweight or obesity, but they
were not protected from advanced liver disease. Nearly 30%
of lean patients defined by BMI had advanced fibrosis and ap-
proximately 11% had cirrhosis. Most importantly, lean status
was not independently associated with all-cause mortality or
major clinical events after adjustment for country, age, sex, and
metabolic comorbidities. Advanced fibrosis, not body habi-
tus, was the principal determinant of prognosis.!

Across the MASLD spectrum, fibrosis stage has repeat-
edly emerged as the most important predictor of liver-related
outcomes and mortality. The present study extends that prin-
ciple to lean MASLD and argues against BMI-driven reassur-
ance. The relevant question is not whether a patient looks
metabolically typical, but whether the patient has advanced
fibrosis or is at risk of progressing toward it.>

Lean MASLD should not be understood as simply “MASLD
without obesity.” It is a heterogeneous phenotype in which nor-
mal BMI may coexist with visceral adiposity, ectopic lipid dep-
osition, insulin resistance, dyslipidemia, sarcopenia, altered
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adipose tissue expandability, adipokine imbalance, gut mi-
crobiome perturbation, and inherited susceptibility. The fa-
miliar “thin outside, fat inside” concept captures part of this
phenotype but not all of it. Some lean individuals may not have
large fat depots by conventional measures, yet may still have
impaired adipose tissue function, low skeletal muscle re-
serve, and disproportionate hepatic lipid accumulation.*

A useful framework is metabolic flexibility. In healthy
physiology, tissues adapt to changes in nutrient availability,
fasting, feeding, and physical activity by switching effi-
ciently between lipid and glucose oxidation and by storing or
mobilizing energy without sustained metabolic stress. Meta-
bolic inflexibility describes the loss of this adaptive capacity.
When adipose tissue, muscle, liver, and other organs cannot
respond appropriately to changing energy demands, then free
fatty acid flux, hyperglycemia, lipotoxic intermediates, mito-
chondrial stress, and inflammatory signaling may converge on
theliver. In lean MASLD, this concept helps explain how a per-
son with normal body weight can nevertheless develop ste-
atosis, steatohepatitis, and fibrosis. The problem is not sim-
ply excess mass; it is a failure of metabolic adaptation.*

Genetics adds another essential layer. Sequence variants in
PNPLA3, TM6SF2, MBOAT7, and GCKR have been linked to he-
patic fat accumulation, inflammation, fibrosis, or disease progres-
sion, often in individuals who are not obese. These variants may
shift risk toward liver injury at lower levels of adiposity, especially
when combined with diet, alcohol exposure—albeit below con-
ventional thresholds—insulin resistance, gut microbiome changes,
sarcopenia, or other environmental and metabolic stressors.*>

A study by Younes and colleagues provides a useful cau-
tionary example. In 1339 patients with histologically con-
firmed fatty liver disease, 14.4% were lean; these patients had
less severe baseline histology and fewer metabolic comorbidi-
ties, yet their long-term prognosis was not clearly benign.
Importantly, the distribution of the PNPLA3 1148M variant
did not differ significantly between lean and nonlean pa-
tients, PNPLA3 GG was not an independent predictor of mor-
tality, and lean patients could develop hepatic and extrahe-
patic events without becoming obese. A plausible model is
polygenic and context dependent: inherited susceptibility may
permit disease expression at lower BMI thresholds, whereas
obesity and other environmental exposures may amplify, and
sometimes obscure, genetic effects.®

This biological complexity explains why BMIis a bluntin-
strument. Two individuals with the same BMI may have mark-
edly different metabolic trajectories. Conversely, two indi-
viduals with MASLD—one lean and one obese—may converge
on the same final common pathway: progressive fibrosis. Body
size describes phenotype; fibrosis defines prognosis.
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The findings also echo prior longitudinal observations. Lean
patients often have less severe steatohepatitis and fibrosis at base-
line than nonlean patients, yet they can still develop cirrhosis,
hepatocellular carcinoma, cardiovascular events, extrahepatic
cancers, and death over time. This apparent paradox—milder
baseline disease but similar long-term consequences—may re-
flect delayed recognition, less intensive risk factor management,
underestimation of disease severity, or unmeasured biology, such
as genetic predisposition, sarcopenia, visceral adiposity, and pro-
gressive loss of metabolic flexibility. Lean MASLD may be less vis-
ible, not less consequential.>®

The noninvasive test data are especially relevant for prac-
tice. The Fibrosis-4 (FIB-4) index showed modestly lower di-
agnostic discrimination for advanced fibrosis in lean MASLD
than in overweight/obese MASLD, whereas liver stiffness
measurement by vibration-controlled transient elastography
performed well. FIB-4 remains an essential first-line tool be-
cause it is inexpensive, available, and scalable. However, cli-
nicians should recognize its limitations in lean individuals, par-
ticularly when clinical suspicion is high. A low or borderline
FIB-4 score should not automatically end the evaluation in a
lean patient with imaging evidence of steatosis and meta-
bolicrisk factors, persistent aminotransferase abnormalities,
diabetes, family history of liver disease, ethnicity-associated
risk, or other concerning features. When available, vibration-
controlled transient elastography or another validated second-
line noninvasive test should be used to refine risk.!

The implications extend beyond hepatology. Lean MASLD
is likely to be missed in primary care, endocrinology, cardiol-
ogy, and general internal medicine because clinicians may not
suspect liver disease in patients with a normal BMI. This is par-
ticularly relevant in populations in which metabolic risk oc-
curs at lower BMI thresholds. Risk assessment should there-
fore be based on metabolic context rather than weight category
alone. Waist circumference, glycemic status, lipid profile, blood
pressure, liver enzymes, platelet count, ethnicity, and family his-
tory should all inform decisions about fibrosis assessment.

Therapeutic implications are equally important. Life-
style intervention remains foundational, but the goals in lean
MASLD may differ from those in obesity-associated disease.
Beyond weight loss, management may need to emphasize diet

quality; improved insulin sensitivity; and preservation or res-
toration of muscle mass by increased aerobic activity, resis-
tance training, and appropriate treatment of cardiometabolic
risk factors. As pharmacologic therapies for metabolic dys-
function-associated steatohepatitis and fibrosis evolve, lean
patients with advanced fibrosis should not be excluded from
treatment consideration simply because they lack obesity.

The study also highlights research priorities. Future cohorts
should move beyond BMI and include direct or surrogate mea-
sures of visceral adiposity, muscle mass, insulin resistance, adi-
pose tissue function, geneticrisk, diet, physical activity, alcohol
exposure, and gut microbiome features. Genetic assessment
should move beyond single-candidate variants toward polygenic
risk scores and multiomics strategies capable of capturing gene-
environment interactions. Clinical trials should prespecify lean
MASLD subgroups and report efficacy and safety by anthropo-
metricand metabolic phenotype. Guideline pathways should also
clarify how best to risk stratify lean individuals, particularly in
primary care and in Asian and other populations with lower BMI
thresholds for cardiometabolic disease.*>

Several limitations should temper interpretation. The co-
hort was biopsy based and therefore likely enriched for pa-
tients with more severe or clinically suspicious disease. The
prevalence of advanced fibrosis among lean patients in this
study may not generalize to all lean individuals with MASLD
in the community. The retrospective design; incomplete waist
circumference data; limited body composition measure-
ments; and lack of detailed genetic, lifestyle, and metabolic
flexibility assessments constrain causal interpretation. None-
theless, these limitations do not diminish the central clinical
lesson and in fact make this lesson particularly compelling:
even among patients selected for biopsy, normal BMI did not
identify a benign subgroup once fibrosis was considered.'

Lean MASLD should be viewed as part of the broader spec-
trum of metabolic liver disease, not as an exception to it.
The phenotypeis lean, but the disease is not necessarily mild.
Normal weight should not confer false reassurance, delay fi-
brosis assessment, or exclude patients from appropriate moni-
toring and treatment. The future of MASLD care should be phe-
notype aware, genetically informed, metabolically precise, and
fibrosis centered.’*>
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Editorial
IMPORTANCE Although metabolic dysfunction-associated steatotic liver disease (MASLD) is Supplemental content
traditionally associated with obesity, it is increasingly recognized in individuals with normal

weight (ie, lean MASLD).

OBJECTIVE To characterize the clinical, histologic, and prognostic features of lean MASLD,
and evaluate the performance of noninvasive tests for advanced fibrosis.

DESIGN, SETTING, AND PARTICIPANTS Multinational, retrospective observational study of
adults with biopsy-confirmed MASLD from 41 countries from the Global MASLD project.

EXPOSURES Lean vs overweight/obese MASLD, defined by body mass index (BMI) and
waist circumference.

MAIN OUTCOMES AND MEASURES Primary outcomes were all-cause mortality and clinical
events (hepatocellular carcinoma, hepatic decompensation, liver transplant, death),
intermediate outcomes included histologic fibrosis severity, and tests included the Fibrosis-4
(FIB-4) score and liver stiffness measurement (LSM) by transient elastography.

