Supplementary information
Supplementary Table S1. NHANES files and variable codes used in the analysis
	Domain / variable
	2005–2006
	2007–2008
	2009–2010
	2013–2014
	2017–2018

	Demographics / survey design
	DEMO_D
	DEMO_E
	DEMO_F
	DEMO_H
	DEMO_J

	Age
	RIDAGEYR
	RIDAGEYR
	RIDAGEYR
	RIDAGEYR
	RIDAGEYR

	Sex
	RIAGENDR
	RIAGENDR
	RIAGENDR
	RIAGENDR
	RIAGENDR

	Race/ethnicity
	RIDRETH1
	RIDRETH1
	RIDRETH1
	RIDRETH1
	RIDRETH1

	Education
	DMDEDUC2
	DMDEDUC2
	DMDEDUC2
	DMDEDUC2
	DMDEDUC2

	Poverty-income ratio
	INDFMPIR
	INDFMPIR
	INDFMPIR
	INDFMPIR
	INDFMPIR

	MEC examination weight
	WTMEC2YR
	WTMEC2YR
	WTMEC2YR
	WTMEC2YR
	WTMEC2YR

	Masked variance PSU / stratum
	SDMVPSU / SDMVSTRA
	SDMVPSU / SDMVSTRA
	SDMVPSU / SDMVSTRA
	SDMVPSU / SDMVSTRA
	SDMVPSU / SDMVSTRA

	Serum biochemistry
	BIOPRO_D
	BIOPRO_E
	BIOPRO_F
	BIOPRO_H
	BIOPRO_J

	Total bilirubin
	LBXSTB
	LBXSTB
	LBXSTB
	LBXSTB
	LBXSTB

	Calcium
	LBXSCA
	LBXSCA
	LBXSCA
	LBXSCA
	LBXSCA

	Phosphorus
	LBXSPH
	LBXSPH
	LBXSPH
	LBXSPH
	LBXSPH

	Creatinine
	LBXSCR
	LBXSCR
	LBXSCR
	LBXSCR
	LBXSCR

	ALT
	LBXSATSI
	LBXSATSI
	LBXSATSI
	LBXSATSI
	LBXSATSI

	AST
	LBXSASSI
	LBXSASSI
	LBXSASSI
	LBXSASSI
	LBXSASSI

	GGT
	LBXSGTSI
	LBXSGTSI
	LBXSGTSI
	LBXSGTSI
	LBXSGTSI

	Alkaline phosphatase
	LBXSAPSI
	LBXSAPSI
	LBXSAPSI
	LBXSAPSI
	LBXSAPSI

	Femur DXA
	DXXFEM_D
	DXXFEM_E
	DXXFEM_F
	DXXFEM_H
	DXXFEM_J

	Femur scan status
	DXAFMRST
	DXAFMRST
	DXAFMRST
	DXAFMRST
	DXAFMRST

	Femoral neck BMD
	DXXNKBMD
	DXXNKBMD
	DXXNKBMD
	DXXNKBMD
	DXXNKBMD

	Total femur BMD
	DXXOFBMD
	DXXOFBMD
	DXXOFBMD
	DXXOFBMD
	DXXOFBMD

	Body measures / BMI
	BMX_D / BMXBMI
	BMX_E / BMXBMI
	BMX_F / BMXBMI
	BMX_H / BMXBMI
	BMX_J / BMXBMI

	Smoking
	SMQ_D
	SMQ_E
	SMQ_F
	SMQ_H
	SMQ_J

	Smoking ≥100 cigarettes
	SMQ020
	SMQ020
	SMQ020
	SMQ020
	SMQ020

	Current smoking
	SMQ040
	SMQ040
	SMQ040
	SMQ040
	SMQ040

	Alcohol questionnaire
	ALQ_D
	ALQ_E
	ALQ_F
	ALQ_H
	ALQ_J

	Alcohol screening variable
	ALQ101
	ALQ101
	ALQ101
	ALQ101
	ALQ111

	Physical activity
	PAQ_D
	PAQ_E
	PAQ_F
	PAQ_H
	PAQ_J

	Physical-activity source items
	PAD200, PAD320
	PAQ605, PAQ620, PAQ635, PAQ650, PAQ665
	PAQ605, PAQ620, PAQ635, PAQ650, PAQ665
	PAQ605, PAQ620, PAQ635, PAQ650, PAQ665
	PAQ605, PAQ620, PAQ635, PAQ650, PAQ665

	Diabetes
	DIQ_D / DIQ010
	DIQ_E / DIQ010
	DIQ_F / DIQ010
	DIQ_H / DIQ010
	DIQ_J / DIQ010

	Hypertension
	BPQ_D / BPQ020
	BPQ_E / BPQ020
	BPQ_F / BPQ020
	BPQ_H / BPQ020
	BPQ_J / BPQ020

