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Markers of insulin resistance and six-year progression of anterior cervical and lumbar

ossification: a Japanese community-based retrospective cohort study

Abstract

Purpose To investigate the associations of baseline insulin resistance, assessed using the triglyceride—glucose
(TyG) index and homeostasis model assessment of insulin resistance (HOMA-IR), with six-year anterior spinal

ossification progression.

Methods This retrospective cohort included 307 XXX Health Promotion Project participants assessed in 2015
and 2021. Definite ossification increase (DOI) was evaluated across 13 cervical and lumbar segments. The
principal exposures were TyG-defined insulin resistance (men >8.49; women >8.12) and continuous log.
HOMA-IR. Firth logistic regression incorporated demographic, adiposity, baseline ossification, and lifestyle
covariates in successive models. Secondary outcomes were follow-up diffuse idiopathic skeletal hyperostosis

(DISH) and spinal segmental ossification burden (SSOB).

Results DOI occurred in 37 participants. The proportions were 19.8% with and 8.3% without TyG-defined
insulin resistance. The adjusted odds ratio was 2.29 (95% CI 1.05-5.11) after adjustment for age, sex, and waist
circumference, and 2.44 (1.11-5.48) with additional lifestyle adjustment. Further adjustment for baseline SSOB
attenuated the association to 1.64 (0.65—4.14). HOMA-IR was not associated with DOI; the corresponding fully
adjusted odds ratio per doubling was 0.72 (0.39-1.30).

Conclusion TyG-defined insulin resistance was associated with six-year ossification progression after
demographic, adiposity, and lifestyle adjustment. Attenuation after baseline SSOB adjustment suggests that this

association overlaps with established skeletal burden. HOMA-IR showed no corresponding association.

Keywords: Insulin resistance; Triglyceride—glucose index; HOMA-IR; Spinal ossification; Diffuse idiopathic
skeletal hyperostosis; Longitudinal cohort



Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) is characterized by ligamentous and entheseal ossification, most
prominently along the anterolateral spine [1]. Associations with obesity, diabetes, and metabolic syndrome have
increasingly implicated metabolic dysfunction in its pathogenesis [2,3]. A previous cross-sectional study from
the XXX Health Promotion Project identified an association between higher homeostasis model assessment of
insulin resistance (HOMA-IR) and prevalent DISH [4]. These findings support a metabolic contribution to
DISH, but longitudinal evidence linking insulin resistance to the development of spinal ossification remains

limited.

Insulin resistance is a central feature of metabolic dysfunction and contributes to the development of
dysglycemia, dyslipidemia, and related cardiometabolic disease [5,6]. Insulin signaling also regulates osteoblast
differentiation and bone formation, providing a biological basis for an association between altered insulin action
and skeletal hyperostosis [7]. Establishing whether insulin resistance contributes to progressive ossification
would advance understanding of DISH etiology and could identify a modifiable metabolic pathway. This

requires longitudinal assessment of metabolic status alongside structural changes in the spine.

This study examined the associations of baseline HOMA-IR and the triglyceride—glucose (TyG) index with six-
year progression of anterior cervical and lumbar ossification in a Japanese community cohort. Follow-up DISH
and total ossification burden were evaluated as secondary outcomes. We also assessed how these associations

changed after accounting for adiposity, lifestyle, and baseline skeletal burden.
Methods

Study population

We hypothesized that greater baseline insulin resistance would be associated with subsequent anterior spinal
ossification. Participants were drawn from the XXX Health Promotion Project, an annual community health-
screening program in XXX, Japan [8]. This retrospective cohort included adults who attended in both 2015 and
2021. Among 328 participants, exclusions comprised unavailable target-segment scores, spinal surgery,
ankylosing spondylitis, baseline exogenous insulin treatment, and long-term systemic glucocorticoid treatment.

The resulting cohort included 307 participants (Fig. 1). Reporting followed the STROBE recommendations [9].

Assessment of insulin resistance

Baseline HOMA-IR was calculated as fasting glucose (mg/dL) X fasting insulin (uU/mL) / 405 [10]. A threshold
of 2.5 has been used to identify insulin resistance in Japanese adults [11]. In this cohort, only two participants
met that threshold, neither of whom developed DOI, limiting the precision of binary regression estimates.
HOMA-IR was therefore analyzed primarily as a continuous variable. Its right-skewed distribution was loga-

transformed to reduce the influence of extreme values and express associations per doubling. Supplementary



analyses compared the upper quartile with the lower three quartiles, following distribution-based approaches

used in previous studies [4,12]. The cohort-specific 75th percentile (P75) indicated relative elevation.

TyG was calculated as In[fasting triglycerides (mg/dL) x fasting glucose (mg/dL) / 2]. The primary TyG
classification used sex-specific cut-offs of >8.49 in men and >8.12 in women, derived by Nakagomi et al.
through receiver operating characteristic analysis using HOMA-IR >2.5 as the reference definition of IR [11].
Participants were classified as having TyG-defined IR or non-IR according to these cut-offs, which identify
elevated HOMA-IR rather than establish a direct diagnosis of IR. Sensitivity analyses used a uniform threshold
of 8.67, corresponding to the classic clamp-derived threshold after accounting for the formula convention
[13,14], and the cohort P75. The latter approach has also been used in a large population-based cohort [15].
Continuous TyG, expressed per standard deviation (SD), was examined additionally. Cohort P75 values and the

TyG SD were held constant across sensitivity analyses (Supplementary Methods S1).

Radiographic assessment

Anterior ossification was assessed on lateral radiographs using a study-specific ossification score (OS),
informed by previous descriptive systems [16,17]. OS0 indicated no apparent ossification; OS1, anterior margin
ossification without intervertebral bridging; OS2, ossification extending across the adjacent disc space without a
complete bony bridge; and OS3, a complete bridge between adjacent vertebral bodies. Thirteen segments were
assessed at both examinations: C1/2—C7/T1 and T12/L1-L5/S1. Two readers independently evaluated

radiographs while blinded to image year and metabolic status, with third-reader adjudication.

No ossification increase (NOI) indicated no segmental increase. Equivocal ossification increase (EOI)
comprised increases limited to OS0—OS1. Equivocal ossification increase (EOI) was assigned when the
progression was limited to a one-grade increase in OS from baseline to follow-up but not reached OS3, as such a
minimal change is difficult to reliably distinguish on lateral radiographs—even with two independent readers—
and may be confounded by positional differences affecting the appearance of anterior margin ossification.
Definite ossification increase (DOI) was assigned when progression reached OS3 at follow-up or two-grade
increase in OS from baseline to follow-up, representing disc-space-spanning or complete bridge-forming
ossification (Figure 2A-F). Unchanged OS3 was not classified as progression. The primary outcome was DOI
versus non-DOI (NOI and EOI). Spinal segmental ossification burden (SSOB) was the sum of the 13 segmental
scores, ranging from 0 to 39 (Fig. S1). DISH was diagnosed from the 2021 whole-spine lateral radiograph [1,4].
Follow-up DISH status and 2021 SSOB were secondary outcomes.

