Table S1. Missingness audit.
	Variable
	Missing n
	Missing %

	ra
	0
	0.00

	gc
	0
	0.00

	Age
	3
	0.17

	BMI
	10
	0.56

	sex_meno_code
	11
	0.62

	edu
	4
	0.22

	smoke_ever
	0
	0.00

	alcohol_ever
	1
	0.06

	diet
	19
	1.06

	Lumbar_T
	1
	0.06

	Hip_T
	2
	0.11

	Lumbar_osteo_calc
	1
	0.06

	Hip_osteo_calc
	2
	0.11

	PINP
	0
	0.00

	OST
	0
	0.00

	β-CTX
	0
	0.00

	Grip_mean
	17
	0.95

	sts_time
	20
	1.12


Note: Missingness was assessed in the locked analytic sample before multiple imputation. The denominator for percentages was 1,786 unless otherwise specified by the variable definition.
Abbreviations: BMI, body mass index; GC, glucocorticoid; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.

Table S2. WHO-field endpoint audit.
	Site
	Mismatch n
	Nonmissing n
	Mismatch %

	Lumbar spine
	12
	1785
	0.67

	Total hip
	540
	1784
	30.27


Note: Device-derived WHO classification fields were retained only for data-quality auditing and were not used as final analytic endpoints. Final lumbar spine and total hip osteoporosis outcomes were recalculated directly from the corresponding site-specific T-scores, using a threshold of T-score ≤ −2.5. Mismatch indicates discordance between the device-derived WHO classification field and the T-score–derived osteoporosis classification among participants with non-missing paired information. The higher mismatch rate for the total hip supported the decision to define all site-specific osteoporosis endpoints directly from T-scores.
Abbreviations: DXA, dual-energy X-ray absorptiometry; WHO, World Health Organization.

Table S3. Full pooled MI results.
	Domain
	Outcome
	Exposure
	Effect
	Estimate (95% CI)
	p value
	N
	M

	DXA binary
	Lumbar spine osteoporosis
	Self-reported RA history
	aPR
	1.04 (0.82 to 1.32)
	0.736
	1786
	20

	DXA binary
	Lumbar spine osteoporosis
	Long-term systemic GC exposure
	aPR
	1.23 (0.82 to 1.86)
	0.314
	1786
	20

	DXA binary
	Total hip osteoporosis
	Self-reported RA history
	aPR
	0.72 (0.50 to 1.03)
	0.076
	1786
	20

	DXA binary
	Total hip osteoporosis
	Long-term systemic GC exposure
	aPR
	1.10 (0.59 to 2.06)
	0.764
	1786
	20

	DXA continuous
	Lumbar spine T-score
	Self-reported RA history
	β
	0.02 (−0.18 to 0.22)
	0.840
	1786
	20

	DXA continuous
	Lumbar spine T-score
	Long-term systemic GC exposure
	β
	−0.15 (−0.64 to 0.33)
	0.539
	1786
	20

	DXA continuous
	Total hip T-score
	Self-reported RA history
	β
	0.15 (−0.01 to 0.31)
	0.070
	1786
	20

	DXA continuous
	Total hip T-score
	Long-term systemic GC exposure
	β
	0.09 (−0.35 to 0.53)
	0.689
	1786
	20

	Biomarker
	PINP
	Self-reported RA history
	GMR
	0.98 (0.93 to 1.03)
	0.391
	1786
	20

	Biomarker
	PINP
	Long-term systemic GC exposure
	GMR
	0.87 (0.73 to 1.03)
	0.111
	1786
	20

	Biomarker
	Osteocalcin
	Self-reported RA history
	GMR
	1.04 (0.99 to 1.09)
	0.155
	1786
	20

	Biomarker
	Osteocalcin
	Long-term systemic GC exposure
	GMR
	0.83 (0.71 to 0.97)
	0.016
	1786
	20

	Biomarker
	β-CTX
	Self-reported RA history
	GMR
	1.01 (0.94 to 1.08)
	0.781
	1786
	20

	Biomarker
	β-CTX
	Long-term systemic GC exposure
	GMR
	0.90 (0.76 to 1.07)
	0.235
	1786
	20

	Objective function
	Grip strength (kg)
	Self-reported RA history
	β
	−0.37 (−1.30 to 0.57)
	0.442
	1786
	20

	Objective function
	Grip strength (kg)
	Long-term systemic GC exposure
	β
	−3.76 (−6.31 to −1.21)
	0.004
	1786
	20

	Objective function
	Chair-stand time (s)
	Self-reported RA history
	β
	0.35 (−0.40 to 1.09)
	0.360
	1786
	20

	Objective function
	Chair-stand time (s)
	Long-term systemic GC exposure
	β
	0.55 (−0.52 to 1.61)
	0.313
	1786
	20


