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{ Background Although obesity is a well-established risk factor for metabolic
{ dysfunction-associated steatotic liver disease (MASLD), the impact of long-
term weight trajectories on MASLD risk remains unclear. We aimed to ex-
amine the association between weight change trajectories across adulthood
i and the risk of ultrasound-defined MASLD.

Methods We analysed data from 4999 participants from the Healthy Hap-
py Aging Community Cohort. Weight trajectories were assessed using body
i mass index (BMI) at age 25 years, ten years before baseline, one year before
baseline, and at baseline. MASLD was defined as a median (MD) controlled
attenuation parameter (CAP) of >274 dB/m and severe steatosisasaMD CAP
of 2302 dB/m via vibration-controlled transient elastography.

Results There were 2247 (44.9%) patients with MASLD, of whom 1468 (29.4%)
had severe steatosis. Compared with stable normal weight, sustained obe-
sity (BMI>30 kg/m? at all time points) demonstrated a strong association
with MASLD risk (adjusted odds ratio (aOR)=2.17; 95% confidence interval

(CI)=1.64-2.86), particularly for severe steatosis (aOR=2.52; 95% CI=1.74-

i 3.66). The transition from non-obese to obese status was associated with
a 2.5-fold increase in risk (AOR=2.51; 95% CI=1.81-3.48), with a more pro-
nounced effect observed in men (P-interaction <0.05). Weight gain of >5
i kg between ages 25-40 years showed particularly strong associations

(aOR=2.20; 95% CI=1.70-2.86), while baseline severe obesity (BMI>35 kg/

m?) remained the strongest independent predictor (aOR=4.12; 95% CI=2.70-
{6.29).

Conclusions Long-term obesity and weight gain, especially in early adult-
{ hood, significantly increase MASLD risk. Sustained obesity and progression
to obesity were key risk factors, with severe obesity showing the strongest
{ association. Early weight management is crucial for MASLD prevention.

Metabolic dysfunction-associated steatotic liver disease (MASLD) has
emerged as a global health challenge and is characterised by excessive
hepatic fat accumulation (>5% hepatocytes) unrelated to alcohol con-
sumption or other identifiable causes. Affecting approximately 25% of
the global population [1,2], MASLD encompasses a disease spectrum
ranging from simple steatosis to non-alcoholic steatohepatitis, ulti-
mately leading to severe liver-related morbidity (including cirrhosis,
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end-stage liver disease, and hepatocellular carcinoma) and increased mortality [3,4]. This sub-
stantial disease burden underscores the urgent need for further research on risk factors.

The pathogenesis of MASLD follows the ‘multiple hits hypothesis’, which involves complex inter-
actions between genetic predisposition and environmental factors [5]. Among these, obesity is
the principal driver, promoting both the initial development of hepatic steatosis and subsequent
progression to non-alcoholic steatohepatitis [6]. The parallel increase in MASLD prevalence and
global obesity rates strongly suggests a pathophysiological link [6]. However, current research
remains limited by its reliance on single-time point body mass index (BMI) measurements, which
fail to account for the dynamic nature of weight fluctuations across the lifespan [6,7]. This meth-
odological gap highlights the need for longitudinal assessments of weight-trajectory patterns.
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Emerging evidence from mortality studies has demonstrated that weight change patterns,
including sustained obesity, young-to-middle adulthood weight gain, and middle-to-late adult-
hood weight loss, have distinct prognostic implications [8]. Crucially, these studies establish that
dynamic BMI assessment outperforms static measurements in risk prediction [8]. Despite these
advances, the relationship between long-term weight trajectories and MASLD risk remains unex-
plored, which represents a significant knowledge gap in hepatology research.

While current BMI remains a strong determinant of MASLD, it remains unclear whether long-
term weight trajectories provide additional risk stratification among individuals with similar con-
temporary BMI. To address this gap, we analysed data from the Healthy Happy Aging Community
Cohort, employing transient elastography, a validated, non-invasive modality with established
accuracy in MASLD screening [9], to examine the relationship between weight changes from
young adulthood (25 years) to midlife and late adulthood with MASLD.

METHODS

Study population

The Healthy Happy Aging Community Cohort study is a longitudinal, community-based cohort
established to monitor health status and disease progression among older adults in China.
Participants were recruited from three community health service centres located in Henan
Province (Central China) and Jiangsu Province (Eastern China). The health examination pro-
gramme commenced in 2015 and included annual follow-up assessments. All participants com-
pleted standardised in-person interviews, physical examinations, and laboratory assessments
performed by physicians who had undergone unified professional training.

Structured face-to-face questionnaires were administered to collect sociodemographic informa-
tion, lifestyle behaviours (i.e. smoking, alcohol intake, and physical activity), medical history,
medication use, and detailed weight history. Anthropometric measurements, including height
and body weight, were obtained following standardised protocols, with participants wearing
light clothing and no shoes. Controlled attenuation parameter (CAP) values and liver stiffness
measurements were obtained using vibration-controlled transient elastography operated by
trained personnel.

