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Supplementary Fig. 1 Minimum strength of unmeasured confounding required to fully explain away the observed hazard ratios (HRs) between cholecystectomy and targeted outcomes. Values in parentheses denote the E-values for the point estimate (blue curve) and the lower limit of the 95% confidence interval (red curve), respectively. Abbreviations: CI, confidence interval; CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; HR, hazard ratio.
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Supplementary Fig. 2 Pooled associations between cholecystectomy with risk of the major diseases stratified by age
Abbreviations: CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux disease; HR, hazard ratio；CI, confidence interval. The estimates were assessed based on the fully adjusted models(see the footnote in Supplementary Tables 1-2).
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Supplementary Fig. 3 Pooled associations between cholecystectomy with risk of the major diseases stratified by sex
Abbreviations: CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux disease; HR, hazard ratio；CI, confidence interval. The estimates were assessed based on the fully adjusted models(see the footnote in Supplementary Tables 1-2).
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Supplementary Fig. 4 Pooled associations between cholecystectomy with risk of the major diseases stratified by BMI
Body mass index (BMI) was stratified into three categories: normal weight (<25.0 kg/m²), overweight (25.0–29.9 kg/m²), and obesity (≥30.0 kg/m²). Individuals with underweight (BMI <18.5 kg/m²) were merged into the normal weight category due to the extremely limited sample size. Abbreviations: CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux disease; HR, hazard ratio；CI, confidence interval. The estimates were assessed based on the fully adjusted models(see the footnote in Supplementary Tables 1-2).
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Supplementary Fig. 5 Pooled associations between cholecystectomy with risk of the major diseases stratified by smoking status
Abbreviations: CLD, chronic liver disease; COPD, chronic obstructive pulmonary disease; GERD, gastroesophageal reflux disease; HR, hazard ratio；CI, confidence interval. The estimates were assessed based on the fully adjusted models(see the footnote in Supplementary Tables 1-2)
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Supplementary Fig. 6 Nomogram for predicting the 1-, 5-, and 10-year probability of any of the 15 major diseases associated with cholecystectomy. By drawing an upward vertical line from the corresponding value of each of the six predictors (age, BMI, smoking, drug_count, Health_R, and illness_L) to the top “Points” scale, a specific score for each variable is obtained. The sum of these individual scores is then located on the “Total Points” scale. Drawing a downward vertical line from this total point value reveals the estimated 1-, 5-, and 10-year risk of developing any of the 15 targeted outcomes on the respective bottom axes. Source data are provided as a Source Data file.
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Supplementary Fig. 7 Calibration plot of the prediction model for 5-year outcomes in the validation cohort. The x-axis represents the model-predicted 5-year probability for any of the 15 major diseases associated with cholecystectomy, and the y-axis represents the actual observed 5-year probability estimated using the Kaplan-Meier method. The red dashed line represents ideal calibration, where predicted probabilities perfectly match observed probabilities. The blue line with circles indicates the observed model performance. The close alignment between the observed performance and the ideal reference line suggests that the model's predictions are well-calibrated and highly reliable.


Supplementary Table 1 | Supplementary Table 1. Definitions of the 36 targeted study outcomes and their corresponding ICD-10 codes.