RESULTS Among 18 326 patients (mean [SD] age, 50.9 [13.1] years; 8714 [47.6%] male), 6.7%
were lean by BMI. Among 12 202 patients with waist circumference available, 6.0% were lean
by waist circumference (k = 0.41). Lean MASLD was most prevalent in Asia (11.3% by BMI, 11.7%
by waist circumference). Compared with overweight/obese MASLD, lean MASLD had lower
prevalence of type 2 diabetes (38.2% vs 48.3%; difference, -10.2% [95% Cl, -13.0% to -7.4%]),
advanced fibrosis (29.3% vs 37.2%; difference, -7.8% [95% Cl, -10.5% to -5.2%)]), and
Non-Alcoholic Fatty Liver Disease Activity Scores (mean [SD], 3.96 [1.81] vs 4.41[1.68];
difference, -0.44 [95% Cl, -0.56 to —0.33]). The FIB-4 demonstrated lower accuracy for
predicting advanced fibrosis (F3-F4) in lean vs overweight/obese MASLD (area under the curve,
0.76 [95% Cl, 0.73-0.79] vs 0.79 [95% Cl, 0.78-0.80]; difference, -0.03 [95% Cl, -0.06 to
0.00]), while LSM had higher accuracy (area under the curve, 0.87 [95% Cl, 0.84-0.90] vs 0.83
[95% Cl, 0.82-0.84]; difference, 0.04 [95% Cl, 0.01-0.07]). Unadjusted rates per 100
person-years in lean vs overweight/obese MASLD were 1.08 vs 0.91 for all-cause mortality and
1.51vs 1.43 for clinical events, respectively; lean status was not independently associated with
all-cause mortality (adjusted hazard ratio [aHR], 0.90 [95% Cl, 0.69-1.16]) or clinical events Author Affiliations: Author

(@HR, 0.94 [95% Cl, 0.76-117]). Advanced fibrosis (F3-F4) was associated with all-cause affilliations are listed at the end of this
mortality (1.46 vs 0.77 per 100 person-years; aHR, 2.10 [95% Cl, 1.71-2.57]) and clinical events article

(3.21vs 0.89 per 100 person-years; aHR, 3.41[95% Cl, 2.90-4.03]).

Group Information: The Global
MASLD Study Investigators are listed

CONCLUSIONS AND RELEVANCE Lean MASLD represents a distinct phenotype with milder atthe end of this article. A complete
. . . L . . list of the members of the Global

histologic disease but similar clinical outcomes compared with overweight/obese MASLD. NASH/MASH Council appears in

Fibrosis severity, rather than body composition, was associated with prognosis and LSM was Supplement 2.

reliable in lean individuals. Corresponding Author: Zobair M.

Younossi, MD, MPH, Center for

Outcomes Research in Liver Diseases,
JAMA. doi:10.1001/jama.2026.18491 24111 St, Washington, DC 20037
Published online September 30, 2026. (ZobairYounossi@cldqg.org).
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etabolic dysfunction-associated steatotic liver dis-

ease (MASLD) is one of the leading causes of

chronic liver disease worldwide, affecting approxi-
mately one-third of adults globally and a disproportionately
higher percentage of individuals with obesity or type 2
diabetes.* The nomenclature for this condition was recently
updated through a multisociety consensus process, replacing
nonalcoholic fatty liver disease with MASLD to better reflect
its metabolic underpinnings.! Although MASLD is strongly
linked to excess adiposity and metabolic syndrome, a subset
of patients develops the disease despite a normal body mass
index (BMI; calculated as weight in kilograms divided by
height in meters squared).?® This phenotype, commonly
referred to as lean MASLD, challenges the traditional para-
digm that progressive liver disease in this context is predomi-
nantly a disorder of individuals with overweight or obesity.

Lean MASLD has been reported to have a prevalence of
approximately 5% to 20%, with considerable variation by geo-
graphic region and diagnostic criteria, and appears to be par-
ticularly prevalent in Asian populations, although itis increas-
ingly recognized across diverse groups worldwide.®'° Proposed
pathophysiological mechanisms include visceral adiposity dis-
proportionate to BMI, sarcopenia, altered adipose tissue distri-
bution, insulin resistance, genetic susceptibility (including
PNPLA3 and TM6SF2 sequence variants), gut microbiome dys-
biosis, and dietary or environmental exposures.'’* Neverthe-
less, lean individuals with MASLD frequently exhibit sig-
nificant metabolic abnormalities, suggesting that BMI alone
is an inadequate surrogate for cardiometabolic risk in this
population.1o-14:15

Despite growing recognition of lean MASLD as a distinct
clinical entity, several critical knowledge gaps persist. In-
deed, prior studies have been limited by small sample sizes,
single-center design, or reliance on imaging-based rather than
histologically confirmed diagnoses.”#1° Because lean MASLD
varies by geography, ethnicity, and cardiometabolic profile,
single-country studies may capture local referral patterns or
population-specificbody composition rather than the full spec-
trum of the phenotype. The severity of liver disease in lean
MASLD also remains controversial: although some studies have
reported milder histologic activity or fibrosis in lean patients
vs patients with overweight or obesity with MASLD,'®'” oth-
ers have reported comparable or more severe liver disease.!*'®
Furthermore, data on long-term clinical outcomes in large, bi-
opsy-confirmed cohorts spanning diverse global populations
are sparse. In the context of these limitations, whether lean
status independently modifies the risk of all-cause mortality
or liver-related events, beyond the established prognosticrole
of fibrosis stage,'°-?! remains unresolved.

A further unresolved question concerns the performance
of noninvasive tests in lean MASLD. The Fibrosis-4 index
(FIB-4; scores calculated from age, aspartate aminotransfer-
ase, alanine aminotransferase, and platelet count, with
higher scores indicating a greater likelihood of advanced
fibrosis)?*23 and liver stiffness measurement (LSM) by tran-
sient elastography?#-2> are widely used for fibrosis risk strati-
fication in MASLD; however, their diagnostic accuracy may
be influenced by body composition, metabolic phenotype,
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Key Points

Question Do patients with lean metabolic dysfunction-associated
steatotic liver disease (MASLD) experience different risks of
adverse clinical outcomes than patients with overweight/obese
MASLD, and how accurate are noninvasive tests in this
population?

Findings In this multinational cohort of 18 326 patients with
MASLD, 6.7% were lean by body mass index (6.0% by waist
circumference). Lean patients had fewer metabolic comorbidities
and less severe histologic disease than patients with overweight or
obesity; however, there was no significant difference in all-cause
mortality or clinical events and lean body status did not affect
outcomes, whereas fibrosis stage did.

Meaning Patients with lean MASLD have similar risk of adverse
clinical outcomes as patients with overweight/obese MASLD; risk
stratification is more accurate with liver stiffness measurement
than Fibrosis-4 score.

and background fibrosis prevalence.?*2® Comparative data
on noninvasive test performance in lean patients vs patients
with overweight or obesity with MASLD remain limited, par-
ticularly in biopsy-confirmed populations.

To address these gaps, this study analyzed data from the
Global MASLD (G-MASLD) project, an international, biopsy-
based cohort encompassing participants from more than 40
countries. This large, geographically diverse dataset affords a
unique opportunity to (1) characterize the metabolic, histo-
logic, and regional geographic profiles of lean patients;
(2) evaluate the diagnostic performance of widely used nonin-
vasive tests in lean vs overweight/obese MASLD; and (3) assess
the independent association of lean status with all-cause mor-
tality and major liver-related outcomes. By using a global,
biopsy-confirmed cohort of more than 18 000 individuals, this
study aimed to define the clinical significance of lean MASLD
and to inform evidence-based strategies for risk stratification
and disease management across diverse populations.

Methods

The study received approval from the Western Institutional Re-
view Board (IRB) and from the respective IRBs at participat-
ing sites. This analysis was deemed exempt by the WCG IRB
under 45 CFR §46.104(d)(4) because it only used data deiden-
tified per the Health Insurance Portability and Accountability
Act Safe Harbor standard, with additional local IRB review
where required. Contributing sites confirmed that source stud-
ies had been approved by the applicable oversight bodies, and
research was conducted in accordance with the Declarations
of Helsinki and Istanbul.?” The study followed the Strength-
ening the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) guidelines.

Study Sample

The present analysis used data from the G-MASLD project, an
international initiative launched in 2023 by the Global NASH/
MASH Council involving collaborators from more than 40
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countries. Participating investigators obtained approval from
their respective IRBs or equivalent ethics committees to col-
lect clinical and histological data from patients. Deidentified
datasets were shared under formal data use agreements and
housed centrally in a secure electronic repository for aggre-
gate analysis by the Global NASH/MASH Council.

Eligible participants were adults with histologically con-
firmed MASLD or metabolic dysfunction-associated steato-
hepatitis and available liver biopsy data. MASLD was defined
as the presence of hepatic steatosis accompanied by at least 1
cardiometabolic risk factor in the absence of excessive alco-
hol intake or competing causes of liver disease, including vi-
ral hepatitis, consistent with the updated nomenclature
consensus.! Patients were excluded if they were younger than
18 years at the time of biopsy, pregnant, missing key demo-
graphicinformation (age, sex, or country), lacked a valid liver
biopsy record, or did not fulfill MASLD diagnostic criteria.

Data Collection and Definitions
Collected variables included demographic characteristics (age,
sex, region of enrollment), anthropometric parameters (BMI,
waist circumference), and metabolic comorbidities (type 2 dia-
betes, hypertension, dyslipidemia). Histologic assessment in-
cluded fibrosis staging (FO-F4) and grading of inflammatory
activity using the NAFLD Activity Score (NAS).>8-30

For the present analysis, lean MASLD was defined using 2
complementary approaches. Lean by BMI was defined as a BMI
less than 25 in patients of non-Asian ancestry and less than 23
in Asian patients, based on established Asia-specific BMI
thresholds.?"*2 Lean MASLD by waist circumference was de-
fined in a subgroup with measurements available as waist cir-
cumference less than 94 ¢cm in males and less than 80 cm in
females in non-Asian populations and less than 85 cm in Asian
males and less than 80 cm in Asian females, per international
harmonization criteria.* Therefore, throughout this study, lean
status refers to an operational anthropometric classification
based on BMI or waist circumference criteria and not to di-
rect measurement of adiposity or body composition.

Noninvasive tests collected included LSM obtained by vi-
bration-controlled transient elastography as well as biomarker-
based fibrosis scores derived from laboratory parameters ob-
tained at the time of biopsy or within 12 months thereof. FIB-4
was calculated using age, aminotransferases, and platelet
count, as previously described.?? The controlled attenuation
parameter was also collected where available. Most sites pro-
vided follow-up data, including all-cause mortality and clini-
cal events (hepatocellular carcinoma, decompensation, trans-
plant, or death), with time to event or censoring calculated from
the time of biopsy.