A total of 11558 individuals participated in the initial health examinations (Figure 1). We
excluded participants who lacked CAP measurements (n=1860), baseline anthropometric data
(n=95), or BMI records at age 25 years, ten years before baseline, or one year before baseline
(n=3648). We also excluded individuals who tested positive for hepatitis B surface antigen or hep-
atitis C antibody/RNA (n=69) and those reporting significant alcohol consumption (>4 drinks/d
for women and >5 drinks/d for men) (n=887). The final analytic cohort comprised 4999 partici-
pants. We reported this study in accordance with the STROBE guideline (Table S1 in the Online
Supplementary Document) [10].
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HHAC Cohort (n=11558)

Excluded participants without Controlled
Acoustic Pressure (n=1860)

(n=9698)

Remaining participants

Excluded participants without baseline weight
or height (n=95)

(n=9603)

Remaining participants

Excluded participants without age 25-, 10
years-, or 1 year prior to baseline BMI
(n=3648)

\4

(n=5955)

Remaining participants

Excluded participants who tested positive for
hepatitis B antigen or hepatitis C
antibody/RNA positive (n=69)

v

(n=5886)

Remaining participants

Excluded participants reporting significant

alcohol consumption (n=887)

(n=4999)

Remaining participants

Figure 1. Flowchart of participant selection from the HHAC cohort. BMI -

body mass index, HHAC - Healthy Happy Aging Community.

Assessments of weight
change

Baseline was defined as the time point
atwhich participants underwent phys-
ical examinations. Body weight at
three historical time points (age 25
years, ten years before baseline, and
one year before baseline) was self-re-
ported during the survey, whereas
baseline weight and height were meas-
ured during standardised physical
examinations. Self-reported historical
weight has demonstrated reasonable
validity and reproducibility in adult
populations, including older adults,
and is widely used in life-course epide-
miologic studies. Any non-differential
misclassification would be expected to
bias associations toward the null. BMI
was calculated as weight (kg) divided
by height squared (m?) at four time
points: age 25 years, ten years before
baseline, one year before baseline,
and at baseline. Participants were cat-
egorised into three BMI groups (<25.0,
25.0-29.9, and >30.0 kg/m?) ateach time
point. These thresholds were selected
based on World Health Organization
criteria and prior life-course studies
to enhance comparability and clini-
cal interpretability.

Following previously established
methodologies [8,11], we analysed
weight change patterns across five
intervals: at age 25 to ten years prior
to baseline, ten years prior to baseline
to one year prior to baseline, at age 25
to baseline, ten years prior to baseline

to baseline, and one year prior to base-

line to baseline. Patterns were classified as stable normal (<25.0 both times), maximum over-
weight (25.0-29.9 at either time), obese (>30.0) to non-obese (<30.0), non-obese (<30.0) to obese
(=30.0), or stable obese (=30.0 both times).

Ascertainment of MASLD

Hepatic steatosis was assessed using median (MD) CAP scores, measured via vibration-con-
trolled transient elastography performed by trained technicians using the FibroScan® 502 V2
Touch device. Consistent with the established diagnostic criteria, MASLD was defined as an MD
CAPvalue of 2274 dB/m, a threshold demonstrating 90% sensitivity for detecting hepatic steatosis
of any severity [12]. To further characterise disease severity, we applied a secondary cut-off (MD
CAP=302 dB/m) to identify participants with severe steatosis, as validated in prior studies [13,14].
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Assessment of covariates

We also included demographic, lifestyle, and clinical covariates in the analysis. Demographic
characteristics included age at baseline, sex, ethnicity (Han and ethnic minorities), education
level (less than high school, high school graduate, and college or above), and place of residence.
Lifestyle factors included smoking status (categorised as never or ever smoker) and participation
in moderate-intensity physical activity (yes/no), obtained through standardised questionnaires.

Trained health technicians collected anthropometric measurements, including standing height,
body weight, and waist circumference, using standardised protocols. Height was measured to
the nearest 0.1 cm with a stadiometer, weight to the nearest 0.1 kg on a digital scale, and waist
circumference at the iliac crest to the nearest 0.1 cm, with participants wearing light examina-
tion gowns and no shoes.
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Clinical laboratory measurements were performed in certified clinical laboratories affiliated
with the participating community health service centres. All biochemical indicators were ana-
lysed using standardised automated analysers following manufacturers’ protocols and routine
internal quality-control procedures. Serum total cholesterol and high-density lipoprotein cho-
lesterol were measured using enzymatic assays widely employed in clinical practice. Liver func-
tion indicators, including alanine aminotransferase, aspartate aminotransferase, and alkaline
phosphatase, were quantified using automated biochemical analysers with regular calibration
and external quality assessment. All laboratory procedures adhered to national clinical labora-
tory standards, and quality-control materials were used throughout the testing process to ensure
accuracy and reliability.