	[bookmark: _Hlk225372342]Disease
	ICD-10

	Chronic obstructive pulmonary disease
	J44

	Crohn's disease
	K50

	Ulcerative colitis
	K51

	Stroke
	I64

	Breast cancer
	C50

	Knee osteoarthritis
	M17

	Prostate cancer
	C61

	Low back pain
	M54

	Asthma
	J45

	Blindness and vision loss
	H54

	Parkinson's disease
	G20

	Atrial fibrillation and flutter
	I48

	Depressive disorders
	F32-F33

	Peptic ulcer disease
	K25-K27

	Anxiety disorders
	F41

	Rheumatoid arthritis
	M05

	Type 2 diabetes mellitus
	E11

	Colorectal cancer
	C18-C20

	Ischemic heart disease
	I20,I21,I25

	Liver cancer
	C22

	Cirrhosis and other chronic liver diseases
	K74,K76

	Irritable bowel syndrome
	K58

	Lung cancer
	C34

	Kidney cancer
	C64

	Gastroduodenitis
	K29

	Stomach cancer
	C16

	Gastroesophageal reflux disease
	K21

	Bile duct cancer
	C24

	Pancreatic cancer
	C25

	Bladder cancer
	C67

	Road injuries
	V01-V89

	Alzheimer's disease
	G30

	Esophageal cancer
	C15

	Osteoporosis
	M81

	Hypertensive heart disease
	I11

	Migraine
	G43


The table details the 35 specific clinical conditions selected for the primary and subgroup analyses, alongside road injuries, which served as a negative control outcome to detect potential unmeasured confounding. Diagnoses were ascertained within the UK Biobank cohort using the International Classification of Diseases, Tenth Revision (ICD-10).



Supplementary Table 2 | Detailed definitions and data sources for lifestyle covariates (healthy diet and quality sleep) in the UK Biobank.

	Covariate 
	Source and definition

	A healthy diet
	UK Biobank Food Frequency Questionnaire at baseline;
At least 3 of the following 6 food groups:
1. Vegetables: ≥ 4.5 servings/day
2. Fruits: ≥ 4.5 servings/day
3. Fish: ≥2 servings/week
4. Poultry: ≥2 servings/week
5. Processed meats: ≤ 2 serving/week
6. Unprocessed red meats: ≤ 5 servings/week

	Quality sleep
	UK Biobank touchscreen questionnaire at baseline;
Without any one of the following 4 tips:
1. Total sleep time: >9 or <7 hours/day
2. Insomnia or sleeplessness usually
3. Snoring
4. Nap during day all the time or often


	








Note: A healthy diet was defined as meeting at least three of the six specified dietary criteria based on the baseline Food Frequency Questionnaire. Quality sleep was defined as the absence of all four specified adverse sleep characteristics based on the baseline touchscreen questionnaire.

	
Supplementary Table 5 | Sensitivity analyses of the associations between cholecystectomy and risk of target clinical outcome
	
	PSM Cohort
	1-Year Lag
	2-Year Lag
	4-Year Lag

	Disease
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value

	Breast cancer
	1.04 (0.96-1.14)
	0.321
	1.04 (0.96-1.13)
	0.373
	1.05 (0.96-1.14)
	0.286
	1.09 (0.99-1.19)
	0.076

	Prostate cancer
	1.12 (0.98-1.27)
	0.084
	1.10 (0.98-1.24)
	0.102
	1.13 (1.00-1.27)
	0.045
	1.16 (1.02-1.31)
	0.025

	Colorectal cancer
	0.91 (0.80-1.03)
	0.148
	0.92 (0.81-1.04)
	0.161
	0.91 (0.80-1.03)
	0.145
	0.89 (0.78-1.02)
	0.101

	Liver cancer
	1.15 (0.86-1.54)
	0.359
	1.19 (0.91-1.57)
	0.201
	1.24 (0.95-1.63)
	0.116
	1.32 (0.99-1.75)
	0.057

	Lung cancer
	0.97 (0.85-1.11)
	0.636
	0.99 (0.87-1.12)
	0.819
	1.01 (0.88-1.14)
	0.929
	0.99 (0.87-1.14)
	0.941

	Kidney cancer
	1.15 (0.92-1.44)
	0.219
	1.23 (0.99-1.52)
	0.057
	1.25 (1.01-1.55)
	0.044
	1.16 (0.91-1.48)
	0.226

	Stomach cancer
	1.25 (0.92-1.68)
	0.148
	1.18 (0.89-1.55)
	0.247
	1.16 (0.87-1.54)
	0.308
	1.22 (0.90-1.64)
	0.201

	Bile duct cancer
	0.72 (0.39-1.34)
	0.305
	0.76 (0.41-1.39)
	0.365
	0.72 (0.38-1.36)
	0.309
	0.67 (0.33-1.35)
	0.261

	Pancreatic cancer
	1.22 (0.97-1.54)
	0.090
	1.12 (0.91-1.39)
	0.289
	1.15 (0.93-1.43)
	0.192
	1.10 (0.87-1.39)
	0.440