Covariates and adjustment strategy

Directed acyclic graphs guided the selection and interpretation of covariates [18,19]. Age, sex, central adiposity,
and lifestyle were considered potential common determinants of metabolic status and skeletal progression. Waist

circumference represented central adiposity; smoking and alcohol consumption were classified as never, former,



or current use, and exercise was assessed using the baseline nonwinter questionnaire. All covariates, including

sex, were taken from 2015.

Baseline SSOB was considered separately because it represents established skeletal disease and may influence
activity and subsequent progression, while also reflecting accumulated metabolic exposure. Models with and
without baseline SSOB therefore addressed complementary questions: the overall longitudinal marker
association and the association conditional on existing skeletal burden. Alternative temporal pathways are

shown in Fig. 3 and detailed in Supplementary Methods S1.

For both exposures, MO was unadjusted; M1 included age and sex; M2 added waist circumference; M3 added
baseline SSOB; and M4 additionally included smoking, alcohol, and exercise. A parallel lifestyle model, M2-L,
added these lifestyle variables to M2 without baseline SSOB. Comparison of M2-L with M4 evaluated the

influence of conditioning on skeletal burden within an otherwise identical adjustment set.

Statistical analysis

Inter-reader agreement was assessed using two-way mixed-effects, single-measurement, absolute-agreement
intraclass correlation coefficients [ICC(A,1)] for SSOB and its six-year change, linearly weighted Cohen’s k for
segmental scores, and unweighted « for progression classifications. The 95% ClIs were obtained from 5,000

participant-level bootstrap resamples, retaining all segments within each participant.

Continuous variables were summarized as means (SDs) or medians (interquartile ranges), and categorical
variables as counts and percentages. Standardized differences described baseline characteristics by TyG
classification. Firth penalized logistic regression was used for DOI and DISH because of the limited event
counts. Odds ratios (ORs), profile penalized-likelihood 95% confidence intervals (Cls), and penalized
likelihood-ratio P values were calculated. Linear regression with HC3 robust standard errors and t-based
inference estimated mean differences in follow-up SSOB. Continuous covariates entered as linear terms. TyG
and HOMA-IR were fitted in separate models. Exposure, outcome, and model covariate data were complete for

all 307 participants.

All six model specifications were reported with nominal two-sided P values. Supplementary Holm adjustments
covered the two principal exposure—DOI tests within each specification and, separately, the 12 tests across all
six specifications (Table S1). Benjamini—Hochberg adjustment covered 24 secondary tests comprising two
exposures, two outcomes, and six specifications (Table S2). Sensitivity analyses evaluated alternative exposure
definitions and excluded participants with recorded renal disease or urinary albumin-to-creatinine ratio >300
mg/g creatinine. Cohort size was determined by the available eligible participants. Analyses were performed in
Python 3.12.14 and verified using R 4.4.1 with logistf and sandwich. Complete model estimates are provided in
Tables S3—-S12.



Results

Cohort characteristics

The 307 participants included 178 women (58.0%); mean baseline age was 51.2 years (SD 13.5). Over six years,
207 participants (67.4%) were classified as NOI, 63 (20.5%) as EOI, and 37 (12.1%) as DOI. Thirty participants
(9.8%) had DISH at follow-up. Compared with the TyG-defined non-IR group, the IR group was older and had

greater waist circumference and higher fasting triglyceride and insulin concentrations (Table 1).

DOI occurred in 20 of 101 participants (19.8%) with TyG-defined IR and 17 of 206 (8.3%) without it. The
uniform TyG threshold of 8.67 identified 52 participants, including 13 DOI events. The TyG P75 was 8.45,
identifying 77 participants and 19 events. Median HOMA-IR was 0.73 (interquartile range 0.54—1.08); its P75
identified 77 participants and 13 DOI events (Table 2). Exposure distributions are shown in Fig. S2.

Inter-reader agreement

Paired readings were available for all 307 participants. Total SSOB ICCs were 0.997 (95% CI 0.991-0.999) in
2015 and 0.985 (0.965-0.993) in 2021; the ICC for six-year change was 0.914 (0.844—0.953). Segmental scores
agreed in 99.7% and 98.2% of readings, respectively (weighted «, 0.982 and 0.918). DOI classification agreed in
297 participants (96.7%; k=0.846, 95% CI 0.742-0.929). Both readers classified 37 participants as DOI, with 32
in common. Agreement for NOI/EOI/DOI was 92.8% (x=0.852, 0.789—-0.907) (Tables S13-S15).

Insulin resistance and ossification progression

TyG-defined IR was associated with DOI in the unadjusted model (OR 2.72, 95% CI 1.37-5.48), after age and
sex adjustment (2.43, 1.16-5.19), and after additional waist adjustment (2.29, 1.05-5.11). The association
remained with lifestyle adjustment in M2-L (2.44, 1.11-5.48). Estimates decreased after baseline SSOB was
included: 1.62 (0.65—4.00) in M3 and 1.64 (0.65—4.14) in M4 (Table 3; Fig. 4). Nominal P values were 0.038 for
M2 and 0.026 for M2-L; the corresponding within-model Holm-adjusted values were 0.076 and 0.053 (Table
S1).

HOMA-IR was not significantly associated with DOI in any specification. ORs per doubling were 0.75 (0.45—
1.26) in M2, 0.74 (0.43—1.28) in M3, and 0.72 (0.39-1.30) in M4. The HOMA-IR upper-quartile comparison
yielded an OR of 0.92 (0.32-2.50) in M3. For continuous TyG, the M3 OR per SD was 0.97 (0.57-1.55).
Alternative TyG thresholds and exclusion of 11 participants with renal conditions also produced Cls crossing

unity after baseline SSOB adjustment (Tables S3—S12; Fig. S3).

Secondary outcomes

For follow-up DISH, M3 ORs were 1.42 (0.56-3.55) for TyG-defined IR and 0.77 (0.44—1.36) per HOMA-IR
doubling. Corresponding mean differences in follow-up SSOB were 0.32 points (—0.06 to 0.70) and —0.17



points (—0.38 to 0.04). Results across all specifications are shown in Table 4. None of the 24 secondary tests

remained significant at a Benjamini-Hochberg adjusted level of 0.05 (Table S2).

Discussion

In this six-year community cohort, TyG-defined IR was associated with progression of anterior spinal
ossification after adjustment for age, sex, waist circumference, and lifestyle. This association attenuated when
baseline ossification burden was included. HOMA-IR showed no corresponding longitudinal association. The
findings extend the metabolic characterization of spinal ossification beyond cross-sectional DISH status and

highlight the importance of existing skeletal disease when interpreting metabolic risk markers.

The association observed for TyG is consistent with the broader links between DISH and metabolic dysfunction
[2,3]. The previous study related HOMA-IR to prevalent DISH [4], whereas the present study evaluated changes
in individual cervical and lumbar segments over time. These outcomes capture different stages of the disease
process: DISH reflects accumulated structural disease, while segmental progression includes changes below the
threshold for a DISH diagnosis. The longitudinal TyG association therefore adds evidence that metabolic
abnormalities accompany the evolution of anterior spinal ossification, including before extensive bridging

develops.

