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Background: The association between the controlled attenuation parameter (CAP)-a noninvasive marker for hepatic steatosis-and 
gallstone disease (GSD) remains poorly understood. This study aimed to investigate the impact of CAP levels and their longitudinal 
trajectories on GSD risk and explore potential mediating pathways.
Methods: A dynamic cohort of 6,308 adults without baseline GSD underwent serial health examinations in Ya’an, China, from 
January 2020 to April 2025. The statistical methods included multivariate Cox regression analysis, restricted cubic spline (RCS) 
analysis, and mediation analysis. For sensitivity analyses, we performed gender-stratified analysis, trial sequential analysis (TSA), 
cumulative risk curve plotting, and re-analysis after excluding individuals with baseline diseases. Among 412 participants with ≥ 3 
CAP measurements, group-based trajectory modelling (GBTM) identified CAP patterns and related them to GSD incidence.
Results: Each 1-SD increase in CAP was associated with a 40% higher GSD risk, with a stronger association in women (HR = 1.96, P = 
0.02) than in men (HR = 1.36, P = 0.04). RCS revealed a strictly linear dose-response relationship between CAP and GSD risk (Pnon-linear = 
0.43). Compared with the reference group (CAP ≤ 238 dB/m), moderate (259–292 dB/m) and severe (> 292 dB/m) steatosis were associated 
with significantly higher GSD risk (HR = 2.56, P < 0.01; HR = 2.47, P = 0.01, respectively), whereas mild steatosis (238–259 dB/m) showed 
no significant association (P = 0.11). GBTM identified “persistently low” (61.41%) and “persistently high” (38.59%) CAP trajectories, with 
the latter group having a 3.85-fold higher GSD risk (P = 0.04). Mediation analysis identified a significant pathway from CAP to GSD via 
high-density lipoprotein cholesterol (HDL-C, P < 0.01, proportion of mediation = 27.49%).
Conclusion: CAP is positively and linearly associated with GSD risk, particularly in women. Persistently high CAP levels confer 
a significantly elevated GSD risk. HDL-C is a significant mediator.
Keywords: longitudinal association analysis, cox regression model, group-based trajectory model

Introduction
Gallstone disease (GSD) is a common digestive disorder with a global prevalence of approximately 6%, exhibiting 
significant geographic and gender variations.1 Research indicates that GSD is multifactorial, with risk being closely 
associated with a range of genetic, environmental, and behavioral factors. These include genetic susceptibility loci such 
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as genes related to gastrointestinal motility,2 obesity,3 exposure to heavy metals,4 dietary fiber intake,5 and metabolic 
diseases. The central pathogenic mechanism of GSD formation involves cholesterol-supersaturated bile,6 characterized 
by dysregulated hepatic cholesterol hypersecretion and impaired gallbladder absorption. As a result of its widespread 
prevalence and complex etiology, GSD currently poses a substantial health and economic burden worldwide.

Non-alcoholic fatty liver disease (NAFLD) is associated with a higher incidence of GSD compared with the general 
population, with this risk positively correlated with the severity of hepatic steatosis.7 The frequent co-occurrence of GSD 
and hepatic steatosis reflects their shared metabolic risk factors and complex bidirectional pathophysiology.8 At the 
molecular level, hypoxia-inducible factor 1α (HIF-1α) serves as a master regulator of hepatic lipid metabolism, 
promoting bile cholesterol supersaturation and accelerating gallstone formation.9 GSD can also contribute to the 
development of NAFLD by interfering gallbladder function and disrupting the circulation and metabolism of bile acids.10

The controlled attenuation parameter (CAP), a non-invasive biomarker measured by transient elastography (FibroScan), 
has emerged as a valuable tool for assessing hepatic steatosis severity.11 CAP has been shown to perform well in diagnosing 
mild hepatic steatosis, and is suitable for screening high-risk populations for NAFLD.12 Previous studies have reported that 
the inter-observer concordance coefficient of CAP is 0.82,13 and it exhibits favorable diagnostic accuracy in diverse 
populations.14,15 CAP is also associated with various metabolic factors and diseases, including insulin resistance,16 thyroid 
hormone levels,17 alpha-1-acid glycoprotein content,18 coronary atherosclerosis19 and COPD.20