Statistical Analysis

Statistical analysis was conducted in April 2026. Continuous
variables were presented as means and SDs and categorical
variables as numbers and percentages. Comparisons be-
tween groups were conducted using the Wilcoxon rank-sum
test for continuous variables and Pearson x? test for categori-
cal variables. All statistical tests were 2-sided, and P < .05 was
considered statistically significant.

jama.com
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The diagnostic performance of noninvasive tests for pre-
dicting advanced fibrosis (F3-F4) was assessed using the area
under the receiver operating characteristic curve. Areas un-
der the curve (AUCs) were compared between the lean vs over-
weight/obese subgroups using the DeLong method. Estab-
lished literature-based cutoff values for FIB-422:23-34-36 gnd
LSM?2>26:36:37 were applied to assess sensitivity, specificity, posi-
tive predictive value, and negative predictive value for pre-
dicting advanced fibrosis.

Factors associated with the risk of all-cause mortality and
clinical events were evaluated using Cox proportional haz-
ards models in all patients with MASLD and in predefined sub-
groups, adjusted for country of enrollment, age, sex, and meta-
bolic comorbidities. Proportional hazards assumption was
verified using Schoenfeld residuals.

Analyses were performed using available data without im-
putation for missing values, and analytic denominators var-
ied according to data availability. As a sensitivity analysis, miss-
ing waist circumference was imputed using fully conditional
specification linear regression, stratified by Asian race and sex,
with age, BMI, and height included as predictors. Waist-
based lean status was recalculated after the imputation using
the same sex- and ethnicity-specific thresholds as in the pri-
mary analysis, and descriptive comparisons and multivari-
able Cox models were repeated in the imputed dataset.

All statistical analyses were performed using SAS version
9.4 (SAS Institute).

. |
Results

Study Population

A total of 18 326 patients with MASLD were included in the
analysis, of whom 1224 (6.7%) met criteria for lean status based
on BMI (Table 1). Among patients with waist circumference
available (n = 12202), 729 (6.0%) met lean criteria based on
waist circumference (eTable 1 in Supplement 1). The concor-
dance between the 2 definitions of lean was moderate
(k = 0.41): 42% of patients who were lean by BMI were also lean
by waist circumference, and 48% of patients who were lean
by waist circumference were also lean by BMI. Regionally, the
proportion of lean MASLD was highest in patients enrolled in
Asia (11.3% by BMI, 11.7% by waist circumference) compared
with 2.9% and 6.6% in the Middle East and North Africa re-
gion, 7.3% and 3.9% in Europe, 5.7% and 1.8% in Latin America,
and 2.9% and 1.6% in North America, respectively.

Mean (SD) age was 50.9 (13.6) years in BMI-defined lean
MASLD and 50.9 (13.1) years in overweight/obese MASLD;
male sex was reported in 48.7% and 47.5% of patients,
respectively (Table 1). Lean patients reported any alcohol use
less frequently (10.1% vs 15.8%; P < .001) (Table 1). Type 2
diabetes was present in 38.2% vs 48.3% (difference, -10.2%
[95% CI, -13.0% to -7.4%]) and hypertension in 42.2% vs
54.5% (difference, -12.4% [95% CI, -15.3% to —9.4%]) of lean
patients vs patients with overweight or obesity, respectively
(both P < .001) (Table 1). In contrast, in the lean by waist cir-
cumference subgroup, lean patients were younger (mean
[SD] age, 45.7 [14.1] vs 51.3 [12.8] years), more frequently
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Table 1. Demographic and Clinical Characteristics of Patients With Lean Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)?
Compared With Overweight/Obese MASLD

No. (%)
Lean MASLD Overweight/obese MASLD
Characteristic (n =1224) (n=17102) Difference (95% Cl)°
Age, mean (SD), y 50.9 (13.6) 50.9 (13.1) 0.1(-0.7t00.9)
Age group, y
<35 170 (13.9) 2289 (13.4) 0.5(-1.5t02.5)
35-64 839 (68.5) 12173 (71.2) -2.6(-5.3t00.1)
265 215 (17.6) 2639 (15.4) 2.1(-0.1t04.3)
Sex
Male 596 (48.7) 8118 (47.5) 1.2(-1.7to 4.1)
Female 628 (51.3) 8984 (52.5) -1.2(-4.1t01.7)
Alcohol use, any 75(10.1) 1312 (15.8) -5.7 (-8.0t0 -3.4)
BMI, mean (SD) 22.9(1.7) 34.4(8.1) NA
Waist circumference in females, 86.3(8.6) 108.8 (16.9) -22.5(-23.4t0-21.5)
mean (SD), cm
Waist circumference in males, 91.1(12.5) 109.8 (16.1) -18.6 (-19.9t0 -17.3)
mean (SD), cm
Lean MASLD by waist circumference 348 (42.1) 381(3.3) 38.7 (35.4t042.1)
Metabolic comorbidities
Type 2 diabetes 464 (38.2) 8124 (48.3) -10.2(-13.0t0 -7.4)
Hypertension 502 (42.2) 8753 (54.5) -12.4(-15.3t0-9.4)
Hyperlipidemia 613 (52.0) 8442 (53.9) -1.9(-49t01.1)
Histologic fibrosis stage
FO (no fibrosis) 282 (23.0) 2231 (13.0) 10.0 (7.6 to 12.4)
F1 (mild fibrosis) 408 (33.3) 5307 (31.0) 2.3(-0.4t05.0)
F2 (moderate fibrosis) 175 (14.3) 3208 (18.8) -4.5(-6.5t0-2.4)
F3 (bridging fibrosis) 224 (18.3) 4168 (24.4) -6.1(-8.3t0-3.8)
F4 (cirrhosis) 135 (11.0) 2188 (12.8) -1.8(-3.6t00.1)
Noninvasive tests
FIB-4 score, mean (SD)“ 1.77 (2.22) 1.54(1.33) 0.23(0.10t0 0.36)
Controlled attenuation parameter, 288.5 (46.9) 320.9 (49.2) -32.4(-36.0to0 -28.9)
mean (SD), dB/m¢
Liver stiffness measurement 10.1(9.0) 12.6 (9.5) -2.6(-3.2t0-1.9)
by transient elastography,
mean (SD), kPa®
NAS, mean (SD)f 3.96 (1.81) 4.41(1.68) -0.44 (-0.56 to -0.33)
NAS >5f 467 (43.3) 7362 (51.1) -7.9(-10.9to -4.8)
Steatosis
Grade 0 (<5%) 61 (5.6) 508 (3.6) 2.1(0.7 t0 3.5)
Grade 1 (5%-33%) 470 (43.3) 6122 (42.8) 0.5(-2.6t03.5)
Grade 2 (>33%-66%) 287 (26.5) 4525 (31.7) -5.2(-8.0t0 -2.5)
Grade 3 (>66%) 267 (24.6) 3135(21.9) 2.7 (0.0t05.3)
Lobular inflammation
Grade 0 (none) 195 (18.2) 1333 (9.4) 8.8(6.5t011.2)
Grade 1 (mild) 512 (47.8) 5959 (41.9) 5.9 (2.8t09.0)
Grade 2 (moderate) 264 (24.6) 4921 (34.6) -10.0(-12.7to -7.3)
Grade 3 (severe) 100 (9.3) 1999 (14.1) -4.7 (-6.6t0 -2.9)
Hepatocyte ballooning
Grade 0 (none) 307 (28.7) 2905 (20.5) 8.2(5.4t011.0)
Grade 1 (few cells) 425 (39.8) 5894 (41.6) -1.9(-49t01.2)
Grade 2 (many/prominent cells) 337 (31.5) 5356 (37.8) -6.3(-9.2t0-3.4)
(continued)
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Table 1. Demographic and Clinical Characteristics of Patients With Lean Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)?

Compared With Overweight/Obese MASLD (continued)

No. (%)
Lean MASLD Overweight/obese MASLD
Characteristic (n =1224) (n=17102) Difference (95% Cl)°
Region of enrollment
Europe 394 (32.2) 4968 (29.0) 3.1(0.4t05.8)
Middle East and North Africa 38(3.1) 1260 (7.4) -4.3(-5.3t0-3.2)
Latin America 49 (4.0) 814 (4.8) -0.8(-1.9t00.4)
South Asia 317 (25.9) 796 (4.7) 21.2(18.8t023.7)
Southeast Asia 258 (21.1) 3697 (21.6) -0.5(-2.9t01.8)
North America (US/Canada) 168 (13.7) 5567 (32.6) -18.8 (-20.9to -16.8)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided
by height in meters squared); FIB-4, Fibrosis-4; NA, not applicable; NAS,
Nonalcoholic Fatty Liver Disease Activity Score.

2 By BMI.
b Differences were calculated as lean MASLD - overweight/obese MASLD, and

95% Cls were estimated using asymptotic methods for differences in
proportions and the Satterthwaite method for differences in means.

© Biomarker-based test for fibrosis severity; higher values (eg, >2.67 or >3.25)
indicate more advanced fibrosis.

9 Measured by transient elastography and reflects the amount of hepatic
steatosis; higher values (eg, >290 dB/m) indicate greater steatosis.

€ Obtained by transient elastography and reflects liver fibrosis risk; higher
values (eg, =12 kPa) indicate greater stiffness and a higher likelihood of
advanced fibrosis.

f Histologic activity score that summarizes the severity of hepatic steatosis,

lobular inflammation, and hepatocyte ballooning; higher values (eg, =5)
indicate greater histologic activity.

male (76.3% vs 46.5%), and had lower rates of type 2 diabetes
(30.6% Vs 52.6%) and hypertension (34.6% vs 55.7%) com-
pared with patients with overweight or obesity (all P < .001)
(eTable 1in Supplement 1).