	Bladder cancer
	1.17 (0.97-1.41)
	0.095
	1.15 (0.96-1.36)
	0.122
	1.13 (0.95-1.35)
	0.178
	1.12 (0.92-1.36)
	0.273

	Esophageal cancer
	1.32 (1.02-1.71)
	0.037
	1.16 (0.91-1.49)
	0.219
	1.19 (0.93-1.53)
	0.164
	1.26 (0.97-1.64)
	0.077

	Stroke
	1.13 (0.86-1.49)
	0.369
	1.09 (0.84-1.43)
	0.516
	1.04 (0.78-1.39)
	0.777
	0.95 (0.68-1.31)
	0.752

	Atrial fibrillation and flutter
	1.05 (0.99-1.11)
	0.089
	1.05 (0.99-1.10)
	0.079
	1.03 (0.98-1.09)
	0.210
	1.03 (0.97-1.09)
	0.320

	Type 2 diabetes mellitus
	1.40 (1.33-1.47)
	<0.001
	1.34 (1.28-1.40)
	<0.001
	1.35 (1.28-1.41)
	<0.001
	1.31 (1.25-1.38)
	<0.001

	Ischemic heart disease
	1.20 (1.14-1.26)
	<0.001
	1.19 (1.14-1.25)
	<0.001
	1.20 (1.14-1.26)
	<0.001
	1.19 (1.13-1.26)
	<0.001

	Hypertensive heart disease
	1.02 (0.58-1.80)
	0.944
	0.97 (0.57-1.65)
	0.917
	1.05 (0.62-1.79)
	0.848
	1.07 (0.61-1.89)
	0.816

	Crohn's disease
	1.49 (1.19-1.88)
	0.001
	1.43 (1.15-1.77)
	0.001
	1.40 (1.11-1.75)
	0.004
	1.35 (1.05-1.73)
	0.018

	Ulcerative colitis
	1.13 (0.94-1.36)
	0.193
	1.24 (1.04-1.47)
	0.015
	1.23 (1.03-1.47)
	0.026
	1.24 (1.02-1.51)
	0.031


Supplementary Table 6 | Sensitivity analyses of the associations between cholecystectomy and risk of target clinical outcome
	
	PSM Cohort
	1-Year Lag
	2-Year Lag
	4-Year Lag

	Disease
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value
	HR (95% CI)
	P-value

	Cirrhosis and other chronic liver diseases
	1.39 (1.29-1.51)
	<0.001
	1.37 (1.28-1.47)
	<0.001
	1.37 (1.27-1.48)
	<0.001
	1.36 (1.26-1.47)
	<0.001

	Peptic ulcer disease
	1.12 (1.02-1.24)
	0.023
	1.16 (1.05-1.28)
	0.002
	1.16 (1.05-1.28)
	0.003
	1.16 (1.05-1.30)
	0.005

	Irritable bowel syndrome
	1.78 (1.65-1.93)
	<0.001
	1.74 (1.62-1.87)
	<0.001
	1.75 (1.63-1.89)
	<0.001
	1.72 (1.59-1.86)
	<0.001

	Gastroesophageal reflux disease
	1.39 (1.33-1.45)
	<0.001
	1.38 (1.33-1.44)
	<0.001
	1.38 (1.32-1.44)
	<0.001
	1.36 (1.30-1.42)
	<0.001

	Gastroduodenitis
	1.53 (1.46-1.61)
	<0.001
	1.52 (1.46-1.59)
	<0.001
	1.53 (1.46-1.60)
	<0.001
	1.51 (1.44-1.58)
	<0.001

	Alzheimer's disease
	1.15 (0.99-1.33)
	0.060
	1.13 (0.99-1.29)
	0.072
	1.13 (0.99-1.29)
	0.071
	1.14 (0.99-1.30)
	0.060

	Parkinson's disease
	1.00 (0.85-1.18)
	0.998
	1.07 (0.92-1.25)
	0.367
	1.09 (0.93-1.28)
	0.270
	1.11 (0.94-1.30)
	0.211

	Depressive disorders
	1.23 (1.17-1.30)
	<0.001
	1.24 (1.17-1.30)
	<0.001
	1.23 (1.17-1.30)
	<0.001
	1.22 (1.15-1.29)
	<0.001

