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Abstract
Background

Long-term mortality and refracture are major outcomes after osteoporotic fracture, yet their prognostic
patterns may differ according to fracture category and patient characteristics. We aimed to characterize
long-term mortality, refracture risk, and post-fracture pathways after osteoporotic fracture and to develop
and externally validate a parsimonious model for 1-year post-discharge mortality.

Methods

We conducted a retrospective prognostic study using a publicly available development cohort and an
independent hospital-based external validation cohort. The development cohort comprised 4,773
patients with osteoporotic fractures reconstructed from a publicly released longitudinal dataset. Long-
term all-cause mortality was estimated from index admission using Kaplan—Meier methods, whereas
first refracture was analysed using cumulative incidence functions with death treated as a competing
event. Adjusted prognostic associations were assessed using Cox, cause-specific Cox, and Fine—Gray
models, and post-fracture transitions were summarized descriptively. A nine-variable Cox proportional
hazards model incorporating age, sex, fracture category, body mass index, ASA class, source-provided
Charlson Comorbidity Index, haemoglobin, albumin, and creatinine was developed to estimate 365-day
mortality after discharge. Internal validation used 500 patient-level bootstrap samples, with multiple
imputation re-estimated within each resample. The frozen model was then applied without refitting to an
independent retrospective hospital cohort of 695 patients, among whom 28 deaths occurred within 365
days.

Results

In the development cohort, 5-year all-cause mortality was 17.64% (95% Cl, 16.19-19.22), compared with
a 5-year cumulative incidence of first refracture of 8.41% (95% Cl, 7.30-9.51). Mortality was highest after
hip/femur fracture, reaching 32.10% at 5 years (95% Cl, 29.24-35.17). Female sex was associated with
lower mortality (HR, 0.64; 95% Cl, 0.54-0.76) but higher refracture risk (cause-specific HR, 1.47; 95% Cl,
1.09-1.98; Fine—Gray sHR, 1.54; 95% Cl, 1.14-2.08). Lumbar spine/pelvis and thoracic spine/rib
fractures were similarly associated with lower mortality than hip/femur fracture but higher refracture
risk. After optimism correction, the 365-day IPCW time-dependent AUC in the development cohort was
0.860, with a calibration slope of 0.958. In the external cohort, the AUC for 365-day mortality was 0.802
(95% Cl, 0.709-0.884), the calibration slope was 0.849 (95% Cl, 0.540-1.237), and the observed-to-
expected ratio was 1.006 (95% Cl, 0.667-1.387). Twenty of the 28 deaths (71.4%) occurred in the
highest predicted-risk quintile. Findings were materially unchanged in the outcome-informed multiple-
imputation sensitivity analysis.
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Conclusions

Patients hospitalized with osteoporotic fractures experienced substantial long-term mortality and
refracture burden, with distinct prognostic patterns across fracture categories and patient
characteristics. A parsimonious clinical Cox model retained good discrimination and close overall
calibration for 1-year post-discharge mortality when applied without refitting to an independent hospital
cohort. The model may provide a practical basis for post-fracture mortality risk stratification and
warrants further evaluation across broader clinical settings.

Introduction

Osteoporotic fractures are a major cause of morbidity, loss of independence, and premature death in
older adults. Excess mortality has been documented not only after hip fracture but also after other major
osteoporotic fractures, with both the magnitude and duration of risk varying by fracture site and patient
characteristics [1-3]. Hip fracture is associated with particularly high early and long-term mortality,
whereas vertebral and other non-hip fractures also contribute substantially to subsequent mortality and
functional decline [4-7]. With population ageing, the global burden of fragility fractures and their long-
term consequences is expected to rise further [8—10]. Most previous studies, however, have focused on
individual fracture sites or have examined mortality and refracture separately, limiting an integrated
understanding of prognosis across osteoporotic-fracture populations.

Refracture is another major component of post-fracture morbidity. A previous fragility fracture
substantially increases the risk of a subsequent fracture, particularly soon after the index event [11-15].
In older patients, this risk occurs alongside substantial competing mortality, especially after hip or
femoral fracture, where death may occur before a subsequent fracture is observed [16—18]. Competing-
risk methods are therefore important for estimating the absolute probability of refracture in these
populations. Mortality and refracture may also follow distinct prognostic patterns, with age, sex, fracture
site, and comorbidity contributing differently to each outcome [2, 3, 18, 19]. Evaluating both outcomes
within a common analytical framework may therefore provide a more complete picture of post-fracture
prognosis.