	Vitamin D laboratory file
	VID_D
	VID_E
	VID_F
	VID_H
	VID_J

	25-hydroxyvitamin D
	LBDVIDMS
	LBXVIDMS
	LBXVIDMS
	LBXVIDMS
	LBXVIDMS

	Osteoporosis questionnaire
	OSQ_D
	OSQ_E
	OSQ_F
	OSQ_H
	OSQ_J


Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMD, bone mineral density; DXA, dual-energy X-ray absorptiometry; GGT, gamma-glutamyl transferase; MEC, Mobile Examination Center; NHANES, National Health and Nutrition Examination Survey; PSU, primary sampling unit.
Notes: File suffixes D, E, F, H, and J correspond to the 2005–2006, 2007–2008, 2009–2010, 2013–2014, and 2017–2018 cycles, respectively. Survey cycle was derived from the source-cycle identifier after harmonization and was included as an adjustment variable in multivariable models; it is not a separate NHANES raw variable. Physical-activity questionnaires changed substantially across cycles and were harmonized during data processing. *Vitamin D analyte naming differs across cycles; the study used the cycle-specific total 25-hydroxyvitamin D variable available in the downloaded VID file. Derived variables (e.g., eGFR, BMI category, smoking category, survey-cycle indicator, and combined survey weight) were calculated after merging by SEQN.



Supplementary Table S2. Sensitivity analyses of the associations between serum total bilirubin and femoral BMD.
	Analysis
	Outcome
	N
	β (95% CI)
	P-linear
	P-overall
	P-nonlinearity

	Primary analysis
	Femoral neck BMD
	8930
	0.0114 (-0.0028, 0.0256)
	0.114
	0.004
	0.006

	Primary analysis
	Total femur BMD
	8930
	0.0061 (-0.0088, 0.0210)
	0.417
	0.006
	0.003

	Exclude bilirubin >1.7 mg/dL
	Femoral neck BMD
	8864
	0.0203 (0.0046, 0.0360)
	0.012
	0.005
	0.033

	Exclude bilirubin >1.7 mg/dL
	Total femur BMD
	8864
	0.0157 (-0.0002, 0.0317)
	0.053
	0.015
	0.026

	Exclude ALT/AST >40 U/L or missing values
	Femoral neck BMD
	8152
	0.0102 (-0.0033, 0.0237)
	0.135
	0.027
	0.019

	Exclude ALT/AST >40 U/L or missing values
	Total femur BMD
	8152
	0.0047 (-0.0100, 0.0195)
	0.522
	0.025
	0.010

	Both exclusions
	Femoral neck BMD
	8099
	0.0171 (0.0010, 0.0333)
	0.038
	0.032
	0.052

	Both exclusions
	Total femur BMD
	8099
	0.0121 (-0.0049, 0.0291)
	0.158
	0.063
	0.045


Note: Models were adjusted for survey cycle, age, sex, race/ethnicity, education, poverty-income ratio, body mass index, smoking status, alcohol consumption, physical activity, diabetes, hypertension, serum vitamin D, calcium, phosphorus, and estimated glomerular filtration rate. P-linear represents the P value for the continuous linear association. P-overall represents a design-based Wald test of the linear and nonlinear spline components jointly. P-nonlinearity represents a design-based Wald test of the nonlinear spline components. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMD, bone mineral density; CI, confidence interval.

Supplementary Table S3. Survey cycle-specific associations of serum total bilirubin with femoral BMD
	NHANES survey cycle
	N
	Femoral neck BMD
β (95% CI)
	Total femur BMD
β (95% CI)

	2005–2006
	1,431
	-0.0150 (-0.0480, 0.0180)
	-0.0134 (-0.0542, 0.0273)

	2007–2008
	1,819
	0.0139 (-0.0101, 0.0378)
	0.0057 (-0.0155, 0.0270)

	2009–2010
	1,988
	0.0366 (0.0071, 0.0662)
	0.0210 (-0.0107, 0.0528)

	2013–2014
	1,873
	-0.0076 (-0.0331, 0.0178)
	-0.0112 (-0.0344, 0.0121)

	2017–2018
	1,819
	0.0319 (0.0098, 0.0540)
	0.0257 (-0.0008, 0.0522)

	P for interaction
	
	0.051
	0.212


Note: β coefficients represent the difference in BMD (g/cm²) associated with a 1 mg/dL increase in serum total bilirubin. Cycle-specific estimates were obtained from fully adjusted survey-weighted linear regression models including age, sex, race/ethnicity, education, poverty-income ratio, body mass index, smoking status, alcohol consumption, physical activity, diabetes, hypertension, serum vitamin D, calcium, phosphorus, and estimated glomerular filtration rate. Survey cycle was not included as a covariate within cycle-specific models. P for interaction was obtained from the bilirubin × survey-cycle interaction term in the pooled fully adjusted survey-weighted model. Single-cycle P values are not reported because the cycle-specific survey designs had limited design degrees of freedom; 95% confidence intervals are presented for precision. BMD, bone mineral density; CI, confidence interval; NHANES, National Health and Nutrition Examination Survey.




Supplementary Figure S1. Sensitivity analyses of the nonlinear associations between serum total bilirubin and femoral BMD.
RCS analyses are shown for the primary sample (A, B), after excluding bilirubin >1.7 mg/dL (C, D), after excluding ALT or AST >40 U/L or missing values (E, F), and after both exclusions (G, H). Panels A, C, E, and G show femoral neck BMD; panels B, D, F, and H show total femur BMD.