Baseline SSOB materially influenced the estimates. TyG remained associated with DOI in M2-L, which
included demographic, adiposity, and lifestyle factors, whereas adding SSOB in M4 reduced the OR from 2.44
to 1.64 and widened the uncertainty relative to unity. Existing ossification may identify local mechanical
conditions and skeletal susceptibility that favor progression. It may also record the cumulative consequences of
earlier metabolic abnormalities. Accordingly, adjustment for SSOB separates the marker association from
established structural burden but may also remove part of a longer metabolic history. The attenuation is

compatible with shared metabolic and skeletal influences; it does not quantify a mediated effect.

The differences between TyG and HOMA-IR may reflect the metabolic information captured by each index.
TyG incorporates fasting triglyceride and glucose concentrations, whereas HOMA-IR depends on fasting insulin
as well as glucose. Insulin signaling in osteoblasts provides biological plausibility for metabolic influences on
bone formation [7], but circulating surrogate indices also reflect secretion, clearance, adiposity, and assay
characteristics [20,21]. In this cohort, the low prevalence of HOMA-IR >2.5 and the narrow distribution of
typical values limited discrimination by a conventional binary definition. Continuous modeling retained

information across the distribution, although the resulting estimates remained imprecise.

Threshold selection also affected interpretation. The sex-specific TyG thresholds were derived against HOMA-
IR in Japanese adults [11], providing population-relevant cut points for the principal analysis. The uniform
threshold and upper-quartile analyses examined alternative definitions [13,14,15]. Binary contrasts and a
continuous linear term describe different exposure patterns; the weaker continuous association indicates that the

binary finding should not be generalized to a uniform increase in risk across the TyG range. Furthermore, the
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nominal M2 and M2-L associations did not meet the supplementary two-exposure Holm criterion. These results
support further evaluation of TyG as a metabolic marker of progression, with attention to threshold

transportability and baseline skeletal burden.

Strengths include paired six-year radiographic assessment, quantified inter-reader agreement, adjudication of
discrepant scores, segment-specific progression criteria, and parallel analyses of two insulin-resistance markers.
Several limitations warrant consideration. The small number of DOI events limited precision, particularly in
models containing multiple covariates. The community-screening population may differ from nonparticipants
and patients with advanced symptomatic disease. Residual confounding by diet, medication, occupational
loading, and lifetime metabolic exposure remains possible. Radiographs and ordinal grading may be insensitive
to subtle structural changes. DISH was assessed at follow-up, so its association represents follow-up status
rather than incident disease. Finally, the observational design and multiple analytical specifications limit causal
interpretation. Larger cohorts with repeated metabolic and imaging assessments are needed to determine the

temporal relationships between insulin resistance and ossification.

Conclusion

TyG-defined IR was associated with six-year anterior spinal ossification progression after demographic,
adiposity, and lifestyle adjustment. Attenuation after adjustment for baseline SSOB suggests that the association
overlaps with established skeletal burden. HOMA-IR showed no corresponding association. These findings

support further investigation of metabolic dysfunction in spinal ossification progression.
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Tables

All

Table 1 Baseline characteristics by TyG-defined insulin resistance

TyG-defined

TyG-defined

Characteristic N=307 111\;):2-(1)161 Nilllol SMD
Age, years 51.2 (13.5) 49.7 (14.1) 54.3 (11.6) 0.35
Female sex, n (%) 178 (58.0) 124 (60.2) 54 (53.5) -0.14
BMI, kg/m? 22.2(3.2) 21.5(3.0) 23.8 (3.0) 0.75
Waist, cm 76.1 (9.7) 73.9(9.2) 80.7 (9.1) 0.75
Fasting glucose, mg/dL 78'0805.((33)'507 77.00 (72.00-82.00)  82.00 (76.00—89.00) 0.51
Triglycerides, mg/dL 75'(1)(1)5(.5,536)50_ 60.00 (48.25-75.75) 140'?27(.10105)'00_ 1.27
Fasting insulin, pU/mL 3.80(2.90-5.20) 3.50 (2.60-4.70) 4.80 (3.50-6.30) 0.61
TyG 8.10 (0.65) 7.76 (0.36) 8.80 (0.53) 2.28
HOMA-IR 0.73 (0.54-1.08) 0.65 (0.48-0.92) 0.93 (0.69-1.28) 0.60
Baseline total SSOB 0(0-1) 0(0-1) 0(0-2) 0.29
Baseline cervical SSOB 0 (0-1) 0(0-1) 0(0-2) 0.33
Baseline lumbar SSOB 0 (0-0) 0 (0-0) 0 (0-0) 0.19
Lumbar SSOB >0, n (%) 48 (15.6) 25(12.1) 23 (22.8) 0.28
Current smoking, n (%) 48 (15.6) 31 (15.0) 17 (16.8) 0.05
Former smoking, n (%) 75 (24.4) 49 (23.8) 26 (25.7) 0.05
Current alcohol use, n (%) 144 (46.9) 98 (47.6) 46 (45.5) -0.04
Former alcohol use, n (%) 20 (6.5) 14 (6.8) 6(5.9) -0.04
Exercise, n (%) 89 (29.0) 52 (25.2) 37 (36.6) 0.25
Renal condition, n (%) 11 (3.6) 3(1.5) 8(7.9) 0.31

Values are mean (SD), median (Q1-Q3), or n (%). Glucose, triglycerides, insulin, HOMA-IR, and SSOB are shown as medians. All
variables have N=307. SMD is the standardized difference (IR minus non-IR), calculated from means and SDs for continuous variables
and proportions for binary variables. TyG-defined IR: men >8.49; women >8.12; non-IR: below these thresholds. Renal conditions:
recorded renal disease or UACR >300 mg/g creatinine. IR, insulin resistance; TyG, triglyceride—glucose index; HOMA-IR, homeostasis
model assessment of insulin resistance; SSOB, spinal segmental ossification burden; DOI, definite ossification increase; EOI, equivocal
ossification increase; NOI, no ossification increase; DISH, diffuse idiopathic skeletal hyperostosis.



Table 2 Outcomes by insulin resistance classification and alternative exposure definitions

Exposure category N NOL n (%) EOL n (%) DOL n (%) DISH, n (%)
TyG-defined non-IR 206 145 (70.4) 44 (21.4) 17 (8.3) 13 (6.3)
TyG-defined IR 101 62 (61.4) 19 (18.8) 20 (19.8) 17 (16.8)
TyG <8.67 255 176 (69.0) 55(21.6) 24 (9.4) 22 (8.6)
TyG >8.67 52 31 (59.6) 8(15.4) 13 (25.0) 8(15.4)
TyG <P75 230 165 (71.7) 47 (20.4) 18 (7.8) 16 (7.0)
TyG >P75 77 42 (54.5) 16 (20.8) 19 (24.7) 14 (18.2)
HOMA-IR <P75 230 157 (68.3) 49 (21.3) 24 (10.4) 17 (7.4)
HOMA-IR >P75 77 50 (64.9) 14 (18.2) 13 (16.9) 13 (16.9)

Percentages use the corresponding row denominator. TyG-defined IR: men >8.49; women >8.12. TyG P75=8.45 and HOMA-IR
P75=1.08, rounded for display; group assignment used unrounded quantiles. P75 comparisons indicate relative elevation. Follow-up
DISH was assessed in 2021. HOMA-IR >2.5 identified two participants with no DOI or DISH events. IR, insulin resistance; TyG,
triglyceride—glucose index; HOMA-IR, homeostasis model assessment of insulin resistance; SSOB, spinal segmental ossification burden;
DOI, definite ossification increase; EOI, equivocal ossification increase; NOI, no ossification increase; DISH, diffuse idiopathic skeletal
hyperostosis.