Statistical analysis

We summarised the demographic characteristics of the study participants using standard descrip-
tive methods. We assessed correlations between BMI at four time points and weight changes
across five intervals using Pearson correlation coefficients (r), with scatter plots of absolute BMI
differences vs. CAP values.

We used multivariable logistic regression models to estimate odds ratios (ORs) and 95% confi-
dence intervals (CIs) for associations between MASLD and BMI at each time point, and to exam-
ine weight-change patterns across the four time intervals. We examined each BMI time point and
weight-change interval in separate models to avoid collinearity among highly correlated anthro-
pometric measures. All analyses were hypothesis-driven and based on pre-specified exposure
definitions. We conducted separate analyses for MASLD (MD CAP>274 dB/m) and severe steato-
sis (MD CAP>302 dB/m). We initially adjusted the models for age, sex, and study site (Model 1),
and then further adjusted for educational level, place of residence, moderate physical activity,
smoking status, waist circumference, high-density lipoprotein cholesterol, alanine aminotrans-
ferase, aspartate aminotransferase, and alkaline phosphatase (Model 2).

We first examined the associations between BMI at each time point and MASLD risk by categoris-
ing BMI into seven groups: underweight (<18.5 kg/m?), three normal weight categories (18.5-19.9,
20.0-22.4, and 22.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?), and two obesity categories (30.0-
34.9 and >35.0 kg/m?), using the 22.5-24.9 kg/m? group as the reference. In our primary analyses,
we examined the association between the five weight-change patterns across the three key life
stages and MASLD. These included weight change from young adulthood (age 25 years) to midlife
(ten years before baseline), weight change from midlife to late adulthood (ten years before base-
line to one year before baseline, ten years before baseline to baseline, and one year before base-
line to baseline), and weight change spanning the entire adult period (age 25 years to baseline).
We conducted stratified analyses to evaluate potential effect modification by sex and baseline
age (categorised as <60 vs. 260 years), incorporating interaction terms to formally test for heter-
ogeneity in the observed associations.

We used SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) for all analyses. Statistical
significance was defined as two-tailed P<0.05.
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RESULTS

Characteristics of the study populations

Among 4999 eligible participants, the distribution comprised 2752 (55.05%) in the non-MASLD
group, 779 (15.58%) in the MASLD group, and 1468 (29.37%) in the severe steatosis group (Table 1).
The average age of participants was similar among non-MASLD (mean (X ) =58.40; standard devi-
ation (SD)=13.65), MASLD (kX =58.72; SD=12.76), and severe steatosis group (X =57.83; SD=12.11).
The proportion of female participants was higher in the non-MASLD (n=1630; 59.23%) and
MASLD (n=457; 58.66%) groups than in the severe steatosis group (n=695; 47.34%). The preva-
lence of moderate physical activity was similar across groups, with approximately 40% of par-
ticipants reporting such activity. The severe steatosis group had a slightly higher proportion of
smokers (42.64%) than the non-MASLD (38.15%) and MASLD (34.40%) groups did. The total cal-
cium, total cholesterol, aspartate aminotransferase, and alkaline phosphatase were comparable
across the three groups. However, the waist circumference and BMI measurements at the four
time points (i.e. at age 25, ten years prior to baseline, one year prior to baseline, and at baseline)
were highest in the severe steatosis group.

PAPERS

Table 1. Characteristics of the study population by steatosis severity

Non-MASLD* (n=2752) MASLD* (n=779) Severe steatosis* (n = 1468) P-value
Age in yearst 58.40 (13.65) 58.72 (12.76) 57.83 (12.11) 0.6006
Genderd <0.0001
Men 1122 (40.77) 322 (41.34) 773 (52.66)
Women 1630 (59.23) 457 (58.66) 695 (47.34)
Education level in yearsi <0.0001
<9 2228 (80.96) 592 (75.99) 1102 (75.07)
9-11 440 (15.99) 129 (16.56) 249 (16.96)
>11 84 (3.05) 58 (7.45) 117 (7.97)
Moderate-intensity activity$ 0.1534
Yes 1044 (37.94) 320 (41.08) 611 (41.62)
No 1708 (62.06) 459 (58.92) 857 (58.38)
Smoked at least 100 cigarettess 0.0076
Yes 1050 (38.15) 268 (34.40) 626 (42.64)
No 1702 (61.85) 511 (65.60) 842 (57.36)
Place of residenced <0.0001
Rural 1816 (65.99) 468 (60.08) 878 (59.81)
Urban 936 (34.01) 311 (39.92) 590 (40.19)
Waist circumference in cmt 96.43 (14.24) 104.44 (13.52) 112.68 (15.53) 0.0002
Total calcium in mg/dLt 9.27 (0.39) 9.29 (0.40) 9.27 (0.39) 0.8038
Total cholesterol in mmol/Lt 4.93 (1.07) 5.00 (1.07) 4.88 (1.07) 0.9983
HDL-cholesterol in mmol/Lt 1.49 (0.42) 1.38 (0.41) 1.25(0.37) 0.0035
ALT in TU/Lt 18.45 (11.58) 21.59 (13.35) 26.26 (17.60) <0.0001
AST in IU/Lt 20.48 (10.14) 21.45 (9.73) 22.77 (14.19) 0.0703
ALPin IU/Lt 78.00 (27.60) 79.10 (22.34) 82.29 (25.17) 0.1149
BMI in kg/m?*}
Atage 25 24.10 (4.70) 24.77 (5.39) 26.01 (5.84) <0.0001
Ten years prior to baseline 27.52 (6.41) 29.47 (6.88) 31.40 (7.47) <0.0001
One year prior to baseline 28.36 (6.69) 31.11 (6.82) 34.00 (7.76) <0.0001
Atbaseline 27.91 (6.36) 31.21 (6.64) 34.33 (7.43) <0.0001
MD CAP in dB/mt 224.06 (35.14) 287.12 (8.03) 341.49 (29.11) <0.0001