However, previous research on the association between NAFLD and GSD has primarily relied on ultrasound diagnosis21 

or changes in liver enzyme levels.22 There remains a lack of longitudinal studies investigating the impact of changes in the 
non-invasive quantitative marker, the CAP, on the incidence of GSD. Understanding the relationship between CAP and GSD 
could have significant clinical implications. If a strong association is established, CAP could potentially serve as an additional 
screening tool for identifying individuals at high risk of GSD, especially in populations already undergoing NAFLD 
screening. This could lead to earlier interventions, such as dietary modifications, weight management, or medical therapies, 
to prevent GSD development. Therefore, this study aimed to use a dynamic cohort to analyze the impact of both CAP and its 
longitudinal trajectory patterns on the risk of GSD development, as well as to explore the potential mechanistic pathways 
through which blood lipids may mediate the relationship between CAP and GSD formation.

Materials and Methods
Study Population and Setting
This dynamic cohort study enrolled participants from Ya’an People’s Hospital, Sichuan Province, China, between 
January 2020 and April 2025. Eligibility criteria included: (1) aged 18–65 years; (2) no self-reported or clinically confirmed 
GSD at baseline (assessed via abdominal ultrasound, the first-choice for GSD diagnosis23); (3) completion of at least one 
CAP measurement and baseline health examination; (4) willingness to provide follow-up data. Exclusion criteria were: (1) 
history of liver cirrhosis, hepatitis B/C, or other chronic liver diseases (to avoid confounding effects of liver pathology on 
CAP); (2) prior gallbladder surgery; (3) pregnancy or lactation; (4) incomplete baseline or follow-up data.

Data Collection
Baseline data included demographic characteristics (age, gender), anthropometric measurements (height, weight, body 
mass index [BMI] calculated as weight/height2), and clinical biomarkers. Blood samples were collected after an 8-hour 
overnight fast to measure fasting blood glucose (FBG), total cholesterol (TC), triglycerides (TG), high-density lipopro
tein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), alanine transaminase (ALT), aspartate transami
nase (AST), renal function blood urea nitrogen (BUN), creatinine (Cr), and uric acid (UA) using an automatic 
biochemical analyzer (Beckman Coulter AU5800, USA). Blood pressure (BP) was measured twice using a mercury 
sphygmomanometer (Omron HEM-7200, Japan) with participants in a seated position after 5 minutes of rest, and the 
average value was recorded. There was an absence of missing values in these covariates.

CAP measurements were performed by trained technicians using a FibroScan 502 Touch device (Echosens, France) 
with M or XL probes, selected based on skin-capsular distance (SCD): M probe for SCD ≤25 mm and XL probe for SCD 
>25 mm.24 A diagnosis of GSD was established by specialized ultra sonographers if the gallbladder exhibited 
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a hyperechoic mass with a posterior acoustic shadow that was mobile with positional changes.25 CAP levels of ≤ 238 dB/ 
m, 238–259 dB/m, 259–292 dB/m, and > 292 dB/m corresponded to hepatic steatosis grades of ≤ 11% (normal), 11%- 
34% (mild), 34%-67% (moderate), and ≥ 67% (severe), respectively.

The primary outcome was incident GSD, diagnosed via abdominal ultrasound during follow-up. Follow-up ended on 
the date of GSD diagnosis, last health examination, or April 30, 2025, whichever came first.

Statistical Analysis
Categorical variables were presented as counts (percentages). Differences between groups were compared using chi-square 
tests or Fisher’s exact test. Cox regression models were used to assess the association between CAP (continuous: per 1-SD 
increase; categorical: ≤238, 238–259, 259–292, >292 dB/m, corresponding to normal, mild, moderate, and severe hepatic 
steatosis) and incident GSD by fully adjusting for age, gender, BMI, BP, FBG, TC, TG, HDL-C, LDL-C, BUN, UA, Cr, 
ALT and AST. Restricted cubic spline (RCS) analysis with 3 knots was used to explore the dose-response relationship 
between CAP and GSD risk, and the log-likelihood ratio test was used to assess non-linearity. GBTM (implemented in SAS 
PROC TRAJ) to identify CAP trajectory groups, with the optimal number of groups determined by the lowest Bayesian 
Information Criterion (BIC).26 Subsequently, an analysis was conducted between trajectory groups and the incidence of 
GSD. Mediation analysis27 was performed using the Baron-Kenny method to explore whether blood lipids (TC, TG, HDL- 
C, LDL-C) mediated the CAP-GSD association. The 95% CI was calculated using the bootstrap method with 1,500 
simulations and the proportion of mediation (PM) was calculated as indirect effect/total effect * 100%.