Liver Disease Severity in Lean MASLD

Patients with lean MASLD had less advanced stages of he-
patic fibrosis compared with overweight/obese MASLD: sig-
nificant fibrosis (F2-F4) was present in 43.6% of lean patients
vs 55.9% of patients with overweight or obesity, advanced fi-
brosis (F3-F4) in 29.3% vs 37.2% (difference, -7.8% [95% CI,
-10.5% to -5.2%]), and cirrhosis in 11.0% vs 12.8%, respec-
tively (Table 1). Mean (SD) NAS was 3.96 (1.81) in lean patients
vs 4.41 (1.68) in patients with overweight or obesity, and NAS
of 5 or greater was present in 43.3% vs 51.1%, respectively
(P < .001) (Table 1). The lower NAS score in lean patients was
driven primarily by less lobular inflammation (grade 2, 24.6%
vs 34.6%; grade 3, 9.3% vs 14.1%) and less hepatocyte balloon-
ing (grade 2, 31.5% vs 37.8%; all P < .001) (Table 1). Similar dis-
tributions were observed in the lean by waist circumference
group (eTable 1in Supplement 1).

In patients with lean MASLD (by BMI), mean (SD) FIB-4
score was 1.77 (2.22) vs 1.54 (1.33) in patients with overweight
or obesity (P < .001) (Table 1). In contrast, mean (SD) LSM was
10.1(9.0) kPa vs 12.6 (9.5) kPa (P < .001) and mean (SD) con-
trolled attenuation parameter was 288.5 (46.9) dB/m vs 320.9
(49.2) dB/m (P < .001) (Table 1). In the lean by waist circum-
ference group, mean (SD) FIB-4 score was 1.61 (1.49) vs 1.57
(1.29; P = .15) and mean (SD) LSM was 9.3 (8.6) kPavs 12.7 (9.4)
kPa (P < .001) (eTable 1in Supplement 1).

For prediction of advanced fibrosis, the AUC for FIB-4 was
0.76 (95% CI, 0.73-0.79) in lean patients (by BMI) vs 0.79 (95%
CI, 0.78-0.80; difference, -0.03 [95% CI, -0.06 to 0.00]) in pa-
tients with overweight or obesity (P = .03) (Figure). At a cut-
off 0of 1.30, sensitivity was 76.2% and specificity 63.7% in lean

jama.com

patients vs 72.5% and 72.2%, respectively, in patients with over-
weight or obesity (Figure) (eTable 2 in Supplement 1). For LSM,
the AUC was 0.87 (95% CI, 0.84-0.90) in lean patients vs 0.83
(95% CI, 0.82-0.84; difference, 0.04 [95% CI, 0.01-0.07]) in
patients with overweight or obesity (P = .009) (Figure). At a
cutoff of 10 kPa, sensitivity was 69.1% and specificity 87.6%
in lean patients vs 79.1% and 70.8% in patients with over-
weight or obesity (Figure) (eTable 3 in Supplement 1).

Clinical Outcomes

Postbiopsy follow-up was available for 9701 patients, of whom
526 (5.4%) died and 756 (7.8%) experienced a clinical event over
a median (IQR) of 3 (1-7) years of follow-up. Unadjusted rates
per 100 person-years in lean vs overweight/obese MASLD were
1.08 vs 0.91 for all-cause mortality and 1.51 vs 1.43 for clinical
events, respectively. In multivariable models adjusted for coun-
try, age, sex, and metabolic comorbidities, lean MASLD (by BMI)
was not associated with all-cause mortality (adjusted hazard
ratio [aHR], 0.90 [95% CI, 0.69-1.16]) or clinical events (aHR,
0.94 [95% CI, 0.76-1.17]) (Table 2) (eFigure in Supplement 1).
Beinglean by waist circumference was also not associated with
either outcome and neither was lean MASLD in region-based
subgroups (all P > .05) (eTables 4 and 5 in Supplement 1).
Rather, the strongest association was observed for advanced
histologic fibrosis, both with all-cause mortality (1.46 vs 0.77
per 100 person-years; aHR, 2.10 [95% CI, 1.71-2.57]) and
clinical events (3.21 vs 0.89 per 100 person-years; aHR, 3.41
[95% CI, 2.90-4.03]) (Table 2) (eFigure in Supplement 1).

In patients with lean MASLD (by BMI), factors indepen-
dently associated with adverse outcomes included older age
(aHR, 1.82 [95% CI, 1.56-2.13]) per 5 years for all-cause mor-
tality (aHR, 1.59 [95% CI, 1.40-1.81] per 5 years for clinical
events) and advanced fibrosis (aHR, 2.11 [95% CI, 1.06-4.19]
and 4.24 [95% CI, 2.48-7.24], respectively) (eTable 6 in
Supplement 1).
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Figure. Line Graphs and Tables of Accuracy of Predicting Advanced Fibrosis (F3-F4) in Lean Patients vs Patients With Overweight or Obesity

With Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
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1.30 76.2 (71.4-80.6) 63.7 (60.3-66.9)
2.00 49.3(43.9-54.7) 83.9(81.2-86.3)
2.67 31.8(26.9-37.0) 90.6 (88.4-92.5)
3.25 23.2(18.9-28.0) 94.0(92.1-95.5)

Overweight/obese 1.00 85.5(84.6-86.4) 55.5(54.5-56.5)
1.30 72.5(71.4-73.6) 72.2(71.3-73.1)
2.00 43.3 (42.0-44.5) 90.0 (89.4-90.6)
2.67 25.7 (24.6-26.8) 95.7 (95.3-96.1)
3.25 17.2(16.2-18.1) 97.7 (97.4-97.9)
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10 69.1(62.7-74.9) 87.6 (84.6-90.2)
12 53.8(47.2-60.3) 92.6 (90.1- 94.7)
15 38.1(31.9-44.7) 96.6 (94.7-97.9)
20 23.3(18.1-29.2) 98.7 (97.4-99.5)

Overweight/obese 8 91.2(90.3-92.0) 49.5 (48.1-50.8)
10 79.1(77.8-80.3) 70.8 (69.6-72.0)
12 64.6 (63.1-66.1) 84.3(83.3-85.2)
15 46.2 (44.7-47.8) 93.0(92.3-93.6)
20 28.5(27.1-29.9) 97.1(96.6-97.5)

2Performed using transient elastography.

AUC indicates area under the curve; FIB-4, Fibrosis-4; LSM, liver stiffness measurement.

Sensitivity Analysis With Imputed Waist Circumference
Waist circumference was missing in 6124 of 18 326 patients
and was imputed in a sensitivity analysis. After imputation,
1107 patients (6.0% of the total sample) met criteria for lean
MASLD by waist circumference (eTable 7 in Supplement 1).
The distribution of demographic, metabolic, and histologic
characteristics by imputed waist-based lean status was con-
sistent with the primary waist-based analysis (eTable 7 in
Supplement 1). Compared with patients with overweight or
obesity, patients with lean MASLD by imputed waist circum-
ference were younger (mean [SD] age, 46.8 [14.4] vs 51.1
[13.0] years); more frequently male (75.4% vs 45.8%); and
had lower prevalence of type 2 diabetes (30.1% vs 48.8%),
hypertension (36.7% vs 54.8%), and hyperlipidemia (47.3%
Vs 54.2%; all P < .001) (eTable 7 in Supplement 1). Patients
with lean MASLD by imputed waist circumference also had
less advanced histologic disease, including lower prevalence
of advanced fibrosis (F3-F4; 23.0% vs 37.5%), cirrhosis (7.7%
vs 13.0%), lower LSM (mean [SD], 9.35 [8.20] kPa vs 12.7 [9.5]
kPa), and lower mean (SD) NAS (3.80 [1.71] vs 4.42 [1.68])
(eTable 7 in Supplement 1).

JAMA Published online September 30, 2026

In multivariable Cox models using imputed waist-based
lean status, lean MASLD was not independently associated with
all-cause mortality (aHR, 0.95 [95% CI, 0.69-1.29]) or clinical
events (aHR, 0.96 [95% CI, 0.74-1.25]) (eTable 8 in Supple-
ment 1). In contrast, advanced fibrosis remained indepen-
dently associated with all-cause mortality (aHR, 2.10 [95% CI,
1.72-2.58]) and clinical events (aHR, 3.42[95% CI, 2.90-4.03])
(eTable 8 in Supplement 1).

|
Discussion

In this large, multinational cohort of more than 18 000 pa-
tients with biopsy-proven MASLD, 6.7% were lean by BMIand
6.0% by waist circumference. Compared with patients with
overweight or obesity, lean patients had fewer metabolic co-
morbidities and less severe histologic disease. Despite this,
nearly 30% of lean patients with MASLD had advanced fibro-
sis. Lean status was not independently associated with all-
cause mortality or major clinical events, while advanced fi-
brosis, assessed by histology or liver stiffness, remained
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Table 2. Factors Associated With All-Cause Mortality and Clinical Events in Patients With Metabolic Dysfunction-Associated Steatotic Liver Disease

(MASLD)?