ALT - alanine aminotransferase, ALP - alkaline phosphatase, AST - aspartate aminotransferase, BMI - body mass
index, CAP - controlled attenuation parameter, HDL - high-density lipoprotein, MASLD - metabolic dysfunction-asso-
ciated steatotic liver disease, MD - median, SD - standard deviation, X - mean

*Non-MASLD is defined as median CAP<274 dB/m, MASLD as CAP=274-302 dB/m, and severe steatosis as CAP>302 dB/m.
fValues are presented as mean (standard deviation).

fValues are presented as numbers (%).
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Weight change patterns

There was an average increase in BMI of 4.19 kg/m? (SD=5.16) between 25 years and ten years
prior to baseline, with subsequent changes of 1.48 kg/m? (SD=4.79) from ten years to one year
before baseline (Table S2 in the Online Supplementary Document). The cumulative BMI change
from age 25 to baseline was 5.54 kg/m? (SD=6.47). More recent intervals showed changes of 1.35
kg/m? (SD=5.5) from ten years before baseline to baseline, and —0.14 kg/m? (SD=3.17) during the
final year before baseline.

The weight change patterns displayed distinct distributions across time periods (Figure 2, Panels
A-FE; Table S2 in the Online Supplementary Document). The interval from age 25 to ten years prior
to baseline included 28.19% stable normal-weight individuals, 9.58% non-obese-to-obese transi-
tion, and 10.96% stable obese individuals. In the interval from ten years to one year prior to base-
line, there were 18.56% stable normal, 14.02% non-obese to obese, and 29.8% stable obese indi-
viduals. From age 25 to baseline, there were 19.44% stable normal, 33.83% non-obese to obese,
and 9.76% stable obese individuals, and 16.84% stable normal, 15.96% non-obese to obese, and
27.63% stable obese individuals in the interval of ten years before baseline to baseline.
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Distributional differences emerged across steatosis groups, with non-MASLD participants hav-
ing a higher proportion of stable normal-weight individuals, whereas the severe steatosis group
had the highest rate of transition from non-obese to obese status. The severe steatosis group
also exhibited the highest maximum prevalence of overweight across all BMI change intervals.

Consecutive BMI measurements were strongly correlated (r range=0.68-0.91), with the highest
correlation observed between BMI at one year prior to baseline and baseline BMI (r=0.91). The
BMI change measures showed moderate correlations with adjacent change intervals, particu-
larly between BMI change from ten to one year prior and from ten years prior to baseline (r=0.82)
(Figure S1 in the Online Supplementary Document). In contrast, correlations between baseline
BMI and earlier BMI change intervals were generally weak and negative, indicating that histori-
cal weight change captures partially distinct information beyond contemporaneous BMI (Figure
3, Panels A-E). All correlation coefficients were statistically significant (P<0.01).

Associations of weight change patterns with MASLD

Baseline BMI showed the strongest associations, with severe obesity (BMI>35 kg/m?) demon-
strating an adjusted OR (aOR) of 3.29 (95% CI=2.38-4.56) for combined MASLD/severe steatosis
and 4.12 (95% CI=2.70-6.29) for severe steatosis alone. Earlier BMI measurements showed pro-
gressively weaker associations, with BMI of 235 kg/m? at age 25 years exhibiting non-significant
effects (aOR=0.92; 95% CI=0.67-1.27) (Table S3 in the Online Supplementary Document).