	Anxiety disorders
	1.20 (1.13-1.27)
	<0.001
	1.21 (1.14-1.28)
	<0.001
	1.21 (1.15-1.29)
	<0.001
	1.22 (1.15-1.30)
	<0.001

	Migraine
	1.26 (1.12-1.41)
	<0.001
	1.25 (1.12-1.39)
	<0.001
	1.25 (1.11-1.39)
	<0.001
	1.22 (1.08-1.37)
	0.001

	Low back pain
	1.27 (1.20-1.35)
	<0.001
	1.27 (1.20-1.34)
	<0.001
	1.27 (1.20-1.34)
	<0.001
	1.25 (1.18-1.33)
	<0.001

	Knee osteoarthritis
	1.15 (1.10-1.21)
	<0.001
	1.16 (1.11-1.22)
	<0.001
	1.16 (1.10-1.22)
	<0.001
	1.12 (1.06-1.18)
	<0.001

	Rheumatoid arthritis
	1.28 (0.99-1.66)
	0.058
	1.34 (1.06-1.70)
	0.015
	1.32 (1.03-1.68)
	0.027
	1.39 (1.07-1.79)
	0.013

	Osteoporosis
	1.12 (1.05-1.20)
	0.001
	1.10 (1.03-1.17)
	0.003
	1.09 (1.03-1.17)
	0.006
	1.10 (1.03-1.18)
	0.006

	Chronic obstructive pulmonary disease
	1.19 (1.12-1.28)
	<0.001
	1.22 (1.14-1.29)
	<0.001
	1.21 (1.13-1.29)
	<0.001
	1.18 (1.10-1.27)
	<0.001

	Asthma
	1.05 (0.99-1.11)
	0.084
	1.09 (1.03-1.15)
	0.002
	1.08 (1.02-1.15)
	0.005
	1.08 (1.01-1.15)
	0.021

	Blindness and vision loss
	0.98 (0.81-1.17)
	0.803
	1.01 (0.85-1.20)
	0.944
	1.03 (0.87-1.23)
	0.707
	1.01 (0.84-1.22)
	0.892

	Road injuries
	1.05 (0.89-1.23)
	0.599
	1.10 (0.94-1.28)
	0.248
	1.05 (0.89-1.24)
	0.541
	1.03 (0.87-1.24)
	0.706


Note: All adjusted HRs were adjusted for the following covariates: age (continuous variable), gender (female or male), race (White or non-White), education level (college/university or non-college/university), Index of Multiple Deprivation (continuous variable), physical activity (high or low or moderate), smoking (Current or Never or Previous), alcohol drinking (yes or no), healthy diet (yes or no), quality sleep (yes or no), BMI (continuous variable), type 2 diabetes (yes or no), hypertension (yes or no), hyperlipidemia (yes or no) , NASID intake (yes or no), hypoglycemic drug intake (yes or no), hypolipidemic drug intake (yes or no), antihypertensive drug intake (yes or no), vitamin supplement intake (yes or no), and mineral supplement intake (yes or no). Abbreviations: HR, hazard ratio. CI, confidence interval.
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Outcome Sex Cases / PY HR (95% CI) P interaction

Anxiety disorders Female 14,882 /3,725,192 : - 1.17 (1.10-1.24) 0.713
Male 7,629 /3,223,461 E—F 1.18 (1.02-1.36)

COPD Female 8,626 /3,751,033 : - 1.26 (1.17-1.35) 0.213
Male 10,444 /3,182,928 :-I— 1.16 (1.04-1.31)

Cirrhosis & CLD Female 6,322/3,782,645 i - 1.35(1.24-1.47) 0.962
Male 6,373/ 3,231,901 . 1.36 (1.18-1.57)

Crohn's disease Female  913/3,812,659 i —a— 1.45(1.15-1.83) 0.853
Male 744 /3,266,290 1I—I— 1.48 (0.96-2.29)

Depressive disorders Female 16,993 / 3,668,823 i - 1.20 (1.14-1.27) 0.719
Male 9,885/ 3,182,007 : & 1.24 (1.09-1.41)