No. of events/person-years®

IR difference, per 100
person-years (95% CI)®

HR (95% CI)

aHR (95% ClI)

0.16 (-0.10t0 0.43)

0.10 (-0.06 t0 0.26)

0.02 (-0.14t0 0.18)
0.76 (0.60 t0 0.91)
-0.44 (-0.60 to -0.29)
0.68 (0.46 t0 0.90)

0.92(0.72 t0 1.19)
1.54 (1.48 to 1.61)

0.77 (0.65 t0 0.92)
NA

1.98 (1.64 to 2.40)
1.92 (1.57 t0 2.35)
1.19(0.97 to 1.47)
3.33(2.75t04.03)

0.90 (0.69 to 1.16)
1.51(1.44t0 1.58)

1.31(1.09t0 1.57)
NA

1.11(0.90t0 1.37)
1.20(0.98 to 1.48)
0.91 (0.74 t0 1.13)
2.10(1.71 t0 2.57)

0.08 (-0.24 to 0.40)

-0.04 (-0.24 0 0.16)

0.59 (0.38t00.81)
0.83(0.64 t0 1.02)
-0.29 (-0.48 to -0.10)

Comparison Reference

All-cause mortality (n = 9701)
Lean (by BMI) 69/6392 463/50625
Age, per 5y NA® NAP NAP
Sex

Male 302/30886 230/26131

Female 1 [Reference] 1 [Reference] NA
Type 2 diabetes 213/22 508 319/34470
Hypertension 404/31 687 127/24 482
Hyperlipidemia 165/23 930 361/31868
Advanced fibrosis (F3-F4)  196/13 463 336/43554
Clinical event (n = 9649)
Lean (by BMI) 96/6349 716/49 951
Age, per 5y NAP NAP NAP
Sex

Male 434/30442 378/25858

Female 1 [Reference] 1 [Reference] NA
Type 2 diabetes 400/22 183 412/34078
Hypertension 544/31457 218/24 181
Hyperlipidemia 285/23 806 471/31640
Advanced fibrosis (F3-F4)  429/13 344 383/42956

2.32(2.01t02.64)

0.92 (0.74 to 1.14)
1.43 (1.38 t0 1.48)

0.82 (0.71 t0 0.94)
NA

2.17 (1.86 t0 2.52)
1.67 (1.42 t0 1.96)
1.15(0.98 to 1.36)
5.14 (4.41 t0 5.99)

0.94 (0.76 to 1.17)
1.40 (1.35 to 1.45)

1.24 (1.07 to 1.44)
NA

1.15(0.97 to 1.36)
1.06 (0.90 to 1.26)
0.92 (0.78 to 1.09)
3.41 (2.90 t0 4.03)

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index (calculated as

weight in kilograms divided by height in meters squared); HR, hazard ratio;

IR, incidence rate; NA, not applicable.

2 Unadjusted HRs and aHRs (with 95% Cls) were returned by Cox proportional
hazards models additionally adjusted for country of enroliment. A similar
assessment of the association of lean MASLD (by waist circumference) with
outcomes is shown in eTable 4 in Supplement 1.

b Events per person-years are shown separately for the comparison and

reference groups for categorical predictors (eg, lean vs overweight/obese or
advanced fibrosis [F3-F4] present vs absent). IR differences are reported per
100 person-years and were calculated as the IR in the comparison group - IR
in the reference group, with 95% Cls estimated using a large-sample Taylor
series approximation for 2 independent person-time rates. Age was modeled
continuously per 5-year increment; therefore, events per person-years count
and IR differences are not shown.

associated with clinical outcomes in both lean and overweight/
obese groups. These findings suggest that normal body weight
should not be interpreted as indicating a lower risk of adverse
outcomes among patients with established MASLD, and that
risk stratification should remain focused on fibrosis severity
rather than anthropometric phenotype.

These prevalence estimates are comparable to prior
global reports and reinforce the notion that lean MASLD is a
clinically significant but numerically smaller subset of the
overall MASLD population. Regional heterogeneity was evi-
dent, with lean MASLD more frequently represented in
South and Southeast Asia, consistent with prior epidemio-
logic observations.®! Data from the G-MASLD project, includ-
ing companion analyses of noninvasive test performance and
predictors of outcomes across the broader cohort, provide im-
portant context for interpreting the findings of the present lean-
focused analysis.>®4°

The moderate concordance between BMI- and waist cir-
cumference-based definitions underscores the limitations of
BMI alone in capturing metabolic risk® and supports incor-
porating measures of central adiposity into clinical assess-
ment. Accordingly, lean in this study should be interpreted as
an operational anthropometric category rather than a direct
measure of adiposity or body composition.

jama.com

Although lean patients had significantly lower rates of type
2 diabetes, hypertension, hepatic inflammation, and ad-
vanced fibrosis compared with overweight/obese MASLD,
metabolic dysfunction remained highly prevalent. The obser-
vation that lean MASLD is metabolically active challenges the
notion that normal BMI confers protection from progressive
liver disease. Proposed mechanisms include visceral and
ectopic fat deposition; sarcopenia; insulin resistance despite
normal BMI; altered adipokine signaling from adipose tissue;
dietary or microbiome-related factors; and genetic suscepti-
bility variants, such as PNPLA3, TM6SF2, and/or HSD17B13,
which contribute to hepatocellular lipid accumulation and
injury independent of total body adiposity.!:!*:14:16 These
findings are consistent with the broader evidence base char-
acterizing MASLD as a multifactorial condition in which meta-
bolic dysfunction, rather than obesity per se, drives hepatic
injury.1213:41-49

Regarding noninvasive tests, study data indicate that LSM
by transient elastography retained strong discriminatory per-
formance in lean patients, with higher specificity at conven-
tional cutoffs compared with patients with overweight or obe-
sity. This superior specificity may reflect lower abdominal
adipose tissue attenuation in lean individuals that can affect
LSM independently of fibrosis.>° The global noninvasive test

JAMA Published online September 30, 2026

© 2026 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

Downloaded from jamanetwork.com by Universidad Auténoma de Nuevo Leén user on 09/30/2026

E7


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2026.18491?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2026.18491
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2026.18491

E8

Research Original Investigation

performance analysis from the G-MASLD cohort similarly iden-
tified variable accuracy of LSM across BMI and metabolic
subgroups.3®4° In contrast, in this study, FIB-4 demon-
strated a modest reduction in overall accuracy in patients with
lean MASLD (AUC difference, -0.03 vs overweight/obese
MASLD) accompanied, however, by notably lower specificity
at commonly used low-risk cutoffs (eg, 1.30). These data sug-
gest that in lean patients, FIB-4 as a screening tool may need
to be interpreted in the context of clinical presentation. It is
also important to note that in this biopsy-based sample, re-
duced accuracy of FIB-4 in lean patients may partly reflect
referral and/or biopsy selection patterns because lean indi-
viduals may be more likely to undergo specialty evaluation and
biopsy when aminotransferase levels are elevated. This could
shift FIB-4 upward without a proportional increase in histo-
logic fibrosis severity and may not reflect FIB-4 performance
in lower-risk, unselected lean MASLD populations.

The primacy of fibrosis stage over anthropometric phe-
notype in predicting outcomes is the central finding of this
study and is consistent with a well-established body of
evidence.!9-21:28:51:52 These data reinforce the importance of fi-
brosis-centered risk stratification across MASLD subpopula-
tions and show that this principle also applies to lean MASLD
across geographically diverse settings, including Asia, Europe,
North America, Latin America, and the Middle East. In lean pa-
tients with MASLD specifically, the strong association be-
tween advanced fibrosis and increased risk of clinical events
(aHR >4) underscores the importance of fibrosis assessment,
even in patients who may be perceived as lower risk due to nor-
mal body weight.

From a therapeutic standpoint, patients with lean MASLD
are typically underrepresented in clinical trials of MASLD
therapies.?2:°3->> Given the similar outcomes profile com-
pared with patients with overweight or obesity, driven by fi-
brosis rather than adiposity, there is a strong rationale for in-
cluding lean patients in treatment clinical trials and for applying
approved therapies without discrimination based on BMI. As
the field moves toward fibrosis-targeted therapies, lean MASLD
represents an important and underserved population that war-
rants dedicated attention. The economic burden of MASLD
and patient-reported outcomes is similarly relevant in lean
patients.>6->8

Limitations
This study had limitations. First, the retrospective, biopsy-
based design may have introduced referral and selection bias.

Histologic Features and Clinical Outcomes of Lean Metabolic Dysfunction-Associated Steatotic Liver Disease

Because liver biopsy is more commonly performed in patients
with clinically suspected metabolic dysfunction-associated ste-
atohepatitis, concern for advanced fibrosis, atypical labora-
tory findings, or other factors prompting specialty referral, the
G-MASLD sample should not be interpreted as general popula-
tion based. This may influence estimates of lean MASLD preva-
lence, observed histologic severity, and associations with clini-
cal outcomes, and may limit generalizability to broader MASLD
populations, particularly low-risk patients.

Second, waist circumference data were incomplete, lim-
iting the primary waist-based analysis. This limitation was
partially addressed with an imputation-based sensitivity analy-
sis, and although findings were consistent with the complete-
case analyses, residual bias from missing data cannot be ex-
cluded.

Third, the study was not powered to evaluate regional or
other granular subgroup differences in noninvasive test per-
formance within lean MASLD, as previously reported for over-
weight/obese MASLD and it subpopulations.38-4©

Fourth, several potentially important determinants of lean
MASLD and disease progression were not available, includ-
ing detailed diet, physical activity, genetic sequence vari-
ants, detailed alcohol exposure, sarcopenia, visceral adipos-
ity, and other body composition measures. Therefore,
mechanistic explanations for lean MASLD and residual con-
founding could not be fully assessed.

Fifth, transient elastography quality metrics, including IQR,
success rate, and probe type, were not collected as part of the
multicenter G-MASLD dataset. LSM results, along with bi-
opsy readings and other parameters, were analyzed as pro-
vided by participating sites, suggesting the potential for site-
level variability in measurement and interpretation.