Sensitivity analyses included: (1) sex-stratified Cox regression to assess sex-specific associations; (2) TSA28 to 
confirm the sufficiency of sample size (alpha = 0.05, power = 0.80); (3) cumulative incidence curves, plotted using the 
Kaplan-Meier method and compared using the log-rank test; (4) re-analysis after excluding baseline diseases (diabetes, 
hypertension, dyslipidemia). Figure 1 showed the study flowchart. Data processing, descriptive statistics, and main 
analysis were performed using R packages (R version 4.5.1) such as “dplyr”, “rms”, “rcompanion”, and “survminer”. 
GBTM and RCS analysis were conducted using SAS (version 9.4).

Results
Baseline Characteristics of Participants
A total of 6,308 participants (78.8% male, median age = 37.0 years) were included with a mean follow-up duration of 10 
months. The median CAP value at baseline was 247.0 dB/m (IQR = 71.0 dB/m), with 56.8% (n = 3,582) of participants 
having CAP > 238 dB/m (indicating hepatic steatosis). Participants with higher CAP values were more likely to be older, 
male, and have higher BMI, FBG, TC, TG, LDL-C, BUN, Cr, ALT, and AST (all P < 0.05, Table 1).

The Effect of CAP on GSD Incidence
After a mean follow-up of 10 months, the observed GSD incidence was 1.70 per 100 person-years. Supplementary 
Figure 1 displays the covariate autocorrelation coefficients, with only the correlation coefficient between TC and LDL-C 
being greater than 0.6, and all variance inflation factor (VIF) values are less than 2.

In Cox regression models (Table 2), each 1-SD increase in CAP was associated with a 40% higher risk of GSD in the 
fully adjusted model (adjusted HR = 1.40, 95% CI: 1.08–1.82, P < 0.01). When CAP was categorized, compared with the 
reference group (≤238 dB/m), moderate (259–292 dB/m) and severe (>292 dB/m) steatosis were associated with 
significantly higher GSD risk (adjusted HR = 2.56, 95% CI: 1.33–4.96, P < 0.01; adjusted HR = 2.47, 95% CI: 
1.23–4.94, P = 0.01, respectively), while mild steatosis (238–259 dB/m) showed no significant association (adjusted 
HR = 1.80, 95% CI: 0.88–3.66, P = 0.11). The range of C-index value was ranged from 0.65 to 0.75.

RCS analysis (Figure 2) revealed a strictly linear dose-response relationship between CAP and GSD risk (P for non- 
linearity = 0.43), with no threshold effect observed. The risk of GSD increased steadily as CAP values rose.
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CAP Trajectory Patterns and GSD Risk
Among 412 participants with ≥3 CAP measurements, GBTM identified two distinct trajectory groups (Figure 3A): Group 
1 (“persistently low CAP”, 61.41%, n = 253) with a median CAP of 240 dB/m (IQR = 52 dB/m) and Group 2 
(“persistently high CAP”, 38.59%, n = 159) with a median CAP of 314 dB/m (IQR = 57 dB/m). The model evaluation 
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Figure 1 Study analysis flowchart.

Table 1 Baseline Characteristics of the Study Population According to CAP Categories

CAP≤238 
(dB/m) n (%)

238<CAP≤259 
(dB/m) n (%)

259<CAP≤292 
(dB/m) n (%)

CAP>292 
(dB/m) n (%)

P-value

Demographics
Age (year) < 0.01

≤ 37 1,663 (61.0%) 470 (48.1%) 499 (42.2%) 695 (48.9%)

Others 1,063 (39.0%) 507 (51.9%) 684 (57.8%) 727 (51.1%)
Sex < 0.01

Female 868 (31.8%) 158 (16.2%) 162 (13.7%) 147 (10.3%)

Male 1,858 (68.2%) 819 (83.8%) 1,021 (86.3%) 1,275 (89.7%)

(Continued)
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parameters for both groups performed well, with the specific values as follows: Group 1 had an odds of correct 
classification (OCC) of 7.9, average posterior probability (Avepp) of 92.6, Pj of 61.4, and Πj of 61.1 and Group 2 had 
an OCC of 12.7, Avepp of 89.0, Pj of 38.6, and Πj of 38.9. For more model information, please refer to the 
Supplementary Table 1.