Participants maintaining stable obesity showed significantly increased risks of MASLD or severe
steatosis across all examined time intervals (Table 2), with strong associations observed from ten
years to one year before baseline (OR=7.89; 95% CI=6.48-9.61), from age 25 to baseline (OR=13.19;
95% CI=10.27-16.94), from ten years before baseline to baseline (OR=11.27; 95% CI=9.09-13.98),
and from one year before baseline to baseline (OR=12.13; 95% CI=9.87-14.90). While these associ-
ations remained statistically significant after full adjustment, the effect sizes were substantially
attenuated for all time intervals: ten years to one year before baseline (aOR=1.33; 95% CI=1.03-
1.72), from age 25 to baseline (aOR=2.07; 95% CI=1.48-2.90), from ten years before baseline to
baseline (aOR=1.82; 95% CI=1.36-2.44), and from one year before baseline to baseline (a0R=2.17;
95% CI=1.64-2.86). Similar patterns emerged when examining MASLD and severe steatosis risks
separately, with aORs for severe steatosis (aOR range=1.45-2.52) consistently higher than those
for the risks of MASLD or severe steatosis and MASLD alone.

Weight transition from non-obese to obese status was significantly associated with MASLD risk,
with effect sizes varying by time interval. The transition occurring between ten years and one
year before baseline showed a 54% increased risk (AOR=1.54; 95% CI=1.19-2.00), whereas stronger
associations were observed for longer durations: age 25 to baseline (aOR=2.20; 95% CI=1.70-2.86),
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Figure 2. Distribution of BMI change patterns across adulthood by steatosis severity. Panel A. BMI Change
(Age25to 10yr Prior). Panel B. BMI Change (10yr Prior to 1yr Prior). Panel C. BMI Change (Age25 to Baseline).
Panel D. BMI Change (10yr Prior to Baseline). Panel E. BMI Change (1yr Prior to Baseline). BMI - body mass
index, MASLD - metabolic dysfunction-associated steatotic liver disease, yr - year.

ten years before baseline to baseline (aOR=2.22; 95% CI=1.68-2.94), and one year before baseline
to baseline (aOR=2.51; 95% CI=1.81-3.48). Both MASLD alone (aOR range=1.59-2.70) and severe
steatosis (aOR range=1.81-3.18) showed comparable risk estimates for stable obesity.

Similarly, the maximum overweight group exhibited consistent but more modest risk elevations
across all examined intervals (aOR range=1.26-1.51). In contrast, the obese to non-obese group

showed no significant associations at any time interval, including the period from age 25 to ten
years before baseline (all P-values >0.05).
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Figure 3. Scatter plots of BMI absolute differences across
time intervals and CAP values. Panel A. BMI change from
age 25 to 10 years prior to baseline (kg/m?2). Panel B. BMI
change from 10 years to 1 year prior to baseline (kg/m2).
Panel C. BMI change from age 25 to baseline (kg/m2). Panel
D. BMI change from 10 years prior to baseline to baseline
(kg/m2). Panel E. BMI change from 1 year prior to baseline
to baseline (kg/m2). BMI - body mass index, CAP - con-
trolled attenuation parameter.

In stratified analyses, men and younger participants (<60 years) showed a higher prevalence of
obesity progression across all steatosis severity categories (Table S4 in the Online Supplementary
Document). Following sex- and age-stratified analyses, the results consistently revealed that the
associations between weight change trajectories across adulthood and three hepatic outcomes (com-
bined MASLD/severe steatosis, isolated MASLD, and severe steatosis) were more pronounced in male
participants and individuals aged <60 years across all outcome categories (Table 3; Tables S5 and
S6 in the Online Supplementary Document). However, interaction analyses revealed significant
sex-specific differences only for the stable obese pattern (P-interaction <0.05), whereas no signifi-
cant age-related interactions were observed for any weight change pattern (all P-interaction >0.05)
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Table 2. MASLD and severe steatosis with BMI change across adulthood*

MASLD or severe steatosis MASLD Severe steatosis
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
Age 25 to ten years before baseline
Stable normal ref ref ref ref ref ref
Maximum overweight 2(1.72-2.32)  1.05(0.89-1.23) 1.77 (1.43-2.18) 1.22(0.98-1.53)  2.25(1.87-2.71)  1.10(0.89-1.37)

Obese to non-obese

1.03 (0.54-1.94)

0.55 (0.27-1.14)

0.50 (0.15-1.65)

0.35 (0.10-1.20)

1.27 (0.61-2.65)

0.67 (0.28-1.64)

Non-obese to obese

3.61 (3.07-4.26)

0.97 (0.79-1.18)

2.31 (1.81-2.93)

1.09 (0.83-1.44)

4.40 (3.59-5.39)

0.99 (0.76-1.27)

Stable obese

4.51 (3.68-5.52)

0.97 (0.76-1.25)

2.53 (1.87-3.44)

1.06 (0.74-1.52)

5.61 (4.4-7.15)

0.93 (0.67-1.28)

Ten to one year before baseline

Stable normal

ref

ref

ref

ref

ref

ref

Maximum overweight

2.51 (2.07-3.04)

1.26 (1.02-1.55)

2.05 (1.58-2.64)

1.36 (1.03-1.78)

3.03(2.34-3.91)

1.40 (1.06-1.87)

Obese to non-obese

2.36 (1.73-3.22)

1.07 (0.77-1.49)

1.87 (1.22-2.85)

1.2 (0.77-1.88)

2.81 (1.89-4.18)