Note: Primary analyses used 20 multiply imputed datasets. Self-reported RA history and long-term systemic GC exposure were entered simultaneously into the same model and adjusted for one another. Binary osteoporosis outcomes were analysed using Poisson regression with robust variance and are reported as adjusted prevalence ratios. Continuous T-score and physical performance outcomes were analysed using linear regression with robust standard errors and are reported as adjusted β coefficients. Bone turnover markers were natural log-transformed before modelling; exponentiated coefficients are reported as geometric mean ratios. All models were adjusted for age, sex/menopausal status, BMI, educational level, smoking history, alcohol use, and dietary pattern.
Abbreviations: aPR, adjusted prevalence ratio; BMI, body mass index; CI, confidence interval; DXA, dual-energy X-ray absorptiometry; GC, glucocorticoid; GMR, geometric mean ratio; M, number of imputed datasets; MI, multiple imputation; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; β, regression coefficient; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.

Table S4. Complete-case sensitivity results.
	Domain
	Outcome
	Exposure
	Effect
	Estimate
(95% CI)
	p value
	N

	DXA binary
	Lumbar spine osteoporosis
	Self-reported RA history
	aPR
	1.03 (0.81 to 1.30)
	0.836
	1738

	DXA binary
	Lumbar spine osteoporosis
	Long-term systemic GC exposure
	aPR
	1.23 (0.82 to 1.86)
	0.314
	1738

	DXA binary
	Total hip osteoporosis
	Self-reported RA history
	aPR
	0.74 (0.52 to 1.07)
	0.111
	1737

	DXA binary
	Total hip osteoporosis
	Long-term systemic GC exposure
	aPR
	1.10 (0.58 to 2.06)
	0.771
	1737

	DXA continuous
	Lumbar spine T-score
	Self-reported RA history
	β
	0.03 (−0.17 to 0.23)
	0.758
	1738

	DXA continuous
	Lumbar spine T-score
	Long-term systemic GC exposure
	β
	−0.15 (−0.64 to 0.34)
	0.553
	1738

	DXA continuous
	Total hip T-score
	Self-reported RA history
	β
	0.14 (−0.02 to 0.31)
	0.084
	1737

	DXA continuous
	Total hip T-score
	Long-term systemic GC exposure
	β
	0.10 (−0.34 to 0.54)
	0.666
	1737

	Biomarker
	PINP
	Self-reported RA history
	GMR
	0.97 (0.92 to 1.02)
	0.199
	1739

	Biomarker
	PINP
	Long-term systemic GC exposure
	GMR
	0.87 (0.74 to 1.04)
	0.125
	1739

	Biomarker
	Osteocalcin
	Self-reported RA history
	GMR
	1.02 (0.98 to 1.07)
	0.344
	1739

	Biomarker
	Osteocalcin
	Long-term systemic GC exposure
	GMR
	0.83 (0.71 to 0.97)
	0.019
	1739

	Biomarker
	β-CTX
	Self-reported RA history
	GMR
	1.00 (0.93 to 1.08)
	0.967
	1739

	Biomarker
	β-CTX
	Long-term systemic GC exposure
	GMR
	0.90 (0.76 to 1.07)
	0.244
	1739

	Objective function
	Grip strength (kg)
	Self-reported RA history
	β
	−0.15 (−1.04 to 0.73)
	0.733
	1728

	Objective function
	Grip strength (kg)
	Long-term systemic GC exposure
	β
	−3.82 (−6.40 to −1.24)
	0.004
	1728

	Objective function
	Chair-stand time (s)
	Self-reported RA history
	β
	0.39 (−0.31 to 1.09)
	0.278
	1725

	Objective function
	Chair-stand time (s)
	Long-term systemic GC exposure
	β
	0.51 (−0.50 to 1.52)
	0.322
	1725