The cumulative incidence of GSD was significantly higher in Group 2 than in Group 1 (log-rank P = 0.017, 
Figure 3B). In the fully adjusted Cox model, Group 2 had a 3.85-fold higher risk of GSD than Group 1 (adjusted HR 
= 3.85, 95% CI: 1.10–13.54, P = 0.04).

Table 1 (Continued). 

CAP≤238 
(dB/m) n (%)

238<CAP≤259 
(dB/m) n (%)

259<CAP≤292 
(dB/m) n (%)

CAP>292 
(dB/m) n (%)

P-value

BMI (kg/m2) < 0.01
≥ 18.5, < 24 1,766 (64.8%) 384 (39.3%) 254 (21.5%) 145 (10.2%)

Others 960 (35.2%) 593 (60.7%) 929 (78.5%) 1,277 (89.8%)

Clinical indicators
BP (mmHg) < 0.01

SBP > 140/DBP > 90 254 (9.32%) 149 (15.3%) 238 (20.1%) 407 (28.6%)

Others 2,472 (90.7%) 828 (84.7%) 945 (79.9%) 1,015 (71.4%)
FBG (mmol/L) < 0.01

< 6.1 2,651 (97.2%) 911 (93.2%) 1,067 (90.2%) 1,168 (82.1%)

Others 75 (2.8%) 66 (6.8%) 116 (9.8%) 254 (17.9%)
BUN (mmol/L) 0.03

≤ 4.92 1,429 (52.4%) 483 (49.4%) 579 (48.9%) 683 (48.0%)

Others 1,297 (47.6%) 494 (50.6%) 604 (51.1%) 739 (52.0%)
UA (μmol/L) < 0.01

≤ 375 1,786 (65.5%) 472 (48.3%) 486 (41.1%) 411 (28.9%)

Others 940 (34.5%) 505 (51.7%) 697 (58.9%) 1011 (71.1%)
Cr (μmol/L) < 0.01

≤ 83 1,474 (54.1%) 466 (47.7%) 551 (46.6%) 692 (48.7%)

Others 1,252 (45.9%) 511 (52.3%) 632 (53.4%) 730 (51.3%)
ALT (U/L) < 0.01

≤ 24.2 1,947 (71.4%) 470 (48.1%) 470 (39.7%) 268 (18.8%)
Others 779 (28.6%) 507 (51.9%) 713 (60.3%) 1,154 (81.2%)

AST (U/L) < 0.01

≤ 21.7 1,740 (63.8%) 502 (51.4%) 528 (44.6%) 409 (28.8%)
Others 986 (36.2%) 475 (48.6%) 655 (55.4%) 1,013 (71.2%)

TC (mmol/L) < 0.01

≤ 4.84 1,636 (60.0%) 483 (49.4%) 518 (43.8%) 538 (37.8%)
Others 1,090 (40.0%) 494 (50.6%) 665 (56.2%) 884 (62.2%)

TG (mmol/L) < 0.01

≤ 1.53 1,976 (72.5%) 457 (46.8%) 426 (36.0%) 304 (21.4%)
Others 750 (27.5%) 520 (53.2%) 757 (64.0%) 1,118 (78.6%)

HDL-C (mmol/L) < 0.01

≤ 1.28 855 (31.4%) 524 (53.6%) 716 (60.5%) 1,105 (77.7%)
Others 1,871 (68.6%) 453 (46.4%) 467 (39.5%) 317 (22.3%)

LDL-C (mmol/L) < 0.01

≤ 2.92 1,607 (59.0%) 474 (48.5%) 503 (42.5%) 585 (41.1%)
Others 1,119 (41.0%) 503 (51.5%) 680 (57.5%) 837 (58.9%)