. |
Conclusions

Lean MASLD represents a clinically important but quantita-
tively smaller subset of MASLD characterized by milder his-
tologic activity, yet a substantial and clinically significant fi-
brosis burden. There was no difference in the risk of all-cause
mortality or clinical events between lean patients and pa-
tients with overweight or obesity with MASLD. Because prog-
nosis was associated with fibrosis severity rather than body
habitus, fibrosis-based assessment and management strate-
gies should be applied consistently in all patients with MASLD,
regardless of BMI or weight.
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eMethods
Sample assembly, referral pathways, and study generalizability

The Global MASLD (G-MASLD) project was established as a multinational, retrospective,
observational study coordinated by the Global NASH/MASH Council (GNC). The objective of
the consortium was to assemble a large, well-characterized dataset of adults with biopsy-confirmed
MASLD across diverse geographic regions. Participating investigators contributed data from more
than 40 countries. Patients had been evaluated and managed at the participating sites as part of
routine clinical care or existing institutional research datasets. Each center obtained approval from
its local Institutional Review Board or equivalent ethics committee. Deidentified data were
subsequently transferred to GNC under data use agreements and centrally harmonized in a secure
database maintained by GNC.

Because liver biopsy data were required for inclusion, patients were drawn predominantly from
specialty hepatology, gastroenterology, metabolic liver disease, or academic referral centers. No
uniform referral pathway was imposed by the coordinating center; rather, patients were identified
at participating sites based on diagnostic criteria and availability of required clinical and histologic
data. Eligible participants were adults with hepatic steatosis on liver biopsy and at least one
cardiometabolic risk factor, consistent with current MASLD criteria. Patients were excluded if
they were younger than 18 years, pregnant, missing key demographic or biopsy information, did
not meet MASLD criteria, or had competing causes of chronic liver disease, including viral
hepatitis, autoimmune liver disease, or significant alcohol use.

Liver biopsies were interpreted by local pathologists at each participating site, without central
rereading by the GNC. Histology data provided to the GNC included fibrosis stage (FO-F4) and
NAFLD Activity Score components (steatosis, lobular inflammation, and hepatocyte ballooning).
Apart from the biopsy requirement and variables required for prespecified analyses, no additional
centralized testing requirement was imposed by the coordinating center. For analyses involving
non-invasive tests, the laboratory values and transient elastography parameters were required to
be available within the prespecified time window relative to liver biopsy. Longitudinal follow-up
data were requested from participating sites but were not required for inclusion in the G-MASLD
project.

The biopsy requirement is an important source of selection bias. In routine practice, liver biopsy
is not typically performed in unselected or asymptomatic individuals with suspected MASLD in
primary care. Rather, biopsy is more commonly obtained in patients referred for specialty
evaluation because of suspected MASH, concern for advanced fibrosis, atypical clinical or
laboratory features, indeterminate non-invasive testing, or consideration for research or clinical
trial enrollment. Therefore, the G-MASLD sample should not be interpreted as population-based
or as representative of all individuals with MASLD. Since the study sample is likely enriched for
patients with more severe liver disease, higher cardiometabolic risk, and greater access to specialty
hepatology evaluation, this may limit generalizability to lower-risk MASLD populations managed
in primary care or community settings.
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eTable 1. Demographic and clinical parameters of patients with

circumference) in comparison to overweight or obese MASLD

lean MASLD (by waist

Overweight or

Characteristic Lean MASLD obese MASLD Difference (95% CI)
N 729 11473
Age, years 45.7 (14.1) 51.3 (12.8) -5.6 (-6.7 to -4.6)
Age group:
<35 years 178 (24.4%) 1403 (12.2%) 12.2% (9.0 to 15.4)
35-65 years 475 (65.2%) 8258 (72.0%) -6.8% (-10.4 to -3.3)
>65 years 76 (10.4%) 1812 (15.8%) -5.4% (-7.7to -3.1)
Sex:
Male 556 (76.3%) 5336 (46.5%) 29.8% (26.5 to 33.0)
Female 173 (23.7%) 6138 (53.5%) -29.8% (-33.0 to -26.5)
Alcohol use, any 40 (7.5%) 852 (14.8%) -7.4% (-9.8 to -4.9)
BMI, kg/m? 24.8 (3.4) 33.6 (7.6) -8.9 (-9.2 to -8.6)
Lean MASLD by BMI 348 (47.7%) 479 (4.2%) 43.6% (39.9 t0 47.2)
Waist circumference in females, cm 74.3 (6.7) 108.2 (16.7)
Waist circumference in males, cm 86.7 (5.7) 110.7 (15.7)
Metabolic comorbidities:
Type 2 diabetes 222 (30.6%) 5982 (52.6%) -22.0% (-25.4 to -18.5)
Hypertension 252 (34.6%) 6306 (55.7%) -21.2% (-24.7 to -17.6)
Hyperlipidemia 387 (53.5%) 6732 (60.1%) -6.5% (-10.3 to -2.8)
Histologic fibrosis stage:
FO 189 (25.9%) 1149 (10.0%) 15.9% (12.7 to 19.1)
F1 275 (37.7%) 3437 (30.0%) 7.8% (4.2to 11.4)
F2 102 (14.0%) 2223 (19.4%) -5.4% (-8.0 to -2.8)
F3 121 (16.6%) 3174 (27.7%) -11.1% (-13.9 to -8.2)
F4 42 (5.8%) 1491 (13.0%) -7.2% (-9.0 to -5.4)
Non-invasive tests:
FIB-4 score 1.61 (1.49) 1.57 (1.29) 0.04 (-0.07 to 0.15)
Controlled attenuation parameter, dB/m 289.3 (46.8) 320.6 (47.5) -31.3 (-35.5t0 -27.1)
Liver stiffness measurement b
ransient clastography, sz 9.27 (8.62) 12.7 (9.4) -3.4(-4.2t0-2.7)
NAFLD Activity Score (NAS) 3.90 (1.71) 4.64 (1.59) -0.74 (-0.87 to -0.60)
NAS >5 252 (37.6%) 5771 (56.9%) -19.4% (-23.2 to -15.6)
Steatosis (0-3):
Grade 0 24 (3.6%) 179 (1.8%) 1.8% (0.4 to 3.3)
Grade 1 280 (41.8%) 4437 (43.6%) -1.8% (-5.7t0 2.1)
Grade 2 213 (31.8%) 3223 (31.7%) 0.1% (-3.5 to 3.8)
Grade 3 153 (22.8%) 2338 (23.0%) -0.1% (-3.4 to 3.1)
Lobular inflammation (0-3)
Grade 0 124 (18.5%) 740 (7.4%) 11.2% (8.2 to 14.2)
Grade 1 349 (52.2%) 4061 (40.4%) 11.8% (7.9 to 15.7)
Grade 2 152 (22.7%) 3590 (35.7%) -13.0% (-16.3 t0 -9.7)
Grade 3 44 (6.6%) 1670 (16.6%) -10.0% (-12.0 to -8.0)
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Overweight or

Characteristic Lean MASLD obese MASLD Difference (95% CI)
Hepatocyte ballooning (0-2)
Grade 0 195 (29.2%) 1659 (16.5%) 12.7% (9.2 t0 16.3)
Grade 1 277 (41.5%) 4005 (39.9%) 1.7% (-2.2 t0 5.5)
Grade 2 195 (29.2%) 4382 (43.6%) -14.4% (-18.0 to -10.8)
Region of enrollment:
Europe 117 (16.0%) 2849 (24.8%) -8.8% (-11.6 to -6.0)
Middle East and North Africa 50 (6.9%) 712 (6.2%) 0.7% (-1.2 t0 2.5)
Latin America 7 (1.0%) 373 (3.3%) -2.3%(-3.1to -1.5)
South Asia 264 (36.2%) 805 (7.0%) 29.2% (25.7 to 32.7)
Southeast Asia 227 (31.1%) 2886 (25.2%) 6.0% (2.5t09.4)
United States / Canada 64 (8.8%) 3849 (33.5%) -24.8% (-27.0 to -22.5)

Data presented as mean (SD) or n (%), differences are calculated as Lean MASLD minus
Overweight/Obese MASLD, and 95% ClIs were estimated using asymptotic methods for

differences in proportions, the Satterthwaite method for differences in means.
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eTable 2. Accuracy of FIB-4 for prediction of advanced fibrosis (F3-F4) in lean vs.

overweight/obese (by BMI) patients with MASLD

FIB-4 cutoff

Sensitivity (95% CI)

Specificity (95% CI)

PPV (95% CI)

NPV (95% CI)

1.00
1.30
2.00
2.67
3.25

89.4 (85.7 - 92.4)
76.2 (71.4 - 80.6)
49.3 (43.9 - 54.7)
31.8 (26.9 - 37.0)
23.2(18.9 - 28.0)

Lean MASLD
47.4 (44.0 - 50.9)
63.7 (60.3 - 66.9)
83.9 (81.2 - 86.3)
90.6 (88.4 - 92.5)
94.0 (92.1 - 95.5)

41.7 (39.9 - 43.5)
46.8 (44.2 - 49.5)
56.2 (51.5 - 60.8)
58.7 (52.3 - 64.9)
61.8 (53.8 - 69.3)

91.4 (88.6 - 93.6)
86.4 (84.0 - 88.6)
79.7 (78.0 - 81.4)
76.0 (74.6 - 77.3)
74.5 (73.3 - 75.6)

1.00
1.30
2.00
2.67
3.25

85.5 (84.6 - 86.4)
72.5 (71.4 - 73.6)
43.3 (42.0 - 44.5)
25.7 (24.6 - 26.8)
17.2 (16.2 - 18.1)

Overweight or obese MASLD

55.5 (54.5 - 56.5)
72.2(71.3 - 73.1)
90.0 (89.4 - 90.6)
95.7(95.3 - 96.1)
97.7 (97.4 - 97.9)

53.5(52.9 - 54.1)
60.9 (60.1 - 61.8)
72.1(70.7 - 73.3)
78.2(76.5 - 79.9)
81.5(79.3 - 83.4)

86.5 (85.7 - 87.2)
81.5 (80.8 - 82.1)
72.6 (72.2 - 73.1)
68.3 (68.0 - 68.6)
66.4 (66.1 - 66.6)