10



Table 3 Principal exposures and definite ossification increase

TyG-defined IR HOMA-IR per doubling

Sletel OR (95% CI) 15 OR (95% CT) 12

MO 2.72 (137 to 5.48) 0.004 1.06 (0.69 to 1.65) 0.785
Mi 2.43 (116 t0 5.19) 0.019 0.90 (0.57 to 1.44) 0.646
M2 229 (1.05 to 5.11) 0.038 0.75 (0.45 to 1.26) 0.269
M3 1.62 (0.65 to 4.00) 0.292 0.74 (0.43 to 1.28) 0.272
M4 1.64 (0.65 to 4.14) 0.293 0.72 (0.39 to 1.30) 0.276
M2-L 2.44 (111 to 5.48) 0.026 0.72 (0.41 to 1.26) 0.244

N=307; DOI events=37 in every model. Firth logistic regression with profile-likelihood 95% confidence intervals (CIs) and nominal
likelihood-ratio P values. TyG reference: TyG-defined non-IR. Multiplicity-adjusted P values appear in Table S1. MO0, unadjusted; M1,
age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking, alcohol, and exercise; M2-L, M2
plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table 4 Principal exposures and secondary outcomes

TyG-defined IR

HOMA-IR per doubling

Outcome | Model Estimate (95% CI) P Estimate (95% CI) P

DISHOR MO 2.97 (1.40 to 6.42) 0.005 1.45 (0.90 to 2.38) 0.130
DISHOR Ml 2,63 (1.19 to 5.95) 0.017 1.25 (076 t0 2.13) 0.392
DISHOR M2 1.86 (0.80 to 4.37) 0.148 0.82 (0.48 to 1.44) 0.473
DISHOR M3 1.42 (0.56 t0 3.55) 0.451 0.77 (0.44 to 1.36) 0.351
DISHOR M4 1.38 (0.5 to 3.42) 0.488 0.84 (0.47 to 1.51) 0.553
DISHOR ~ M2-L 1.80 (0.78 to 421) 0.167 0.83 (0.47 to 1.49) 0.538
SSOBB Mo 1.53 (0.46 t0 2.59) 0.005 0.36 (-0.11 to 0.84) 0.136
SSOBB Ml 1.02 (0.06 to 1.97) 0.037 0.11 (-0.27 to 0.49) 0.575
SSOBB M2 0.90 (-0.04 to 1.83) 0.059 20.09 (:0.52 t0 0.35) 0.701
SSOBB M3 0.32 (-0.06 t0 0.70) 0.099 20.17 (:0.38 t0 0.04) 0.115
SSOBB M4 0.32(-0.07 t0 0.71) 0.111 20.17 (:0.39 t0 0.05) 0.124
SSOBB  M2L 0.90 (-0.06 to 1.87) 0.065 20.13 (:0.56 t0 0.30) 0.551

N=307; follow-up DISH cases=30. DISH estimates are Firth odds ratios. SSOB estimates are mean follow-up score differences (f,
points) with HC3 confidence intervals and t-based inference. M3 and M4 include baseline SSOB. Nominal P values are shown; adjusted
values appear in Table S2. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3
plus smoking, alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted
separately.
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Figures

2015-2021 retrospective longitudinal cohort

(n =328)
Excluded (n = 21)
Missing target scores (n = 6)
> Spinal surgery (n = 6)
Ankylosing spondylitis (n = 1)
Exogenous insulin (n = 6)
Systemic glucocorticoids (n = 2)
v
Final study cohort ]
(n=307) J
| Renal exclusions
v (n=11)
| | '
v v v
NOI EOI DOI Renal se(»rr:siti;gé)analysis
(n=207) (n=863) (n=37) DOl events = 34

Fig. 1 Participant selection and analysis populations. Exclusion counts are mutually exclusive according to the displayed
hierarchy. The renal sensitivity analysis excluded participants with recorded renal disease or urinary albumin-to-creatinine
ratio >300 mg/g creatinine. NOI, no ossification increase; EOI, equivocal ossification increase; DOI, definite ossification
increase
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A: NOI; cervical vertebra B: EOI; cervical vertebra
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Fig. 2 Representative radiographic examples illustrating the imaging definitions used for NOI, EOI, and DOI between 2015
and 2021.

(A) shows NOI, with unchanged ossification findings at indexed cervical levels. (B) shows representative interval
progression at cervical levels, including OS0-to-OS1 and OS1-to-OS2 change; under the study definitions, progression
limited to OS1-level non-bridging ossification was classified as EOI. (C) shows lumbar examples of EOI and DOI,
including a two-grade progression from OS0 to OS2 and progression to complete bridge formation (OS3). (D) shows
cervical examples of DOI, including progression reaching OS2 and progression to complete bridge formation (OS3). Panels
E and F show examples of DOI, including OS2-to-OS3 and OS0-to-OS2. Red circles and arrows identify indexed segments

and the direction of change from baseline to follow-up.
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A Current metabolic state and established skeletal disease

Baseline SSOB =
2015 =

Activity
2015

2015

> | Follow-up SSOB
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Dashed borders: unmeasured constructs. Arrows: hypothesized relationships.
Demographic and lifestyle pathways in panel A also apply to panel B.

Fig. 3 Hypothesized relationships between metabolic state and spinal ossification. (A) Current metabolic state and
established skeletal disease. (B) Earlier metabolic exposure and accumulated skeletal burden. Dashed borders denote
unmeasured constructs. Demographic and lifestyle pathways in panel A also apply to panel B. Arrows into DOI indicate its
dependence on baseline and follow-up segmental scoring; equal SSOB totals do not imply identical segmental patterns.
SSOB, spinal segmental ossification burden; DOI, definite ossification increase.



A TyG-defined IR versus non-IR

OR (95% CI) P

MO i ! ® " 2.72 (1.37-5.48) 0.004
M1 o 2.43 (1.16-5.19) 0.019
M2 ® 2.29 (1.05-5.11) 0.038
M3 E o : 1.62 (0.65-4.00) 0.292
M4 i e 1.64 (0.65-4.14) 0.293
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M2 | ® 0.75 (0.45-1.26) 0.269
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M4 ' ® i 0.72 (0.39-1.30) 0.276
M2-L ® 0.72 (0.41-1.26) 0.244
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N = 307; DOI events = 37 in every model.
M2-L adds lifestyle variables to M2 without baseline SSOB.
P values are nominal; multiplicity adjustments are reported in Table S1.