These differences are also relevant to post-discharge risk stratification. Most established mortality
prediction tools were developed in patients undergoing surgery for hip fracture and primarily target
short-term postoperative mortality [20, 21]. More recent studies have extended prediction to broader
fracture populations, but independent external validation and detailed assessment of calibration remain
less common [22]. Reliable risk stratification therefore requires assessment of both discrimination and
calibration in an independent setting [23, 24]. We aimed to (1) quantify long-term all-cause mortality and
first-refracture risk after osteoporotic fracture while accounting for competing mortality; (2) examine
adjusted prognostic associations and describe post-fracture transition patterns; and (3) develop and
internally validate a parsimonious clinical model for 1-year post-discharge mortality and evaluate its
performance in an independent external cohort.
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Methods
Study design, data sources, and participants

We conducted a retrospective prognostic cohort study using two independent data sources. Model
development and internal validation were based on a publicly available longitudinal dataset, whereas
external validation was performed in an independent retrospective hospital cohort.

Development cohort

Development data were obtained from the publicly available Osteoporotic Fracture Registration System
(OPFRS) dataset established at the Affiliated Kunshan Hospital of Jiangsu University, Jiangsu Province,
China. The source registry included adults aged 50 years or older who were hospitalized with
osteoporotic fractures and linked clinical records to the Kunshan Regional Health Registration Platform
and the Jiangsu Provincial Population Death Registration System using encrypted patient identifiers [25].
The publicly released dataset contained 4,782 registered patients.

For the present secondary analysis, six records with irreconcilable date conflicts and three with
inconsistent total-cost information were excluded, leaving 4,773 patients in the development cohort. This
cohort was reconstructed from the complete publicly released dataset and therefore differed from the
4,325-patient analytical cohort reported in the original data publication, which applied additional
eligibility criteria for its own study objectives [25].

In the source registry, osteoporotic fractures were operationally identified in adults aged > 50 years with
low-trauma fractures involving predefined skeletal sites [25]. For the present study, index fractures were
classified into five categories: hip/femur, lumbar spine/pelvis, thoracic spine/rib, forearm/wrist, and
shoulder/proximal humerus.

External validation cohort

An independent retrospective external validation cohort was assembled from patients hospitalized in the
Department of Orthopaedics, Wuhan Integrated Traditional Chinese and Western Medicine Orthopedic
Hospital/Affiliated Hospital of Wuhan Sports University, Wuhan, China, between June 1, 2023 and June 1,
2025.

Eligibility for the external cohort was based on an operational definition of osteoporotic or fragility
fracture used for this retrospective study. Patients were eligible if they had either a documented
diagnosis of osteoporosis, including a DXA T-score < - 2.5 at the lumbar spine, femoral neck, or total hip,
or a clinically documented low-energy fragility fracture involving one of the predefined fracture sites [26].
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Patients were included if they met all of the following criteria: (1) age = 50 years at the index
hospitalization; (2) hospitalization for an osteoporotic or fragility fracture classifiable into one of the five
fracture categories used in the development cohort; (3) fulfillment of the operational osteoporosis or
fragility-fracture definition described above; and (4) availability of all predictors required by the frozen
prediction model and ascertainment of 365-day post-discharge mortality status.

Patients were excluded for high-energy trauma or malignancy-related pathological fracture; a fracture
that could not be assigned to one of the five predefined categories; unresolved inconsistencies in key
dates or other critical clinical information that prevented reliable determination of follow-up or model
predictors; or missing frozen-model predictors or incomplete ascertainment of 365-day post-discharge
mortality.

Vital status through 365 days after discharge was ascertained from hospital electronic records and
structured follow-up records, supplemented by telephone follow-up when required. For patients with
more than one eligible hospitalization during the study period, only the first qualifying admission was
retained as the index hospitalization. The final external validation cohort comprised 695 patients, of
whom 28 died within 365 days after discharge. The patient-selection process is shown in Supplementary
Fig. S1.

The source registry study was approved by the Institutional Review Board of the Affiliated Kunshan
Hospital of Jiangsu University (approval No. 2024-03-053-H00-K01), with the requirement for informed
consent waived because of the retrospective design and use of de-identified data [25]. The independent
external validation study was approved by the Ethics Committee of Wuhan Integrated Traditional Chinese
and Western Medicine Orthopedic Hospital/Affiliated Hospital of Wuhan Sports University (approval No.
672HREC20260522-L.044), which waived the requirement for individual informed consent because of the
retrospective use of routinely collected clinical data. Both study components were conducted in
accordance with the Declaration of Helsinki.

Outcomes and analytical time scales
Three analytical time scales were defined according to the study question.

For mortality analyses, time zero was the index hospital admission. In the publicly released dataset, April
24, 2024 was uniformly recorded in the death-time field for patients coded as alive, whereas observed
dates of death were recorded for patients who died. The latest recorded death occurred on April 20,
2024. April 24, 2024 was therefore used as the administrative endpoint for mortality ascertainment.
Cumulative all-cause mortality was estimated at 30 days and at 1, 3, and 5 years.

For first-refracture and post-fracture transition analyses, time zero was also the index admission. March
24, 2024 was uniformly recorded for patients without a documented first refracture in the released
dataset and was therefore used as the common administrative cutoff for analyses involving both

refracture and death. Death before first refracture was treated as a competing event [27, 28]. Deaths
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occurring after March 24 and on or before April 24, 2024 contributed to the mortality analyses but were
censored on March 24, 2024 in the competing-risk and transition analyses.