1.19 (0.77-1.84)

Non-obese to obese

6.45 (5.18-8.04)

1.54 (1.19-2.00)

3.56 (2.63-4.82)

1.59 (1.13-2.25)

9.30 (7.00-12.36)

1.81 (1.29-2.55)

Stable obese

7.89 (6.48-9.61)

1.33 (1.03-1.72)

3.69 (2.82-4.84)

1.37 (0.97-1.94)

11.25 (3.68-14.56)

1.45 (1.03-2.05)

Age 25 to baseline

Stable normal

ref

ref

ref

ref

ref

ref

Maximum overweight

2.70 (2.22-3.28)

1.36 (1.10-1.68)

2.28 (1.76-2.94)

1.57 (1.19-2.07)

3.23(2.48-4.22)

1.50 (1.11-2.01)

Obese to non-obese

1.71 (1.07-2.73)

1.14 (0.70-1.85)

1.38 (0.72-2.65)

1.16 (0.60-2.26)

1.94 (1.06-3.58)

1.25 (0.65-2.38)

Non-obese to obese

10.27 (8.42-12.52)

2.20 (1.70-2.86)

4.99 (3.82-6.50)

2.21 (1.57-3.13)

15.85 (12.13-20.7)

2.69 (1.90-3.81)
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Stable obese 13.19 (10.27-16.94)
Ten years before baseline to baseline

2.07 (1.48-2.90) 5.08 (3.54-7.27)  1.95(1.21-3.12) 19.96 (14.46-27.55) 2.35 (1.51-3.66)

Stable normal ref ref ref ref ref ref
2.55(2.07-3.14)  1.26 (1.01-1.58) 2.13(1.62-2.79)  1.43(1.07-1.92)  3.14 (2.35-4.19)  1.42 (1.04-1.95)
2.31(1.72-3.08)  1.10(0.80-1.50) 1.69 (1.14-2.52) 1.16 (0.76-1.77)  2.92 (1.99-4.27)  1.29 (0.85-1.96)
Non-obese to obese 9.96 (7.91-12.55)  2.22 (1.68-2.94) 4.89 (3.58-6.69) 2.14 (1.47-3.12) 16.43 (12.05-22.41) 2.94 (2.01-4.28)
Stable obese 11.27 (9.09-13.98) 1.82 (1.36-2.44) 4.86 (3.64-6.49) 1.84 (1.24-2.71) 17.65 (13.18-23.65) 2.16 (1.46-3.20)
One year before baseline to baseline
Stable normal ref ref ref ref ref ref
2.85(2.32-3.50)  1.40(1.12-1.75) 2.43(1.85-3.19) 1.64(1.23-2.20) 3.39(2.56-4.50) 1.51 (1.11-2.05)
2.82(2.09-3.81)  1.23(0.89-1.70) 2.28 (1.52-3.41) 1.52(0.99-2.33)  3.27(2.21-4.86)  1.32(0.86-2.03)
Non-obese to obese 9.32(6.98-12.46) 2.51(1.81-3.48) 5.54(3.70-8.28) 2.70(1.72-4.23) 14.32(9.85-20.84) 3.18 (2.07-4.88)
Stable obese 12.13(9.87-14.9)  2.17 (1.64-2.86) 5.39 (4.10-7.10)  2.22 (1.53-3.22) 18.57 (14.05-24.55) 2.52 (1.74-3.66)
MASLD - metabolic dysfunction-associated steatotic liver disease, ref - reference
*Values are presented as odds ratios (95% confidence intervals). Model 1 was adjusted for age, gender, race/ethnicity, and survey years,
while Model 2 was adjusted for age, gender, race/ethnicity, educational level, family income-to-poverty ratio, moderate activities, smok-
ing status, high-density lipoprotein cholesterol, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, waist cir-

Maximum overweight

Obese to non-obese

Maximum overweight

Obese to non-obese

cumference, and survey years.

Table 3. Associations between BMI change across adulthood and the risk of MASLD or severe steatosis*