Note: Demographics included age, sex, BMI. Clinical indicators included BP, FBG, BUN, UA, Cr, ALT, AST, TC, TG, HDL-C, LDL-C. 
Abbreviations: BMI, Body Mass Index; BP, Blood Pressure; FBG, Fasting Blood Glucose; BUN, Blood Urea nItrogen; UA, Uric 
Acid; Cr, Creatinine; ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; TC, Total Cholesterol; TG, Triglycerides; 
HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol.
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Sensitivity Analysis
In gender-stratified analyses (Table 2), the association between CAP and GSD was stronger in women (per 1-SD 
increase: adjusted HR = 1.96, 95% CI: 1.10–3.49, P = 0.02) than in men (per 1-SD increase: adjusted HR = 1.36, 
95% CI: 1.01–1.83, P =0.04). TSA (Supplementary Figure 2) indicated that the cumulative Z-curve crossed the trial 
sequential monitoring boundary and exceeded the required information size (RIS) line, confirming that the sample size 
was sufficient to draw reliable conclusions about the CAP-GSD association (alpha = 0.05, power = 0.80). Excluding 
participants with baseline metabolic diseases (diabetes, hypertension, dyslipidemia) or those with follow-up duration less 
than 10 months did not substantially change the results (all P < 0.01), indicating the robustness of the findings 
(Supplementary Tables 2 and 3).

Table 2 Multivariable Cox Regression Analysis for the Association Between 
CAP and the Risk of GSD

Variables β Se HR (95% CI) P-value C-index

CAP, per SD, (dB/m) 0.34 0.13 1.40 (1.08–1.82) < 0.01** 0.66

Sex stratified

Male 0.31 0.15 1.36 (1.01–1.83) 0.04* 0.65
Female 0.67 0.30 1.96 (1.10–3.49) 0.02* 0.75

CAP, categorical, (dB/m) 0.67

Reference group - - - -
Mild steatosis group 0.59 0.36 1.80 (0.88–3.66) 0.11

Moderate steatosis group 0.94 0.34 2.56 (1.33–4.96) < 0.01**
Severe steatosis group 0.90 0.35 2.47 (1.23–4.94) 0.01*

Notes: SD (standard deviation), * P < 0.05, ** P < 0.01.

Figure 2 Exploring the non-linear association between the continuous variable CAP and the risk of GSD.
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Figure 3 CAP trajectory groups and their association with GSD risk. (A) Participants were classified into two distinct groups: Group 1 (low-level CAP, 61.41%) and Group 
2 (high-level CAP, 38.59%). (B) Cumulative incidence of GSD across CAP trajectory groups. Group 2 (high-level CAP, 38.59%) showed significantly higher risk of GSD 
compared to Group 1 (low-level CAP, 61.41%).
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Mediation Analysis
Mediation analysis (Figure 4) showed that only HDL-C mediated the association between CAP and GSD. Specifically, 
the effect size of this mediating effect was 3.28*10−4, accounting for 27.49% of the total effect (P < 0.01). No significant 
mediating effects were observed for TC (PM = −3.64%, P > 0.05), TG (PM = 5.08%, P > 0.05), or LDL-C (PM = 
−1.45%, P > 0.05).

Discussion
In the present study, we demonstrated a linear association between CAP and GSD based on a large health check-up 
dynamic cohort for the first time. This association was more prominent in females, consistent with gender-specific 
metabolic effects. Mediation analysis revealed that HDL-C mediated 27.49% of the total effect. Notably, only moderate 
to severe hepatic steatosis was significantly associated with an increased risk of GSD. Furthermore, GBTM identified two 
distinct trajectories of CAP: one persistently high and the other consistently low. Participants with a persistently high 
CAP had a 3.85-fold greater risk of developing GSD than those in the low group.

Large cohort studies have demonstrated that GSD is an independent risk factor for NAFLD, with cholecystectomy 
showing an even stronger association. This suggests that GSD may exacerbate NAFLD progression through bile acid 
metabolism dysregulation. However, GSD did not significantly affect all-cause mortality in NAFLD patients, indicating 
that their association may stem more from shared metabolic risks rather than a direct causal relationship.29 Gene related 
to lipid metabolism are significantly enriched in patients with NAFLD, and dysregulated lipid metabolism is considered 
a core pathological mechanism of the disease,30 with disturbances in cholesterol31 and phospholipid32 metabolism 