Note: Complete-case sensitivity analyses paralleled the primary multiple-imputation models and used the same exposure definitions, outcome definitions, and covariate set. Self-reported RA history and long-term systemic GC exposure were entered simultaneously into the same model and adjusted for one another. Binary osteoporosis outcomes are reported as adjusted prevalence ratios, continuous T-score and physical performance outcomes as adjusted β coefficients, and log-transformed bone turnover markers as geometric mean ratios.
Abbreviations: aPR, adjusted prevalence ratio; BMI, body mass index; CC, complete case; CI, confidence interval; DXA, dual-energy X-ray absorptiometry; GC, glucocorticoid; GMR, geometric mean ratio; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; β, regression coefficient; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.
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Figure S1. Missing-data profile and DXA endpoint classification audit.
Panel a shows the number of missing observations for each variable included in the analytic dataset, and panel b shows the corresponding percentage of missing observations. Panels c and d show the mismatch between device-derived WHO classification fields and osteoporosis status recalculated directly from site-specific T-scores, presented as counts and percentages, respectively, for the lumbar spine and total hip. Mismatch was defined as discordance between the device-derived WHO classification field and the T-score–derived osteoporosis classification among participants with non-missing paired information. Final lumbar spine and total hip osteoporosis endpoints were defined directly from the corresponding site-specific T-scores using a threshold of T-score ≤ −2.5.
Abbreviations: BMI, body mass index; DXA, dual-energy X-ray absorptiometry; GC, glucocorticoid; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; WHO, World Health Organization; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.
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Figure S2. Comparison of primary multiple-imputation and complete-case estimates.
Panels a and b show the adjusted associations of self-reported RA history and long-term systemic GC exposure, respectively, with DXA outcomes. In each panel, binary DXA outcomes, including lumbar spine osteoporosis and total hip osteoporosis, are presented as adjusted prevalence ratios, whereas continuous DXA outcomes, including lumbar spine T-score and total hip T-score, are presented as adjusted regression coefficients. Panels c and d show the adjusted associations of self-reported RA history and long-term systemic GC exposure, respectively, with supportive outcomes. Bone turnover markers, including PINP, osteocalcin, and β-CTX, are presented as geometric mean ratios, whereas physical performance outcomes, including grip strength and chair-stand time, are presented as adjusted regression coefficients. Filled circles indicate primary multiple-imputation estimates, and open squares indicate complete-case estimates. Horizontal error bars indicate 95% confidence intervals. Vertical dashed lines indicate the null value, namely 1.0 for adjusted prevalence ratios and geometric mean ratios and 0 for adjusted regression coefficients. All models included self-reported RA history and long-term systemic GC exposure simultaneously and were adjusted for age, sex/menopausal status, body mass index, educational level, smoking history, alcohol use, and dietary pattern.
Abbreviations: aPR, adjusted prevalence ratio; BMI, body mass index; CC, complete case; CI, confidence interval; DXA, dual-energy X-ray absorptiometry; GC, glucocorticoid; GMR, geometric mean ratio; MI, multiple imputation; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; β, regression coefficient; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.
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Figure S3. Descriptive outcome profiles across RA/GC exposure groups.
[bookmark: _GoBack]Panel a shows the descriptive prevalence of lumbar spine osteoporosis and total hip osteoporosis across the four RA/GC exposure groups: RA−/GC−, RA+/GC−, RA−/GC+, and RA+/GC+. Panel b shows the descriptive mean lumbar spine T-score and total hip T-score across the same four groups. Panel c shows the descriptive median values of the bone turnover markers PINP, osteocalcin, and β-CTX across the four groups. Panel d shows the descriptive mean values of grip strength and chair-stand time across the four groups. Points indicate group-specific summary estimates. Horizontal error bars indicate the corresponding 95% confidence intervals for prevalence and mean values, and interquartile ranges for median biomarker values, where applicable. Because the two GC-exposed groups were small, these four-group comparisons were interpreted descriptively only and were not used as the primary basis for statistical inference.
Abbreviations: CI, confidence interval; DXA, dual-energy X-ray absorptiometry; GC, glucocorticoid; IQR, interquartile range; PINP, procollagen type I N-terminal propeptide; RA, rheumatoid arthritis; β-CTX, β-isomerized C-terminal telopeptide of type I collagen.
image1.tiff
a b
Chair-stand time ®20 Chair-stand time 01.12%
Diet @19 Diet ®1.06%
Grip strength e1l7 Grip strength ©0.95%
Sex / menopause @11 Sex / menopause ©0.62%
BMI @10 BMI ®0.56%
Education 04 Education @0.22%
Age @3 Age- ©0.17%
Total hip T-score 02 Total hip T-scoreq @0.11%
Ever alcohol ol Ever alcohol1@®0.06%
Lumbar spine T-score @1 Lumbar spine T-score-{@0.06%
RA history -0 RA history-0.00%
GC exposure -0 GC exposure-0.00%
Ever smoking -0 Ever smoking—-0.00%
PINP 0 PINP-90.00%
Osteocalcin -0 Osteocalcin$0.00%
B-CTX 0 B-CTX-0.00%
| | | | I | | | | |
5 10 15 20 00 03 06 09 12 15
Missing count Missing (%)
C d
Total hip 540 Total hip - 0.27%
n=540/N=1784 n=540/N=1784
: 2 : 0.67%
umbar spine _.r]1-=12/N=1785 Lumbar spine _.n=12/N=1785
| | | | | | | | | |
0O 100 200 300 400 500 60 0 10 20 30 40

WHO mismatch count

WHO mismatch (%)




image2.tiff
® Primary Ml

DXA binary outcome

Outcome Model Estimate [95% CI]
M . .82, 1.
Lumbar spine | —Ib— 1.04 [0.82, 1.32]
OSteoporosis —0— 1.03[0.81, 1.30]
:
1
Total hip M| —o— 0.72 [0.50, 1.03]
H 1
osteoporosis CC —— 0.74 [0.52, 1.07]
1
1 : 1
05 1.0 1.5