Fig. 4 Associations of principal insulin-resistance measures with DOI. (A) TyG-defined IR versus non-IR. (B) HOMA-IR
per doubling. Points and horizontal lines indicate Firth odds ratios and profile-likelihood 95% confidence intervals. All
models contain 307 participants and 37 DOI events. M2-L includes lifestyle covariates without baseline SSOB; M4
additionally includes baseline SSOB. P values are nominal
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Supplementary Tables

Table S1 Multiplicity adjustments for the principal DOI hypotheses

Model Exposure Nominal P Holm 2w tlct::tlsn level Holmlazc:;)sstsslevels
MO TyG-defined IR 0.004 0.009 0.053
MO HOMA-IR per doubling 0.785 0.785 1.000
M1 TyG-defined IR 0.019 0.038 0.210
Ml HOMA-IR per doubling 0.646 0.646 1.000
M2 TyG-defined IR 0.038 0.076 0.342
M2 HOMA-IR per doubling 0.269 0.269 1.000
M3 TyG-defined IR 0.292 0.545 1.000
M3 HOMA-IR per doubling 0.272 0.545 1.000
M4 TyG-defined IR 0.293 0.552 1.000
M4 HOMA-IR per doubling 0.276 0.552 1.000
M2-L TyG-defined IR 0.026 0.053 0.265
M2-L HOMA-IR per doubling 0.244 0.244 1.000

Holm adjustment was applied to the two principal exposure tests within each model and to all 12 principal DOI tests across models. MO,
unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking, alcohol, and
exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S2 Multiplicity adjustment for secondary outcomes

Outcome Model Exposure Nominal P BHZ:(:i lsltssted
DISH MO TyG-defined IR 0.005 0.062
DISH MO HOMA-IR per doubling 0.130 0.272
DISH M1 TyG-defined IR 0.017 0.133
DISH Ml HOMA-IR per doubling 0.392 0.589
DISH M2 TyG-defined IR 0.148 0.273
DISH M2 HOMA-IR per doubling 0.473 0.600
DISH M3 TyG-defined IR 0.451 0.600
DISH M3 HOMA-IR per doubling 0.351 0.561
DISH M4 TyG-defined IR 0.488 0.600
DISH M4 HOMA-IR per doubling 0.553 0.600
DISH M2-L TyG-defined IR 0.167 0.286
DISH M2-L HOMA-IR per doubling 0.538 0.600
SSOB21 MO TyG-defined IR 0.005 0.062
SSOB21 MO HOMA-IR per doubling 0.136 0.272
SSOB21 Ml TyG-defined IR 0.037 0.225
SSOB21 Ml HOMA-IR per doubling 0.575 0.600
SSOB21 M2 TyG-defined IR 0.059 0.262
SSOB21 M2 HOMA-IR per doubling 0.701 0.701
SSOB21 M3 TyG-defined IR 0.099 0.272
SSOB21 M3 HOMA-IR per doubling 0.115 0.272
SSOB21 M4 TyG-defined IR 0.111 0.272
SSOB21 M4 HOMA-IR per doubling 0.124 0.272
SSOB21 M2-L TyG-defined IR 0.065 0.262
SSOB21 M2-L HOMA-IR per doubling 0.551 0.600

Benjamini—Hochberg adjustment covers 24 tests: two principal exposures, two secondary outcomes, and six specifications. Effect
estimates are reported in Table 4.
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Table S3 TyG >8.67 in the full cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 307 37 3.23 (1.50 to 6.74) 0.003
DOI Ml 307 37 2.32(1.01 t0 5.18) 0.046
DOI M2 307 37 2.14 (091 to 4.91) 0.080
DOI M3 307 37 1.80 (0.61 to 4.93) 0.274
DOI M4 307 37 1.88 (0.65 to 5.22) 0.239
DOI M2-L 307 37 2.18 (0.93 t0 5.02) 0.074
DISH MO 307 30 1.98 (0.81 to 4.51) 0.131
DISH M1 307 30 1.52 (0.59 to 3.66) 0.378
DISH M2 307 30 1.00 (0.36 to 2.55) 0.995
DISH M3 307 30 0.65 (0.19 to 1.89) 0.441
DISH M4 307 30 0.65 (0.19 to 1.90) 0.450
DISH M2-L 307 30 0.97 (0.35 t0 2.47) 0.952
SSOB at 2021 MO 307 — 1.94 (0.23 to 3.66) 0.027
SSOB at 2021 M1 307 — 1.09 (-0.44 to 2.62) 0.163
SSOB at 2021 M2 307 — 0.94 (-0.56 to 2.44) 0.218
SSOB at 2021 M3 307 — 0.21 (-0.37 t0 0.78) 0.481
SSOB at 2021 M4 307 — 0.21 (-0.37 t0 0.79) 0.477
SSOB at 2021 M2-L 307 — 0.89 (-0.63 to0 2.42) 0.251

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S4 TyG >P75 in the full cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 307 37 3.83(1.90 to 7.76) <0.001
DOI M1 307 37 2.57 (1.21 to 5.49) 0.014
DOI M2 307 37 2.44 (1.09 to 5.48) 0.030
DOI M3 307 37 1.92 (0.76 to 4.81) 0.167
DOI M4 307 37 1.99 (0.77 to 5.14) 0.154
DOI M2-L 307 37 2.59 (1.16 to 5.88) 0.021
DISH MO 307 30 2.97 (1.38 to 6.36) 0.006
DISH M1 307 30 2.15(0.95 to 4.82) 0.066
DISH M2 307 30 1.43 (0.59 to 3.37) 0.420
DISH M3 307 30 1.10 (0.41 to 2.78) 0.846
DISH M4 307 30 1.03 (0.39 to 2.62) 0.944
DISH M2-L 307 30 1.38 (0.57 to 3.24) 0.465
SSOB at 2021 MO 307 — 2.05 (0.75 to 3.36) 0.002
SSOB at 2021 M1 307 — 1.10 (-0.08 to 2.28) 0.067
SSOB at 2021 M2 307 — 0.97 (-0.20 to 2.14) 0.105
SSOB at 2021 M3 307 — 0.49 (0.03 to 0.95) 0.038
SSOB at 2021 M4 307 — 0.49 (0.01 to 0.97) 0.045
SSOB at 2021 M2-L 307 — 0.99 (-0.22 to 2.20) 0.109