Sex Age in years

Ment Woment P-value <60t 2601 P-value
Age 25 to ten years before baseline
Stable normal ref ref ref ref
Maximum overweight 1.02 (0.79-1.33)  1.06 (0.86-1.32) 0.9040 1.17 (0.94-1.47)  0.88 (0.69-1.13) 0.2508
Obese to non-obese 0.50 (0.17-1.46)  0.61 (0.23-1.61) 0.5220 0.33(0.12-0.88)  1.21 (0.42-3.45) 0.8033
Non-obese to obese 0.84 (0.61-1.16)  1.04 (0.81-1.35) 0.8625 0.97 (0.73-1.29)  0.89 (0.67-1.18) 0.6527
Stable obese 1.02 (0.69-1.51)  0.91 (0.65-1.27) 0.0551 1.04 (0.75-1.45)  0.85(0.57-1.27) 0.4859
Ten to one year before baseline
Stable normal ref ref ref ref
Maximum overweight 1.24 (0.90-1.72)  1.28 (0.97-1.68) 0.5824 1.29 (0.97-1.73)  1.18 (0.87-1.60) 0.3383
Obese to non-obese 0.74 (0.44-1.25)  1.50 (0.97-2.32) 0.0111 1.18 (0.71-1.94)  0.95 (0.61-1.49) 0.3979
Non-obese to obese 1.54 (1.00-2.37)  1.53(1.10-2.11) 0.1648 1.76 (1.24-2.50)  1.25(0.85-1.85) 0.2353
Stable obese 1.33 (0.88-2.01) 1.29 (0.93-1.8) 0.0022 1.40 (0.97-2.03)  1.22(0.85-1.75) 0.8107
Age 25 to baseline
Stable normal ref ref ref ref
Maximum overweight 1.44 (1.04-1.99)  1.34 (1.01-1.79) 0.3518 1.42 (1.05-1.93)  1.28 (0.95-1.72) 0.4698
Obese to non-obese 1.13 (0.58-2.22) 1.13(0.55-2.32) 0.5344 0.95(0.47-1.94)  1.37 (0.69-2.70) 0.6650
Non-obese to obese 2.67 (1.74-4.10)  1.89 (1.35-2.63) 0.1165 2.63(1.82-3.81)  1.85 (1.27-2.69) 0.1912
Stable obese 2.71 (1.6-4.58)  1.65 (1.05-2.58) 0.0590  2.56 (1.60-4.11)  1.62 (0.98-2.66) 0.1779
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Table 3. Continued

Sex Age in years

Ment Woment P-value <60t 2607 P-value
Ten years before baseline to baseline
Stable normal ref ref ref ref
Maximum overweight 1.52 (1.07-2.17)  1.13 (0.84-1.52) 0.3509 1.48 (1.07-2.05)  1.04 (0.76-1.44) 0.9463
Obese to non-obese 0.99 (0.62-1.58)  1.42(0.93-2.18) 0.0065 1.16 (0.72-1.89)  0.98 (0.64-1.48) 0.8456
Non-obese to obese 2.91 (1.81-4.67) 1.88 (1.32-2.67) 0.0584 2.86 (1.95-4.21) 1.66 (1.09-2.53) 0.3030
Stable obese 2.40 (1.48-3.88)  1.49 (1.02-2.17) 0.0007 2.40 (1.57-3.68)  1.37 (0.91-2.07) 0.1161
One year before baseline to baseline
Stable normal ref ref ref ref
Maximum overweight 1.52 (1.07-2.15)  1.36 (1.01-1.83) 0.7881 1.55(1.12-2.14)  1.28 (0.94-1.74) 0.2257
Obese to non-obese 1.19 (0.73-1.92)  1.35(0.86-2.11) 0.2406 1.40 (0.86-2.28)  1.06 (0.68-1.65) 0.5162
Non-obese to obese 2.84 (1.61-4.98)  2.29 (1.53-3.43) 0.6198 3.16 (2.02-4.93)  1.97 (1.19-3.24) 0.3727
Stable obese 2.72 (1.71-4.31)  1.82 (1.28-2.60) 0.0028 2.78 (1.87-4.15)  1.72 (1.16-2.55) 0.2426

MASLD - metabolic dysfunction-associated steatotic liver disease, ref - reference

*Models were adjusted for age, gender, race/ethnicity, educational level, family income-to-poverty ratio, moderate activities, smoking
status, high-density lipoprotein cholesterol, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, waist circum-
ference, and survey years.

fValues are presented as odds ratios (95% confidence intervals)

DISCUSSION

In this study, we present novel longitudinal evidence showing the relationship between dynamic
weight trajectories across adulthood and MASLD risk. We found that sustained obesity and pro-
gressive weight gain from non-obese to obese status were consistently associated with elevated
MASLD risk, with effect sizes varying by the timing and duration of weight changes. Notably,
baseline BMI showed stronger associations than historical BMI measurements, suggesting
cumulative metabolic effects of long-term weight patterns. While men and younger adults (<60
years) generally exhibited stronger associations, significant sex-specific effect modification was
only observed for stable obesity. These results extend beyond conventional cross-sectional BMI
analyses by characterising how dynamic weight fluctuations influence the risk of hepatic stea-
tosis across the lifespan. Importantly, our findings should be interpreted as complementary to,
rather than as replacements for, conventional BMI-based risk assessment.

Previous studies have established obesity as a risk factor for MASLD [15,16]. Yuan and colleagues
conducted a Mendelian randomisation study using summary-level data from genome-wide asso-
ciation studies that identified obesity as a potential causal factor in MASLD pathogenesis [15].
Similarly, Xie and colleagues [16] systematically evaluated genetically predicted modifiable risk
factors and reported consistent associations between obesity and MASLD. However, these stud-
ies predominantly relied on single-time point BMI assessments, thereby limiting their ability to
capture the dynamic nature of weight change. Using weight change across adulthood, our find-
ings corroborate and substantially expand prior research in several important ways by demon-
strating that weight trajectories provide additional prognostic information beyond static BMI
measurements.