Adjusted prevalence ratio

DXA continuous outcome

Outcome Model Estimate [95% CI]
Lumba{spine Ml —Ib— +0.02 [-0.18, +0.22]
SO e —a—  +0.03[-0.17, +0.23]
:
1
Total hip M| —e— +0.15 [-0.01, +0.31]
T-score :
CC - +0.14 [-0.02, +0.31]
1
1 : 1
—-0.30.0 0.3

Adjusted beta coefficient

Bone turnover biomarker

Outcome Model Estimate [95% CI]
- —— 0.98 [0.93, 1.03]
1
cC —— 0.97 [0.92, 1.02]
1
1
, Ml -—@— 1.04[0.99, 1.09]
Osteocalcin I
CC —}— 1.02[0.98, 1.07]
1

|
MI —IC— 1.01 [0.94, 1.08]

B-CTX
CC  —DO— 1.00[0.93,1.08]

1 : 1
09 10 1.1
Geometric mean ratio

Objective function

Outcome Model Estimate [95% CI]
1
Grip StrenEth Ml —Q:— -0.37 [-1.30, +0.57]
(ka) CC —O—  -0.15[-1.04, +0.73]
I
1
Chair-stand time M _:"— +0.35[-0.40, +1.09]
1
(s) CC -:-I:I— +0.39 [-0.31, +1.09]
1
1 : 1
-1.5 0.0 1.

Adjusted beta coefficient

O Complete case

b

DXA binary outcome

Outcome Model Estimate [95% CI]

, 1.23[0.82, 1.86]
Lumbar spine

osteoporosis

CC 1.23[0.82, 1.86]

, 1.1 .59, 2.
Total hip 010.59, 2.06]

osteoporosis

it

CC 1.10[0.58, 2.06]

1 1
0.51.01.52.0
Adjusted prevalence ratio

DXA continuous outcome

Outcome Model Estimate [95% CI]
: —e—  -0.15[-0.64, +0.33]
Lumba{ spine :
SO e —p—  -0.15[-0.64, +0.34]
|
|
T(_)I:cal hip —:Q— +0.09 [-0.35, +0.53]
- |
>core _FI_ +0.10 [-0.34, +0.54]
|
1 : 1
—0.6 0.0 O.

Adjusted beta coefficient

Bone turnover biomarker

Outcome Model Estimate [95% CI]
- —e— 0.87[0.73, 1.03]
1
CC —_— 0.87 [0.74, 1.04]
1
1
, Ml ——! 0.83[0.71, 0.97]
Osteocalcin I
CC —_—! 0.83[0.71, 0.97]

M & —e—
B-CTX !
cC —o—

0.90 [0.76, 1.07]
0.90 [0.76, 1.07]

1 1 1
0.7 09 1.1
Geometric mean ratio

Objective function

Outcome Model Estimate [95% CI]
|
Grip Strenl(%th —— : -3.76 [-6.31, -1.21]
(kg) CC —O— |, -3.82[-6.40,-1.24]
:
|
Chair-stand time ® +055[-0.52, +1.61]
|
(s) CC -FI- +0.51 [-0.50, +1.52]
|
1 1 . 1
-7.5 =25 25

Adjusted beta coefficient




image3.tiff
a DXA prevalence

Lumbar spine
osteoporosis (%)

@ RA-/GC-

B RA+/GC-

Total hip
osteoporosis (%)

60

RA—/GC— - i K
RA+/GC— — HH HH
RA—-/GC+ | 7 A I
RA+/GC+ o b—>— ——A
| | | | | | | |
0 20 40 60 80 0 20 40
C Bone turnover biomarkers
PINP Osteocalcin B-CTX
RA—/GC— - o— —o— F—o—
RA+/GC— - = - S m—
RA—/GC+ H F~— o — F—
RA+/GC++  F—M o KO—
| | | | | | | | | |
20 40 60 80 5 10 15 200.10 0.22

0.35

A RA-/GC+ <€ RA+/GC+

b DXA continuous outcomes

Lumbar spine Total hip
T-score T-score
RA—/GC— K o
RA+/GC— = HH
RA—/GC+ | x | | x |
RA+/GC+-{ F—o0— ——
| | | | |
—-3.0 -1.8 -0.5 -=3.0 -1.8 -0.5
d Objective function outcomes
Grip strength Chair-stand time
(kg) (s)
RA—/GC— o i
RA+/GC— HH 0
RA—/GC+ — —— ——
RA+/GC+ - —— 00—
| | | | | | | |
10 15 20 25 30 8 10 12 14