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S5 TyG per SD in the full cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 307 37 1.59 (1.17 to 2.18) 0.003
DOI M1 307 37 1.26 (0.87 to 1.81) 0.223
DOI M2 307 37 1.19 (0.80 to 1.75) 0.389
DOI M3 307 37 0.97 (0.57 to 1.55) 0.898
DOI M4 307 37 1.04 (0.62 to 1.67) 0.875
DOI M2-L 307 37 1.23 (0.82 to 1.82) 0.306
DISH MO 307 30 1.56 (1.12 t0 2.17) 0.009
DISH M1 307 30 1.37 (0.91 to 2.03) 0.126
DISH M2 307 30 1.11 (0.70 to 1.69) 0.653
DISH M3 307 30 0.94 (0.55 to 1.52) 0.799
DISH M4 307 30 0.93 (0.55 to 1.49) 0.766
DISH M2-L 307 30 1.08 (0.69 to 1.66) 0.728
SSOB at 2021 MO 307 — 0.86 (0.36 to 1.37) <0.001
SSOB at 2021 M1 307 — 0.25 (-0.18 to 0.68) 0.247
SSOB at 2021 M2 307 — 0.15 (-0.28 t0 0.57) 0.498
SSOB at 2021 M3 307 — -0.04 (-0.21 to 0.14) 0.670
SSOB at 2021 M4 307 — -0.04 (-0.22 t0 0.13) 0.619
SSOB at 2021 M2-L 307 — 0.15 (-0.29 to 0.59) 0.504

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S6 HOMA-IR >P75 in the full cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 307 37 1.76 (0.84 to 3.58) 0.131
DOI M1 307 37 1.28 (0.57 t0 2.76) 0.546
DOI M2 307 37 1.07 (0.44 to 2.50) 0.884
DOI M3 307 37 0.92 (0.32 t0 2.50) 0.871
DOI M4 307 37 1.09 (0.36 to 3.09) 0.877
DOI M2-L 307 37 1.10 (0.44 to 2.64) 0.829
DISH MO 307 30 2.55(1.17 to 5.46) 0.019
DISH M1 307 30 1.80 (0.79 to 4.03) 0.162
DISH M2 307 30 1.06 (0.42 to 2.57) 0.900
DISH M3 307 30 0.93 (0.35 to 2.40) 0.882
DISH M4 307 30 1.02 (0.36 to 2.74) 0.973
DISH M2-L 307 30 1.04 (0.39 to 2.64) 0.933
SSOB at 2021 MO 307 — 1.10 (-0.15 to 2.34) 0.084
SSOB at 2021 M1 307 — 0.46 (-0.64 to 1.57) 0.412
SSOB at 2021 M2 307 — 0.22 (-1.09 to 1.54) 0.738
SSOB at 2021 M3 307 — -0.22 (-0.70 to 0.26) 0.360
SSOB at 2021 M4 307 — -0.22 (-0.71 to 0.27) 0.380
SSOB at 2021 M2-L 307 — 0.12 (-1.15 to 1.39) 0.851

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S7 TyG-defined IR in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 2.44(1.19t05.01) 0.015
DOI Ml 296 34 2.01 (0.93 to 4.36) 0.075
DOI M2 296 34 1.91 (0.85 to 4.32) 0.117
DOI M3 296 34 1.36 (0.53 to 3.44) 0.515
DOI M4 296 34 1.32 (0.50 to 3.44) 0.574
DOI M2-L 296 34 2.02 (0.89to 4.61) 0.090
DISH MO 296 29 3.00 (1.40 to 6.56) 0.005
DISH M1 296 29 2.56 (1.14 to 5.86) 0.023
DISH M2 296 29 1.86 (0.79 to 4.43) 0.156
DISH M3 296 29 1.53 (0.60 to 3.85) 0.367
DISH M4 296 29 1.50 (0.59 to 3.75) 0.386
DISH M2-L 296 29 1.82 (0.77 to 4.32) 0.168
SSOB at 2021 MO 296 — 1.41 (0.37 to 2.44) 0.008
SSOB at 2021 M1 296 — 0.83 (-0.10 to 1.77) 0.082
SSOB at 2021 M2 296 — 0.76 (-0.19 to 1.71) 0.117
SSOB at 2021 M3 296 — 0.33 (-0.07 t0 0.72) 0.105
SSOB at 2021 M4 296 — 0.33 (-0.08 t0 0.74) 0.119
SSOB at 2021 M2-L 296 — 0.78 (-0.19 to 1.76) 0.114

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S§ HOMA-IR per doubling in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 0.99 (0.64 to 1.57) 0.981
DOI Ml 296 34 0.87 (0.55 to 1.41) 0.570
DOI M2 296 34 0.74 (0.45 to 1.27) 0.273
DOI M3 296 34 0.69 (0.40 to 1.22) 0.200
DOI M4 296 34 0.68 (0.36 to 1.26) 0.222
DOI M2-L 296 34 0.74 (0.42 to 1.33) 0.317
DISH MO 296 29 1.48 (0.90 to 2.43) 0.120
DISH Ml 296 29 1.30 (0.78 t0 2.23) 0.317
DISH M2 296 29 0.88 (0.51 to 1.57) 0.656
DISH M3 296 29 0.80 (0.46 to 1.43) 0.442
DISH M4 296 29 0.88 (0.49 to 1.60) 0.681
DISH M2-L 296 29 0.91 (0.51 to 1.64) 0.744
SSOB at 2021 MO 296 — 0.34 (-0.15 t0 0.83) 0.169
SSOB at 2021 M1 296 — 0.14 (-0.26 t0 0.53) 0.494
SSOB at 2021 M2 296 — 0.02 (-0.43 to 0.46) 0.947
SSOB at 2021 M3 296 — -0.15 (-0.36 to 0.07) 0.174
SSOB at 2021 M4 296 — -0.15 (-0.37 to 0.08) 0.192
SSOB at 2021 M2-L 296 — -0.02 (-0.46 to 0.42) 0.926

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S9 TyG >8.67 in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 2.94 (1.31 to 6.36) 0.010
DOI Ml 296 34 2.02 (0.84 to 4.65) 0.114
DOI M2 296 34 1.89 (0.78 to 4.46) 0.157
DOI M3 296 34 1.54 (0.50 to 4.38) 0.439
DOI M4 296 34 1.58 (0.52 to 4.54) 0.410
DOI M2-L 296 34 1.94 (0.80 to 4.60) 0.141
DISH MO 296 29 1.82 (0.70 to 4.27) 0.205
DISH Ml 296 29 1.33 (0.49 to 3.34) 0.557
DISH M2 296 29 0.92 (0.32 t0 2.42) 0.875
DISH M3 296 29 0.66 (0.19 to 1.93) 0.462
DISH M4 296 29 0.67 (0.19 to 1.95) 0.477
DISH M2-L 296 29 0.89 (0.30 to 2.34) 0.814
SSOB at 2021 MO 296 — 1.63 (0.02 to 3.25) 0.047
SSOB at 2021 M1 296 — 0.77 (-0.67 to 2.21) 0.295
SSOB at 2021 M2 296 — 0.66 (-0.78 to 2.11) 0.366
SSOB at 2021 M3 296 — 0.15 (-0.46 to 0.76) 0.629
SSOB at 2021 M4 296 — 0.15 (-0.47 t0 0.78) 0.624
SSOB at 2021 M2-L 296 — 0.65 (-0.81t0 2.11) 0.381