GERD Female 24,997 / 3,560,145 i - 1.38 (1.32-1.44) 0.076
Male 19,526 / 3,060,207 : - 1.34 (1.23-1.46)

Gastroduodenitis Female  21,421/3,530,966 i L 1.60 (1.53-1.68)  0.000
Male 17,668 /3,018,773 : - 1.35(1.23-1.48)

Irritable bowel syndrome Female  7,670/3,743,542 i - 1.71 (1.58-1.84) 0.605
Male 2,777/ 3,250,821 : —a— 1.91 (1.56-2.33)

Ischemic heart disease Female 14,178 / 3,640,052 i - 1.25(1.18-1.32)  0.000
Male 23,901/ 2,888,987 = 1.08 (1.00-1.18)

Knee osteoarthritis Female 16,730/ 3,630,643 i - 1.20 (1.14-1.27)  0.000
Male 13,899/ 3,094,130 +— 1.02 (0.92-1.14)

Low back pain Female 14,164 / 3,654,076 i - 1.31(1.23-1.38) 0.098
Male 10,084 / 3,156,535 :—I- 1.19 (1.05-1.34)

Migraine Female  4,635/3,782,886 i—-— 1.22 (1.08-1.36) 0.678
Male 1,586 / 3,265,798 J,—I— 1.29 (0.93-1.77)

Osteoporosis Female 14,279 /3,717 177 il 1.12(1.05-1.19) 0.954
Male 2,720/ 3,258,855 —ta— 1.12(0.89-1.42)

Peptic ulcer disease Female 4,249/ 3,768,560 - 1.18 (1.05-1.31)  0.992
Male 5,043 /3,202,830 i—I— 1.21 (1.02-1.43)

Type 2 diabetes mellitus Female 13,469 / 3,680,189 L. 1.32(1.25-1.39) 0.825
Male 19,401/ 3,046,394 i - 1.33 (1.22-1.44)

o5 1 2 4

Hazard Ratio (Log Scale)
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Outcome BMI Status  Cases / PY HR (95% CI) P interaction

COPD normal 5212/2290679 : —— 1.26 (1.10-1.45) 0.864
obesity 6386/1665806 |- 1.22 (1.12-1.34)
overweight 7472/2977476 i - 1.21(1.09-1.34)

Crohn's disease normal 528/2326841 | —=—  222(149331) 0.161
obesity 456/1721546 —%—-— 1.25(0.90-1.74)
overweight 673/3030561 e 1.36 (0.96-1.92)

Irritable bowel syndrome normal 3392/2300516 i —-— 1.94 (1.67-2.27) 0272
obesity 2905/1695649 : - 1.68 (1.51-1.88)
overweight 4150/2998196 i - 1.71 (1.52-1.92)

Cirrhosis & CLD normal 2354/2320430 :+ 1.30(1.04-1.63) 0.031
obesity 5358/1687919 i - 1.27 (1.15-1.40)
overweight ~ 4983/3006197 " 1.52 (1.35-1.72)

Osteoporosis normal 7740/2277436 :FE 1.11(0.99-1.24) 0610
obesity 3164/1702664 |- 1.19 (1.07-1.33)
overweight 6095/2995932 *:I— 1.06 (0.96-1.17)

Knee osteoarthritis normal 4851/2282336 = 1.14 (0.96-1.34)  0.830
obesity 13084/1555501 ii 1.15(1.08-1.22)
overweight 12694/2886936 |- 1.22 (1.12-1.32)

Low back pain normal 6043/2266154 i - 1.36(1.18-1.55)  0.370
obesity 8200/1623874 : - 1.25(1.16-1.35)
overweight 10005/2920582 : - 1.30 (1.19-1.42)

Anxiety disorders normal 6772/2291250 i+ 1.20 (1.05-1.37) 0.643
obesity 6618/1679157 - 1.17 (1.07-1.27)
overweight 9121/2978244 i - 1.17 (1.07-1.29)

Ischemic heart disease normal 8193/2228255 |- 1.30 (1.15-1.47)  0.269
obesity 12707/1515584 i - 1.17 (1.09-1.25)
overweight 17179/2785200 : - 1.22(1.13-1.31)