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; FIB-4, fibrosis-
4 index; BMI, body mass index; PPV, positive predictive value; NPV, negative predictive value;
CI, confidence interval.
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eTable 3. Accuracy of liver stiffness measurement (LSM) by transient elastography for prediction

of advanced fibrosis (F3-F4) in lean vs. overweight/obese (by BMI) patients with MASLD

LSM cutoff, kPa

Sensitivity (95% CI)

Specificity (95% CI)

PPV (95% CI)

NPV (95% CI)

10
12
15
20

84.8 (79.5 - 89.1)
69.1 (62.7 - 74.9)
53.8 (47.2 - 60.3)
38.1 (31.9 - 44.7)
23.3(18.1-29.2)

Lean MASLD
71 (67.1-74.8)
87.6 (84.6 - 90.2)
92.6 (90.1 - 94.7)
96.6 (94.7 - 97.9)
98.7 (97.4 - 99.5)

55.4 (51.9 - 58.9)
70.3 (65.1 - 75.0)
75.6 (69.3 - 81.0)
82.6 (74.7 - 88.4)
88.7 (78.4 - 94.4)

91.6 (89.0 - 93.7)
87 (84.6 - 89.0)
82.5 (80.4 - 84.5)
78.6 (76.9 - 80.3)
75.2(73.9 - 76.5)

10
12
15
20

91.2 (90.3 - 92.0)
79.1 (77.8 - 80.3)
64.6 (63.1 - 66.1)
46.2 (44.7 - 47.8)
28.5 (27.1 - 29.9)

Overweight or obese MASLD

49.5 (48.1 - 50.8)
70.8 (69.6 - 72.0)
84.3 (83.3 - 85.2)
93 (92.3 - 93.6)
97.1 (96.6 - 97.5)

56.6 (55.9 - 57.3)
66.2 (65.2 - 67.2)
74.8 (73.6 - 76.0)
82.6 (81.1 - 84.0)
87.7 (85.8 - 89.3)

88.6 (87.5 - 89.6)
82.4 (81.5 - 83.3)
76.7(75.9 - 77.5)
70.5 (69.9 - 71.1)
65.3 (64.8 - 65.7)

Abbreviations: MASLD, metabolic dysfunction-associated steatotic liver disease; LSM, liver
stiffness measurement; BMI, body mass index; kPa, kilopascal; PPV, positive predictive value;
NPV, negative predictive value; CI, confidence interval.
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eTable 4. Factors associated with all-cause mortality and clinical events in patients with MASLD

and available waist circumference

Unadjusted hazard ratios (HRs) were estimated from separate Cox proportional hazards models
that included only the factor shown and country of enrollment. Adjusted HRs (aHRs) were
estimated from a multivariable Cox proportional hazards model that included all factors shown in

the table and country of enrollment.

Outcome: all-cause mortality (n=6709)

HR (95% CI)

aHR (95% CI)

Lean (by waist circumference)

Age, per 5 years
Male (ref: female)
Type 2 diabetes
Hypertension
Hyperlipidemia

Advanced fibrosis (F3-F4)

0.49 (0.23 - 1.07)
1.46 (1.34 - 1.59)
1.43 (1.00 - 2.06)
1.89 (1.32 - 2.71)
1.95 (1.35 - 2.83)
1.18 (0.82 - 1.70)
2.98 (2.09 - 4.24)

0.53 (0.24 - 1.15)
1.44 (1.31 - 1.58)
2.21(1.53-3.18)
1.02 (0.69 - 1.50)
1.16 (0.79 - 1.72)
1.10 (0.76 - 1.60)
1.91 (1.32 - 2.76)

Outcome: clinical event (n=6667)

HR (95% CI)

aHR (95% CI)

Lean (by waist circumference)

Age, per 5 years
Male (ref: female)
Type 2 diabetes
Hypertension
Hyperlipidemia

Advanced fibrosis (F3-F4)

0.62 (0.39 - 1.00)
1.39 (1.31 - 1.47)
1.13 (0.88 - 1.44)
1.88 (1.46 - 2.41)
1.55 (1.21 - 2.00)
0.90 (0.71 - 1.16)
6.34 (4.85 - 8.29)

0.80 (0.49 - 1.31)
1.32 (1.24 - 1.40)
1.61 (1.25 - 2.06)
1.07 (0.82 - 1.40)
0.95 (0.73 - 1.24)
0.89 (0.69 - 1.15)
4.53 (3.42 - 6.00)
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eTable 5. Factors associated with all-cause mortality in patients with MASLD by the region of

enrollment
Unadjusted hazard ratios (HRs) were estimated from separate Cox proportional hazards models
that included only the parameter shown and country of enrollment. Adjusted HRs (aHRs) were

estimated from a multivariable Cox proportional hazards model that included all parameter shown

in the table and country of enrollment.

Region of enrollment

Parameter

HR (95% CI)

aHR (95% CI)

Europe and North America
(n=5187)

Lean (by BMI)

Age, per 5 years

Male (ref: female)

Type 2 diabetes
Hypertension
Hyperlipidemia
Advanced fibrosis (F3-F4)

0.97 (0.75 - 1.27)
1.58 (1.50 - 1.65)
0.68 (0.57 - 0.82)
2.08 (1.69 - 2.56)
2.02 (1.62 - 2.53)
1.24 (0.98 - 1.55)
3.24 (2.63 - 4.00)

0.95 (0.73 - 1.24)
1.54 (1.46 - 1.62)
1.21 (0.9 - 1.46)
1.15 (0.92 - 1.45)
1.24 (0.98 - 1.56)
0.89 (0.70 - 1.13)
2.00 (1.60 - 2.50)

South Asia and SE Asia
(n=3313)

Lean (by BMI)

Age, per 5 years

Male (ref: female)

Type 2 diabetes
Hypertension
Hyperlipidemia
Advanced fibrosis (F3-F4)

0.53 (0.19 - 1.49)
1.37(1.22 - 1.53)
1.79 (1.05 - 3.04)
1.35 (0.80 - 2.26)
1.31 (0.78 - 2.20)
0.89 (0.53 - 1.51)
3.01 (1.80 - 5.03)

0.48 (0.17 - 1.35)
1.39 (1.24 - 1.57)
2.62(1.52 -4.52)
0.91 (0.53 - 1.59)
0.84 (0.48 - 1.46)
1.03 (0.61 - 1.77)
2.16 (1.26 - 3.69)
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eTable 6. Factors associated with all-cause mortality and clinical events in patients with lean

MASLD
Unadjusted hazard ratios (HRs) were estimated from separate Cox proportional hazards models
that included only the parameter shown and country of enrollment. Adjusted HRs (aHRs) were

estimated from a multivariable Cox proportional hazards model that included all parameter shown

in the table and country of enrollment.

Lean group Outcome: all-cause mortality (n=848) HR (95% CI) aHR (95% CI)
Lean by BMI ~ Age, per 5 years 1.80 (1.57 - 2.07) 1.82 (1.56 - 2.13)
Male (ref: female) 0.51(0.32-0.83) 1.30(0.78 - 2.17)
Type 2 diabetes 1.95 (0.87 - 4.37) 1.21 (0.51 - 2.85)
Hypertension 2.51(1.43-4.41) 0.95 (0.51 - 1.77)
Hyperlipidemia 0.44 (0.19 - 1.04) 0.31(0.13 - 0.76)
Advanced fibrosis (F3-F4) 4.11 (2.16 - 7.81) 2.11 (1.06 - 4.19)
Outcome: clinical event (n=846) HR (95% CI) aHR (95% CI)
Age, per 5 years 1.67 (1.49 - 1.86) 1.59 (1.40 - 1.81)
Male (ref: female) 0.53(0.35-0.81) 0.92 (0.60 - 1.43)
Type 2 diabetes 2.50 (1.42 - 4.38) 1.21 (0.65 - 2.26)
Hypertension 1.93 (1.23 -3.02) 0.87 (0.53 - 1.42)
Hyperlipidemia 0.42 (0.23 - 0.78) 0.31(0.16 - 0.61)
Advanced fibrosis (F3-F4) 7.39 (4.52-12.1) 4.24 (2.48 - 7.24)
Lean group Outcome: all-cause mortality (n=515) HR (95% CI) aHR (95% CI)
Lean by waist Age, per 5 years 1.30 (0.88 - 1.94) 1.42 (0.93 - 2.18)
circumference  Male (ref: female) 3.37 (0.35 - 32.4) 12.11 (0.92 - 159.9)

Type 2 diabetes
Hypertension
Hyperlipidemia

Advanced fibrosis (F3-F4)

0.28 (0.03 - 2.33)
0.91 (0.15 - 5.44)
0.55 (0.10 - 2.97)
6.83 (1.29 - 36.2)

0.08 (0.01 - 1.25)
2.26 (0.25 - 20.83)

0.46 (0.06 - 3.83)
10.85 (1.36 - 86.83)

Outcome: clinical event (n=511)

HR (95% CI)

aHR (95% CI)

Age, per 5 years 1.63 (1.29 - 2.07) 1.57 (1.18 - 2.07)
Male (ref: female) 1.59 (0.29 - 8.75) 3.70 (0.63 - 21.6)
Type 2 diabetes 2.10 (0.82 - 5.36) 1.04 (0.35 - 3.006)
Hypertension 2.56 (0.94 - 7.02) 0.84 (0.26 - 2.68)
Hyperlipidemia 0.63 (0.22 - 1.80) 1.07 (0.29 - 3.88)

Advanced fibrosis (F3-F4)

17.9 (5.81 - 55.4)