CAP GSD

TG

CAP GSD

TC

CAP GSD

HDL-C

CAP GSD

LDL-C

Proportion effect =  
27.49%

Mediation effect = 
3.28*10-4, P < 0.01

Proportion effect =  
-1.45%

Proportion effect = 
5.08%

Proportion effect =   
-3.64%

Direct effect = 
8.64*10-4, P = 0.09

Direct effect = 
1.21*10-3, P < 0.05

Mediation effect = 
-1.73*10-5, P > 0.05

Mediation effect = 
-4.35*10-5, P > 0.05

Direct effect = 
1.24*10-3, P < 0.05

Direct effect = 
1.13*10-3, P < 0.05

Mediation effect = 
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A. B.

C. D.

Figure 4 Mediation analysis of the association between CAP and GSD risk through blood lipids. (A) Mediation analysis of the association between CAP and GSD through 
HDL-C. The mediation effect of HDL-C was 3.28*10−4 (P < 0.01), accounting for 27.49% of the total effect. The direct effect of CAP on GSD was 8.64*10−4 (P = 0.09). (B) 
Mediation analysis of the association between CAP and GSD through LDL-C. The mediation effect of LDL-C was −1.73*10−5 (P > 0.05), accounting for −1.45% of the total 
effect. The direct effect of CAP on GSD was 1.21*10−3 (P < 0.05). (C) Mediation analysis of the association between CAP and GSD through TG. The mediation effect of TG 
was 6.07*10−5 (P > 0.05), accounting for 5.08% of the total effect. The direct effect of CAP on GSD was 1.13*10−3 (P < 0.05). (D) Mediation analysis of the association 
between CAP and GSD through TC. The mediation effect of TC was −4.35*10−5 (P > 0.05), accounting for −3.64% of the total effect. The direct effect of CAP on GSD was 
1.24*10−3 (P < 0.05).
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playing a critical role in its progression. Additionally, in NAFLD, hepatic lipid accumulation induces mitochondrial 
oxidative stress, generating excessive reactive oxygen species (ROS), which in turn trigger the release of pro- 
inflammatory cytokines such as IL-6, exacerbating inflammation and fibrosis.33 Notably, IL-6 may reciprocally increase 
the risk of gallstone formation, thereby establishing a pathological cycle of steatosis-inflammation-GSD progression.34

CAP, implemented in the FibroScan system, quantifies the attenuation of ultrasound beams in liver tissue35 and has 
demonstrated high concordance with liver steatosis grading.36 Abdominal obesity and insulin resistance, key determinants of 
CAP in patients with metabolic dysfunction, are also shared pathogenic factors for both GSD and NAFLD.37 Previous studies 
have applied CAP to predict metabolic syndrome risk in chronic kidney disease38 and to stratify metabolic abnormalities in 
gestational diabetes mellitus. Patients with CAP values ≥ 233.5 dB/m exhibited significantly higher pre-pregnancy BMI and 
insulin therapy rates compared to those with lower values,39 further underscoring the link between metabolic factors and CAP.

However, no studies have yet explored the association between CAP and GSD. Given the interplay between hepatic 
steatosis and GSD in lipids metabolic mechanisms, inflammatory pathways, and bile acid metabolism-and considering 
CAP’s established reliability as a noninvasive indicator for liver steatosis-we hypothesize that CAP values may 
significantly correlate with GSD risk and this association may be mediated by cascades driven by dysregulation of 
metabolic-related molecules such as TC, TG, HDL-C, LDL-C.