Type 2 diabetes mellitus  normal 3156/2302071 i —a— 1.42(1.18-1.71) 0.324
obesity 17810/1512794 | - 1.29 (1.22-1.36)
overweight 11904/2911719 i - 1.36 (1.25-1.48)

Gastroduodenitis normal 11051/2186513 1 - 1.75(1.59-1.93)  0.000
obesity 11278/1559138 i - 1.38 (1.30-1.47)
overweight 16760/2804087 : - 1.64 (1.54-1.75)

GERD normal 11224/2222677 i 1.51(1.37-1.67) 0.004
obesity 13698/1569767 |- 1.26 (1.19-1.34)
overweight 19601/2827909 i - 1.47 (1.38-1.56)

Peptic ulcer disease normal 2347/2303538 —— 1.31(1.04-1.65) 0.260
obesity 3002/1683582 -i-— 1.07 (0.93-1.23)
overweight 3943/2984271 : —-— 1.27 (1.10-1.47)

Depressive disorders normal 7041/2271926 i+ 1.21(1.06-1.39) 0.693
obesity 9100/1636207 : - 1.19 (1.11-1.28)
overweight 10737/2942697 : - 1.21(1.12-1.32)

Migraine normal 2135/2317909 i —a— 1.43(1.15-1.79) 0.143
obesity 1629/1711561 :—I— 1.19 (1.01-1.40)
overweight 2457/3019213 ‘:—I— 1.17 (0.97-1.39)

0.5 1 2 4

Hazard Ratio (Log Scale)
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Outcome

Smoking Status

Cases / PY

HR (95% Cl)

P interaction

COPD

Crohn's disease

Irritable bowel syndrome

Cirrhosis & CLD

Osteoporosis

Knee osteoarthritis

Low back pain

Anxiety disorders

Ischemic heart disease

Type 2 diabetes mellitus

Gastroduodenitis

GERD

Peptic ulcer disease

Depressive disorders

Migraine

Previous
Never
Current
Current
Never
Previous
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous
Current
Never
Previous

Current

8,486 / 2,347,429
3,519/3,891,740
7,065 / 694,794
273/753,283

737 /3,908,156
647 /2,417,509
5,592 / 3,860,878
3,709 / 2,389,021
1,146 / 744,462
5,836 /3,878,729
4,939 /2,392,706
1,920/ 743,111
9,030 /3,851,672
6,051/2,381,862
1,918/ 742,499
15,798 / 3,725,858
12,204 / 2,274,711
2,627 /724,203
11,694 / 3,777,790
9,125/2,319,133
3,429/713,687
11,008 / 3,842,698
7,946/ 2,374,042
3,467 /731,911
17,448 / 3,680,806
15,240 / 2,169,001
5,391/679,232
15,104 / 3,751,801
13,198 / 2,266,586
4,568 / 708,196
19,339 / 3,655,592
14,686 / 2,214,537
5,064 /679,610
22,389 / 3,679,693
17,186 / 2,237,485
4,948 /703,174
4,150/ 3,862,744
3,679/2,374,544
1,463 /734,102
12,436 / 3,804,820
9,697 / 2,340,800
4,745/705,210
3,549 / 3,887,047
2,043 / 2,409,949
629 /751,688

0.5 1 2
Hazard Ratio (Log Scale)

1.20 (1.10-1.32)
1.36 (1.20-1.55)
1.19 (1.07-1.32)
1.68 (1.04-2.70)
1.09 (0.76-1.55)
1.85 (1.38-2.48)
1.81 (1.64-1.99)
1.65 (1.46-1.85)
1.80 (1.45-2.23)
1.36 (1.23-1.51)
1.34 (1.19-1.50)
1.39 (1.14-1.69)
1.10 (1.01-1.20)
1.16 (1.05-1.28)
1.03 (0.84-1.25)
1.18 (1.11-1.26)
121 (1.13-1.31)
1.00 (0.83-1.20)
1.37 (1.27-1.48)
1.24 (1.14-1.35)
1.10 (0.94-1.29)
1.22 (1.13-1.32)
112 (1.02-1.23)
112 (0.96-1.31)
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