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S10 TyG >P75 in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 3.26 (1.57 t0 6.75) 0.002
DOI Ml 296 34 2.07 (0.94 to 4.53) 0.071
DOI M2 296 34 1.96 (0.85 to 4.53) 0.115
DOI M3 296 34 1.54 (0.58 t0 4.01) 0.379
DOI M4 296 34 1.52 (0.55 to 4.09) 0.412
DOI M2-L 296 34 2.06 (0.89 to 4.81) 0.092
DISH MO 296 29 2.87(1.30 to 6.22) 0.009
DISH M1 296 29 2.06 (0.89 to 4.74) 0.092
DISH M2 296 29 1.39 (0.56 to 3.36) 0.467
DISH M3 296 29 1.15(0.43 t0 2.95) 0.771
DISH M4 296 29 1.09 (0.41 to 2.80) 0.855
DISH M2-L 296 29 1.35(0.55 to 3.26) 0.509
SSOB at 2021 MO 296 — 1.84 (0.59 to 3.09) 0.004
SSOB at 2021 M1 296 — 0.88 (-0.27 t0 2.02) 0.133
SSOB at 2021 M2 296 — 0.79 (-0.39 to 1.97) 0.187
SSOB at 2021 M3 296 — 0.49 (0.01 t0 0.97) 0.046
SSOB at 2021 M4 296 — 0.49 (-0.01 to0 0.99) 0.053
SSOB at 2021 M2-L 296 — 0.85 (-0.37 to 2.06) 0.171

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S11 TyG per SD in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 1.49 (1.07 to 2.06) 0.018
DOI Ml 296 34 1.09 (0.72 to 1.62) 0.666
DOI M2 296 34 1.03 (0.66 to 1.57) 0.892
DOI M3 296 34 0.76 (0.42 to 1.31) 0.340
DOI M4 296 34 0.79 (0.43 to 1.37) 0.421
DOI M2-L 296 34 1.06 (0.68 to 1.61) 0.807
DISH MO 296 29 1.57 (1.12 t0 2.22) 0.010
DISH Ml 296 29 1.36 (0.88 t0 2.08) 0.159
DISH M2 296 29 1.11 (0.69 to 1.75) 0.654
DISH M3 296 29 0.96 (0.56 to 1.59) 0.884
DISH M4 296 29 0.97 (0.56 to 1.58) 0.895
DISH M2-L 296 29 1.11 (0.68 to 1.74) 0.665
SSOB at 2021 MO 296 — 0.82 (0.32 to 1.31) 0.001
SSOB at 2021 M1 296 — 0.16 (-0.26 to 0.58) 0.452
SSOB at 2021 M2 296 — 0.08 (-0.35 t0 0.52) 0.711
SSOB at 2021 M3 296 — -0.07 (-0.24 t0 0.11) 0.457
SSOB at 2021 M4 296 — -0.08 (-0.26 to 0.10) 0.399
SSOB at 2021 M2-L 296 — 0.10 (-0.35 t0 0.56) 0.655

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S12 HOMA-IR >P75 in the renal-restricted cohort

Outcome Model N Events Estimate (95% CI) Nominal P
DOI MO 296 34 1.57 (0.71 to 3.30) 0.255
DOI Ml 296 34 1.14 (0.48 to 2.56) 0.761
DOI M2 296 34 0.97 (0.38 t0 2.37) 0.946
DOI M3 296 34 0.70 (0.22 to 2.02) 0.517
DOI M4 296 34 0.82 (0.25 to 2.45) 0.723
DOI M2-L 296 34 1.03 (0.39 to 2.58) 0.955
DISH MO 296 29 2.81 (1.28 to 6.08) 0.011
DISH Ml 296 29 1.99 (0.86 to 4.55) 0.109
DISH M2 296 29 1.23 (0.48 to 3.05) 0.660
DISH M3 296 29 1.00 (0.37 to 2.60) 0.998
DISH M4 296 29 1.14 (0.40 to 3.10) 0.800
DISH M2-L 296 29 1.29 (0.48 to 3.35) 0.603
SSOB at 2021 MO 296 — 1.22 (-0.07 to 2.51) 0.063
SSOB at 2021 M1 296 — 0.63 (-0.49 to 1.76) 0.267
SSOB at 2021 M2 296 — 0.52 (-0.76 to 1.80) 0.427
SSOB at 2021 M3 296 — -0.19 (-0.69 to 0.30) 0.445
SSOB at 2021 M4 296 — -0.18 (-0.69 to 0.32) 0.471
SSOB at 2021 M2-L 296 — 0.44 (-0.78 to 1.66) 0.477

DOI and DISH estimates are odds ratios; SSOB21 estimates are mean follow-up score differences. Binary references are below the stated
cut point. P75 cut points are TyG 8.45 and HOMA-IR 1.08 (rounded for display); unrounded full-cohort values were used in both
populations. M0, unadjusted; M1, age and sex; M2, M1 plus waist circumference; M3, M2 plus baseline SSOB; M4, M3 plus smoking,
alcohol, and exercise; M2-L, M2 plus the same lifestyle variables without baseline SSOB. Exposures were fitted separately.
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Table S13 Inter-reader agreement for SSOB and six-year change

Assessment

2015
2015
2015
2021
2021
2021

2015-2021
change

2015-2021
change

2015-2021
change

Region

Total
Cervical
Lumbar
Total
Cervical
Lumbar

Total

Cervical

Lumbar

N

307
307
307
307
307
307
307

307

307

Reader A Reader B

mean
1.257
0.827
0.430
1.827
1.114
0.713
0.570

0.287

0.283

mean
1.267
0.827
0.440
1.684
0.997
0.687
0.417

0.169

0.248

Mean
B-A

0.010
0.000
0.010
-0.143
-0.117
-0.026
-0.153

-0.117

-0.036

ICC(A,1) (95% CI)

0.997 (0.991-0.999)
0.992 (0.980-0.998)
0.998 (0.992-1.000)
0.985 (0.965-0.993)
0.962 (0.916-0.983)
0.992 (0.981-0.997)
0.914 (0.844-0.953)

0.856 (0.727-0.928)

0.956 (0.923-0.978)

Exact
n (%)

296 (96.4)
299 (97.4)
304 (99.0)
259 (84.4)
271 (88.3)
293 (95.4)
252 (82.1)

264 (86.0)

290 (94.5)

Within 1 point
n (%)

305 (99.3)
305 (99.3)
307 (100.0)
292 (95.1)
294 (95.8)
305 (99.3)
292 (95.1)

291 (94.8)

305 (99.3)

SSOB is the sum of 13 segmental scores (0—3 each): seven cervical and six lumbar segments. Change = 2021 minus 2015. ICC(A,1):
two-way mixed-effects, single-measurement, absolute-agreement intraclass correlation coefficient; the two readers were fixed and

participants random. Confidence intervals are percentile intervals from 5,000 participant-level bootstrap resamples (seed 20260927).
Agreement compares the original readings before adjudication. CI, confidence interval; SSOB, spinal segmental ossification burden.