15.6 (4.63 - 52.4)
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eTable 7. Demographic and clinical parameters of patients with lean MASLD (by imputed waist

circumference) in comparison to overweight or obese MASLD

Overweight or

Parameter Lean MASLD obese MASLD Difference (95% CI)
N 1107 17219
Age, years 46.8 (14.4) 51.1 (13.0) -4.4(-5.2t0-3.5)
Age group:
<35 years 251 (22.7%) 2208 (12.8%) 9.9% (7.3 to 12.4)
35-65 years 712 (64.3%) 12300 (71.4%) -7.1% (-10.0 to -4.2)
>65 years 144 (13.0%) 2710 (15.7%) -2.7% (-4.8 t0 -0.7)
Sex:
Male 835 (75.4%) 7879 (45.8%) 29.7% (27.0 to 32.3)
Female 272 (24.6%) 9340 (54.2%) -29.7% (-32.3 to -27.0)
Alcohol use, any 62 (9.2%) 1325 (15.8%) -6.6% (-8.9 to -4.3)
BMI, kg/m? 25.0 (3.3) 342 (8.2) -9.21 (-9.44 to -8.98)
Lean MASLD by BMI 480 (43.4%) 744 (4.3%) 39.0% (36.1 to 42.0)
Waist circumference in females, cm 74.3 (6.7) 108.2 (16.7)
Waist circumference in males, cm 86.7 (5.7) 110.7 (15.7)

Metabolic comorbidities:
Type 2 diabetes
Hypertension
Hyperlipidemia
Histologic fibrosis stage:
FO
Fl1
F2
F3
F4
Non-invasive tests:
FIB-4 score
Controlled attenuation parameter, dB/m
Liver stiffness measurement by
transient elastography, kPa
NAFLD Activity Score (NAS)
NAS >5
Steatosis (0-3):
Grade 0
Grade 1
Grade 2
Grade 3
Lobular inflammation (0-3)
Grade 0
Grade 1
Grade 2
Grade 3
Hepatocyte ballooning (0-2)

325 (30.1%)
389 (36.7%)
496 (47.3%)

277 (25.0%)
422 (38.1%)
153 (13.8%)
170 (15.4%)
85 (7.7%)

1.56 (1.53)
290.3 (47.6)

9.35 (8.20)

3.80 (1.71)
348 (35.7%)

48 (5.0%)
410 (42.9%)
295 (30.9%)
203 (21.2%)

170 (17.8%)

491 (51.5%)

232 (24.3%)
61 (6.4%)

8263 (48.8%)
8866 (54.8%)
8559 (54.2%)

2236 (13.0%)
5293 (30.7%)
3230 (18.8%)
4222 (24.5%)
2238 (13.0%)

1.55 (1.40)
320.5 (49.4)

12.7 (9.5)

4.42 (1.68)
7481 (51.6%)

521 (3.6%)

6182 (42.9%)
4517 (31.3%)
3199 (22.2%)

1358 (9.5%)
5980 (41.7%)
4953 (34.6%)
2038 (14.2%)

-18.7% (-21.6 to -15.9)
-18.1% (-21.1 to -15.1)
-6.9% (-10.0 to -3.8)

12.0% (9.4 to 14.6)
7.4% (4.4 t0 10.3)
-4.9% (-7.1 to -2.8)
9.2% (-11.4 t0 -6.9)
-5.3% (-7.0 to -3.7)

0.01 (-0.09 to 0.10)
-30.2 (-34.1 to -26.3)
-3.33 (-3.96 to -2.70)

-0.61 (-0.72 to -0.50)
-15.9% (-19.0 to -12.7)

1.4% (-0.0 to 2.8)
0.0% (-3.2 to0 3.3)
-0.5% (-3.5 to 2.6)
1.0% (-3.6 to 1.7)

8.3% (5.9 to 10.8)
9.7% (6.5 to 13.0)
-10.3% (-13.1 to -7.4)
-7.8% (-9.5 t0 -6.2)
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Overweight or

Parameter Lean MASLD obese MASLD Difference (95% CI)
Grade 0 293 (30.8%) 2919 (20.5%) 10.4% (7.4 to 13.4)
Grade 1 406 (42.7%) 5913 (41.4%) 1.3% (-2.0 to 4.5)
Grade 2 252 (26.5%) 5441 (38.1%) -11.6% (-14.5 to -8.7)
Region of enrollment:
Europe 318 (28.7%) 5044 (29.3%) -0.6% (-3.3t0 2.2)

Middle East and North Africa
Latin America

South Asia

Southeast Asia

United States / Canada

82 (7.4%)
36 (3.3%)
277 (25.0%)
292 (26.4%)
102 (9.2%)

1216 (7.1%)
827 (4.8%)
836 (4.9%)

3663 (21.3%)

5633 (32.7%)

0.4% (-1.2 to 1.9)
-1.6% (-2.6 to -0.5)
20.2% (17.6 t0 22.7)
5.1% (2.4 to 7.8)
-23.5% (-25.3 to -21.7)
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eTable 8. Factors associated with all-cause mortality and clinical events in patients with MASLD

and imputed waist circumference

Unadjusted hazard ratios (HRs) were estimated from separate Cox proportional hazards models
that included only the parameter shown and country of enrollment. Adjusted HRs (aHRs) were
estimated from a multivariable Cox proportional hazards model that included all parameter shown

in the table and country of enrollment.

Outcome: all-cause mortality (n=9701)

HR (95% CI)

aHR (95% CI)

Lean (by imputed waist circumference)
Age, per 5 years

Male (ref: female)

Type 2 diabetes

Hypertension

Hyperlipidemia

Advanced fibrosis (F3-F4)

0.66 (0.48 - 0.90)
1.54 (1.48 - 1.61)
0.77 (0.65 - 0.92)
1.98 (1.64 - 2.40)
1.92 (1.57 - 2.35)
1.19 (0.97 - 1.47)
3.33(2.75 - 4.03)

0.95 (0.69 - 1.29)
1.51 (1.44 - 1.58)
1.32(1.10 - 1.58)
1.12 (0.91 - 1.38)
1.20 (0.9 - 1.48)
0.91 (0.74 - 1.13)
2.10 (1.72 - 2.58)

Outcome: clinical event (n=9649)

HR (95% CI)

aHR (95% CI)

Lean (by imputed waist circumference)
Age, per 5 years

Male (ref: female)

Type 2 diabetes

Hypertension

Hyperlipidemia

Advanced fibrosis (F3-F4)

0.70 (0.55 - 0.91)
1.43 (1.38 - 1.48)
0.82 (0.71 - 0.94)
2.17 (1.86 - 2.52)
1.67 (1.42 - 1.96)
1.15 (0.98 - 1.36)
5.14 (4.41 - 5.99)

0.96 (0.74 - 1.25)
1.40 (1.35 - 1.45)
1.24 (1.07 - 1.44)
1.16 (0.98 - 1.37)
1.06 (0.90 - 1.26)
0.92 (0.78 - 1.09)
3.42 (2.90 - 4.03)
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eFigure. Weighted Schoenfeld residual plots for the proportional hazards assumption

Smoothed lines show the residual trend over follow-up time.
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Khalid Alswat MD, MBA King Saud University Riyadh, Saudi Arabia author

Quentin M Anstee BSc, MBBS, PhD |Newcastle University Newcastle upon Tyne, GNC member
England, United Kingdom

Juan Pablo Arab MD Virginia Commonwealth University Richmond, VA, USA author
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Nicole J. Asal PharmD University of Rhode Island Kingston, Rhode Island, GNC member
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Meena Bansal MD Icahn School of Medicine at Mount Sinai New York, New York, USA |GNC member

Diana Barb MD University of Florida Gainesville, Florida, USA  |GNC member

Rita Basu MD University of Virginia Charlottesville, Virginia, |GNC member
USA
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Fernando Bril MD University of Alabama at Birmingham Birmingham, Alabama, GNC member
USA

Elisabetta Bugianesi MD, PhD University of Turin Turin, Piedmont, Italy GNC member

Patrizia Burra MD, PhD University of Padua Padua, Veneto, Italy GNC member
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Patrizia Carrieri PhD French Institute of Health and Medical Research (INSERM) Marseille, Provence-Alpes-|GNC member
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Lucia Carulli MD, PhD University of Modena and Reggio Emilia Modena, Emilia-Romagna, |GNC member
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Laurent Castera MD, PhD Université Paris Cité Paris, 1le-de-France, author
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Graciela Castro-Narro MD, MHSc Médica Sur Hospital Mexico City, Mexico GNC member

Cyrielle Caussy MD, PhD Hopital Lyon Sud, Hospices Civils de Lyon Pierre-Bénite, Auvergne- |author
Rhone-Alpes, France

Wah Kheong Chan MBBS, PhD University of Malaya Kuala Lumpur, Malaysia |author

Phunchai Charatcharoenwitthaya MD, MSc Mahidol University Bangkok, Thailand GNC member

Yogesh Chawla MD, DM Kalinga Institute of Medical Sciences Bhubaneswar, Odisha, GNC member
India

Narendra Choudhary MD, DM Medanta the Medicity Hospital Gurugram, Haryana, India |author

Abhijit Chowdhury MBBS, MD, DM |Institute of Post Graduate Medical Education and Research Kolkata, West Bengal, GNC member
India

Catherine Cioffi Cohen PhD University of Colorado Anschutz Medical Campus Aurora, Colorado, USA GNC member

Ahmed Cordie MD, PhD Cairo University Hospitals Cairo, Cairo Governorate, |author
Egypt

Kathleen Corey MD, MPH, MMSc|Massachusetts General Hospital Boston, Massachusetts, |GNC member
USA

Javier Crespo MD, PhD University Hospital Marqués de Valdecilla Santander, Cantabria, author
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Lorenzo D’Antiga MD Hospital Papa Giovanni XXIlI Bergamo, Lombardy, Italy |GNC member

Ruth De Bruyne MD, PhD Ghent University Hospital Ghent, East Flanders, GNC member
Belgium

Nkos Dedes MScPharm Greek Patient Association Athens, Attica, Greece GNC member

Moises Diago MD, PhD University of Valencia Valencia, Valencian GNC member
Community, Spain
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