Given the large number of covariates, collinearity analysis and VIF calculation were performed to avoid interference 
from multicollinearity on model accuracy. Although collinearity analysis showed that the correlation coefficient between 
LDL-C and TC was greater than 0.6, their VIF values were both less than 2. Moreover, after excluding LDL-C or TC 
individually, the association strength between CAP and GSD remained essentially unchanged compared with the full 
model that included both variables (Supplementary Table 4). For the established CAP change trajectory model, we 
conducted multi-dimensional evaluations. For example, OCC greater than 5 indicates good model discrimination, Avepp 
exceeding 0.7 suggests good model fit, Pj represents the population distribution proportion derived from the posterior 
probabilities of group members, and Πj denotes the population distribution proportion based on group member 
probabilities. The closer these two values are, the better the model fits the data. The present study demonstrated that 
mild hepatic steatosis was not associated with an elevated risk of GSD, suggesting that this population should not be 
prioritized for GSD prevention and control, nor require clinical intervention. These findings provide a rationale for 
implementing threshold-based strategies in the clinical risk stratification and management of GSD. In the mediation 
analysis, HDL-C mediated 27.49% of the total effect, a proportion that is considered substantial in observational 
mediation studies. This finding suggests that lipid metabolism, particularly the reverse cholesterol transport pathway, 
may serve as one of the core biological bridges linking CAP to GSD. Notably, despite the significant mediating role of 
HDL-C, approximately 73% of the total effect remains unexplained, indicating that other important metabolic pathways 
are likely involved in this pathophysiological process-such as inflammation and insulin resistance. Future basic studies 
may be conducted to further explore the underlying mechanisms. In sensitivity analyses, sex-stratified analysis revealed 
a stronger association between CAP and GSD in females than in males, a finding consistent with previous studies 
identifying female sex as a risk factor for GSD.40 In the TSA analysis, we set the type I error probability to not exceed 
5%, the power to 80%, and selected the low-bias impact. It was found that the Z-curve crossed the conventional threshold 
and exceeded the RIS line, indicating that our findings are robust and reliable.

This study has several strengths. First, by incorporating time factors into the analysis of CAP changes, we innovatively 
explored the differential impacts of different CAP change trajectory patterns on GSD incidence. Second, the cohort design, 
enables a higher level of causal inference. Third, we investigated the dose-response relationship between CAP and GSD, 
examining whether special associations such as U-shaped or J-shaped curves exist. Last, this study confirms for the first time that 
different degrees of CAP are differentially associated with GSD risk. Only moderate-to-severe CAP abnormalities significantly 
increase the risk of GSD, while mild CAP abnormalities show no statistically significant association with GSD onset. This 
finding provides an important theoretical basis for the precise allocation of clinical resources, allowing for targeted optimization 
of screening strategies for high-risk populations and avoiding excessive medical intervention in individuals with mild CAP 
abnormalities.

Several limitations should be acknowledged. First, the study population had an imbalanced gender distribution. 
Theoretically, this may reduce the accuracy of effect estimates in one gender group and limit the generalizability of gender- 
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specific findings, as the sample structure deviates from that of the general population. To address this, we performed gender- 
stratified analyses, which revealed generally consistent association trends in both groups, suggesting that the core findings 
remain stable despite the gender imbalance. Furthermore, gender was adjusted as a key covariate in the multivariable Cox 
regression model to minimize its potential confounding effect. Nonetheless, future studies incorporating more balanced gender 
distributions are warranted to enhance the generalizability of the results across gender groups. Second, we acknowledge that, 
due to the limitations of the data source, the mean follow-up duration in this study was relatively short for a chronic disease like 
GSD. However, we conducted various sensitivity analyses to verify the robustness of the findings. In the future, when data with 
larger sample size and longer follow-up period can be available, we plan to reassess the association between CAP and GSD.

Conclusion
A dynamic cohort study conducted on a population undergoing physical examinations revealed that the CAP exerts 
a positive, linear influence on the risk of GSD. Specifically, for each SD increase in CAP, the risk of GSD rose by 40% 
and this association was found to be more prominent in women. When compared to the normal CAP group, the risk of GSD 
was 2.56 times higher in the moderate CAP group and 2.47 times higher in the severe CAP group, respectively. Notably, no 
significant association was observed between mildly elevated CAP and GSD. GBTM identified two distinct longitudinal 
trajectories of CAP. In a fully adjusted Cox regression model using trajectory groups as the independent variable, the high- 
level CAP group (Group 2) exhibited a 3.85-fold increased risk of GSD compared to the low-level CAP group (Group 1), 
with a prediction consistency of 87%. Additionally, the cumulative risk curves for the two groups showed a statistically 
significant difference. Further mediation analysis indicated that HDL-C mediated 27.49% of CAP effect on GSD.

Abbreviations
CAP, Controlled attenuation parameter; GSD, gallstone disease; TSA, trial-sequential analysis; GBTM, group-based trajectory 
model; NAFLD, non-alcoholic fatty liver disease; BMI, body mass index; FBG, fasting blood glucose; BP, blood pressure; TC, 
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