29



Table S14 Inter-reader agreement for segmental ossification scores

2015 | 307 participants

Region or
segment

All 13 segments
Cervical
Lumbar
Cl1/2
C2/3
C3/4
C4/s
C5/6
Co/7
C7/T1
T12/L1
L1/2
L2/3
L3/4
L4/5
L5/S1

Paired
scores

3991
2149
1842
307
307
307
307
307
307
307
307
307
307
307
307
307

2021 | 307 participants

Region or
segment

All 13 segments
Cervical
Lumbar
Cl12
C2/3
C3/4
C4/s
C5/6
Co/7
C7/T1
T12/L1
L1/2
L2/3
L3/4
L4/5

Paired
scores

3991
2149
1842
307
307
307
307
307
307
307
307
307
307
307
307

Exact agreement
n (%)

3980 (99.7)
2141 (99.6)
1839 (99.8)
305 (99.3)
307 (100.0)
307 (100.0)
304 (99.0)
305 (99.3)
306 (99.7)
307 (100.0)
307 (100.0)
305 (99.3)
307 (100.0)
307 (100.0)
306 (99.7)
307 (100.0)

Exact agreement
n (%)

3921 (98.2)
2096 (97.5)
1825 (99.1)
307 (100.0)
305 (99.3)
303 (98.7)
295 (96.1)
289 (94.1)
300 (97.7)
297 (96.7)
303 (98.7)
305 (99.3)
303 (98.7)
305 (99.3)
304 (99.0)

Linear weighted k
(95% CI)

0.982 (0.969-0.992)
0.979 (0.961-0.992)
0.988 (0.971-1.000)
0.498 (0.000—1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.946 (0.872-1.000)
0.984 (0.961-1.000)
0.992 (0.970—1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.958 (0.879-1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.969 (0.864—1.000)
1.000 (1.000-1.000)

Linear weighted k
(95% CI)

0.918 (0.889-0.941)
0.892 (0.849-0.927)
0.956 (0.930-0.976)
1.000 (1.000-1.000)
0.955 (0.872—1.000)
0.914 (0.781-0.982)
0.850 (0.752-0.930)
0.874 (0.810-0.928)
0.944 (0.898-0.979)
0.782 (0.607-0.906)
0.962 (0.917-0.992)
0.963 (0.894—1.000)
0.950 (0.896-0.989)
0.962 (0.892—1.000)
0.928 (0.823-1.000)

30

Quadratic weighted k

(95% CI)
0.985 (0.971-0.995)
0.980 (0.957-0.994)
0.994 (0.982-1.000)
0.498 (0.000-1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.939 (0.846-1.000)
0.988 (0.969—1.000)
0.994 (0.977-1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.971 (0.906-1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)
0.986 (0.928-1.000)
1.000 (1.000-1.000)

Quadratic weighted k

(95% CT)
0.938 (0.905-0.961)
0.908 (0.854—0.946)
0.974 (0.954-0.987)
1.000 (1.000-1.000)
0.978 (0.932-1.000)
0.958 (0.871-0.992)
0.846 (0.706-0.945)
0.898 (0.829-0.948)
0.963 (0.929-0.987)
0.808 (0.611-0.930)
0.981 (0.957-0.996)
0.964 (0.883-1.000)
0.975 (0.947-0.995)
0.978 (0.930—1.000)
0.966 (0.903—1.000)

Valid bootstrap
replicates’

5000
5000
5000
4741
4968
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
4999

Valid bootstrap
replicates’

5000
5000
5000
4791
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000



Region or Paired  Exact agreement Linear weighted k Quadratic weighted k Valid bootstrap
segment scores n (%) 95% CI) 95% CI) replicates’

L5/S1 307 305 (99.3) 0.953 (0.877-1.000) 0.974 (0.920-1.000) 5000

Primary weighting was linear: 1 — |i —j|/3; quadratic weighting, 1 — (i — j)*/9, is supplementary (i,j = 0,1,2,3). Pooled estimates retain all
segments within each participant during resampling. Percentile 95% Cls use 5,000 participant-level bootstrap resamples. 'Valid replicate
counts refer to linear weighted «; replicates with no rating variation were omitted. A bootstrap interval of 1.000—1.000 in a sample with
no observed disagreements does not establish perfect population agreement. Thoracic segments available only in 2021 were excluded.
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Table S15 Inter-reader agreement for ossification progression classifications

A Three-category classification

Reader A / Reader B NOI EOI DOI Total
NOI 201 4 2 207
EOI 8 52 3 63
DOI 1 4 32 37
Total 210 60 37 307

Exact agreement: 285/307 (92.8%); unweighted Cohen’s k = 0.852 (0.789-0.907).
B Binary DOI classification

Reader A / Reader B non-DOI DOI Total
non-DOI 265 5 270
DOI 5 32 37
Total 270 37 307

Exact agreement: 297/307 (96.7%); unweighted Cohen’s k = 0.846 (0.742—0.929).

Classification was derived independently from each reader’s 2015 and 2021 scores using the study definitions, with DOI taking
precedence over EOIL. Both readers identified 37 DOI cases; 32 were common to both, with five classified as DOI only by each reader.
Percentile 95% Cls use 5,000 participant-level bootstrap resamples. NOI, no ossification increase; EOI, equivocal ossification increase;
DOI, definite ossification increase. Diagnostic concordance reported by the investigators was not used to infer a numerical « for
diagnostic categories.
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Supplementary Figures

Fig. S1 Radiographic examples for SSOB calculating method.

(A) demonstrates a lateral radiograph of the cervical spine. No significant anterior vertebral ossification was observed at
segments C1-4. The ossification grade was OS1 at C4/5, OS2 at C5/6, OS2 at C6/7, and OS0 at C7/T1. The sum of the
ossification grades across all cervical segments constitutes the cervical SSOB, with a total value of 5. (B) illustrates a lateral
radiograph of the lumbar spine. The ossification grades were 3 at T12/L1, L1/2, L3/4, and L4/5, and 2 at L.2/3 and L5/S1.
The lumbar SSOB was calculated as the sum of the grades for all lumbar segments, yielding a value of 16.
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Fig. S2 Baseline exposure distributions and thresholds. (A) TyG in men. (B) TyG in women. Sex-specific thresholds are
shown alongside the uniform threshold of 8.67 and cohort P75 of 8.45. (C) HOMA-IR on its original scale. (D) HOMA-IR
on the logz scale. The HOMA-IR P75 is 1.08; two participants meet the external threshold of 2.5. Quantiles are rounded for
display
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TyG-defined IR
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DOI events: 37 in the main cohort and 34 after renal restriction.
Exposure units differ; each row represents a separate model.

Fig. S3 DOI associations across exposure definitions in the full and renal-restricted cohorts. (A) M2 adjusts for age, sex,
and waist circumference. (B) M3 additionally adjusts for baseline SSOB. Points and lines represent odds ratios and 95%
confidence intervals; binary and continuous contrasts are modeled separately. The full cohort includes 307 participants and
37 DOI events; the renal-restricted cohort includes 296 participants and 34 events
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