The application of lifetime BMI assessment for disease risk prediction has been documented in
other contexts, including cancer [17], cardiovascular disease [18], biological age [19], and mor-
tality [8,20]. For instance, our prior work demonstrated that cumulative lifetime exposure to
excess weight significantly influences colorectal cancer risk, suggesting a greater impact than
previously recognised [17]. A comprehensive meta-analysis by Alharbi and colleagues, involv-
ing more than 1.2 million participants, similarly found that weight fluctuations were associated
with increased mortality risk compared with stable weight [20]. However, no previous study has
assessed the association between obesity and MASLD. We extended this paradigm to MASLD
risk assessment, revealing that sustained obesity and progressive weight gain are robustly asso-
ciated with disease risk. These observations align well with established metabolic pathways, as
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prolonged adiposity is known to promote chronic insulin resistance, systemic inflammation,
and dysregulated lipid metabolism, all key drivers of hepatic steatosis development [21].

An important consideration is that while obesity represents a major risk factor for MASLD, a
clinically relevant proportion of patients develop MASLD despite having normal [22]. Population-
based screening studies have consistently reported that 8-19% of individuals with BMI<25 kg/m?
exhibit MASLD [23-25] underscoring the importance of evaluating weight dynamics rather than
relying solely on static BMI measurements. These facts underscore the importance of assess-
ing MASLD by accounting for the dynamic nature of weight fluctuations across the lifespan.

The sex and age differences observed in the present study merit particular attention. The
stronger associations in men align with well-documented sex disparities in MASLD prevalence
and progression, likely reflecting the protective effects of oestrogen in premenopausal women
or sex-specific differences in adipose tissue distribution [26]. Contrary to some previous reports
[27,28], we did not observe significant age-related attenuation in metabolic risk among older
individuals, possibly because we captured long-term weight patterns rather than relying solely
on late-life BMI measurements.

PAPERS

These findings have substantial clinical and public health implications. The particularly strong
association between weight gain during young to middle adulthood and MASLD risk suggests
that this period may represent a critical window for intervention. Primary care providers should
consider incorporating weight trajectory assessments into routine health evaluations, with par-
ticular attention to patients who show early signs of progressive weight gain. Our results support
the incorporation of weight history into MASLD risk prediction models, as patients with identi-
cal current BMI but differing weight trajectories may face substantially different risks. Public
health initiatives should emphasise obesity prevention in young adulthood rather than focusing
solely on weight reduction after metabolic complications emerge. Future research evaluating
MASLD interventions should stratify participants by weight history, as treatment responses may
differ substantially between individuals with recent and long-standing obesity.

This study has several strengths, including the use of vibration-controlled transient elastography
for the objective assessment of steatosis, detailed weight-history data spanning decades, rigorous
adjustment for multiple covariates, and the examination of multiple weight-change intervals to
identify critical susceptibility periods. However, the limitations of this study must be acknowl-
edged. While self-reported historical weight data have shown reasonable validity in validation
studies, some degree of misclassification is inevitable and would likely bias the results toward
the null. Cross-sectional assessment of MASLD status precludes causal inferences and necessi-
tates future prospective studies with repeated CAP measurements. Despite extensive covariate
adjustment, residual confounding from unmeasured factors, such as detailed dietary patterns
or physical activity intensity, remains possible. Furthermore, because the cohort was derived
from older adults in selected communities within Central and Eastern China, the generalisabil-
ity of the findings to other age groups or populations with different sociodemographic or life-
style backgrounds may be limited.

Several important questions emerge from these findings and warrant further research.
Mechanistic studies should examine whether distinct weight trajectories induce unique met-
abolic or inflammatory signatures that drive the pathogenesis of MASLD. Clinical trials could
test whether interventions targeting specific patterns of weight change are more effective than
conventional BMI-based approaches in preventing MASLD. Longitudinal studies with serial CAP
measurements are needed to clarify how weight trajectories influence disease progression to
advanced stages, including non-alcoholic steatohepatitis and fibrosis. The development of per-
sonalised risk prediction models that incorporate weight trajectories along with genetic, meta-
bolic, and imaging biomarkers could significantly enhance the early identification of high-risk
individuals.
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CONCLUSIONS

We showed that long-term weight trajectories provide critical prognostic information for MASLD
risk beyond conventional BMI assessments. The robust association between sustained obesity
and progressive weight gain, particularly during young to middle adulthood, underscores the
importance of early and sustained weight-management strategies. Our findings advocate for a
paradigm shift in MASLD prevention from static BMI measurements to dynamic assessments
of weight patterns, which could enable earlier identification of at-risk individuals and more tar-
geted interventions. Future research should focus on the mechanisms linking specific weight
trajectories to hepatic steatosis and developing effective strategies to mitigate these risks across
the lifespan.
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