For prediction modelling, time zero was hospital discharge and the target outcome was all-cause
mortality within 365 days after discharge. Patients who remained alive but had less than 365 days of
available follow-up were censored at their last observed follow-up. Seven patients died on the day of
discharge; their event time was set to 0.5 days to retain these events in the Cox analysis while ensuring a
positive event interval.

Baseline variables

Baseline variables included age, sex, index-fracture category, body mass index (BMI), American Society
of Anesthesiologists (ASA) physical-status class, source-provided Charlson Comorbidity Index (CClI),
haemoglobin, serum albumin, serum creatinine, and admission year.

The source-provided CCl was used as recorded in the publicly released dataset and did not include age
points. ASA class was dichotomized as llI-1V versus |-l in the prognostic and prediction models.
Creatinine was log2-transformed so that the corresponding regression coefficient represented the
association with a doubling in serum creatinine.

Age was modelled nonlinearly in the mortality and prediction models using restricted cubic splines with
knots at 54, 68, and 85 years [29].

Because the public data dictionary did not specify the exact timing of haemoglobin, albumin, creatinine,
ASA classification, or CCl assessment during the index hospitalization, these variables were treated as
clinical information recorded during hospitalization and available by discharge.

Long-term mortality analysis

Cumulative all-cause mortality was estimated from index admission through April 24, 2024 using the
Kaplan—Meier method. Estimates with 95% confidence intervals and numbers at risk were reported at
the specified time points. Follow-up duration was estimated using the reverse Kaplan—Meier method.

Adjusted associations with long-term mortality were estimated using multivariable Cox proportional
hazards regression. The model included age, sex, fracture category, BMI, ASA class, source-provided CCl,
haemoglobin, albumin, log2-transformed creatinine, and admission year.

Age was represented using restricted cubic splines and interpreted jointly rather than as a single per-year
hazard ratio. The overall association between age and mortality and evidence of departure from linearity
were assessed using joint Wald tests of the spline coefficients. The proportional hazards assumption
was assessed using scaled Schoenfeld residuals across the imputed datasets [30].
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Refracture and competing-risk analyses

The cumulative incidence of first refracture was estimated through March 24, 2024, with death before
first refracture treated as a competing event. Differences across the five fracture categories were
assessed using Gray’s test [31].

Associations with first refracture were evaluated using cause-specific Cox and Fine—Gray regression.
Cause-specific Cox regression estimated associations with the instantaneous refracture hazard among
patients who remained alive and refracture-free, whereas Fine—Gray regression estimated
subdistribution hazard ratios for the cumulative incidence of refracture in the presence of competing
mortality [27, 28].

Both models included the same adjustment variables. Age was expressed per 10-year increase in the
refracture analyses. Cause-specific and subdistribution hazard ratios were interpreted as distinct
estimands [28].

Descriptive post-fracture disease transitions

Post-fracture trajectories were summarized using a three-state framework comprising survival without
refracture, first refracture, and death. These analyses used the same administrative cutoff of March 24,
2024 as the competing-risk analyses.

Three observed transitions were evaluated: survival without refracture to first refracture, survival without
refracture to direct death, and first refracture to death. For each transition, we calculated the number of
events, accumulated person-time, and crude transition rate per 1,000 person-years with 95% confidence
intervals.

These analyses were descriptive and were used to characterize observed post-fracture pathways.

Development of the 1-year mortality prediction model

A multivariable Cox proportional hazards model was developed to estimate individual risk of all-cause
mortality within 365 days after hospital discharge.

The model contained nine routinely available clinical inputs: age, sex, fracture category, BMI, ASA class,
source-provided CCI, haemoglobin, albumin, and creatinine. Age was represented using restricted cubic
splines with knots at 54, 68, and 85 years, and creatinine was log2-transformed. Hip/femur fracture
served as the reference category.

The predictor set, functional forms, and model class were defined before final model fitting. No repeated
predictor selection, automated stepwise selection, or comparison across multiple machine-learning
algorithms was undertaken in the final model-development procedure. Bootstrap-based internal

Page 8/32



validation was used instead of random sample splitting to preserve the full development sample and
quantify optimism [32].

Individual 365-day mortality risk was calculated from the Cox linear predictor and the frozen baseline
survival function.

Missing data and multiple imputation

Four predictors contained missing values in the development cohort: BMI in 755 patients (15.8%),
haemoglobin in 91 (1.9%), albumin in 155 (3.2%), and creatinine in 59 (1.2%).

Missing baseline covariates were handled using multiple imputation by chained equations. The primary
imputation model included 17 baseline variables: the nine prediction-model inputs together with
admission year, hypertension, diabetes, heart disease, cerebrovascular disease, chronic kidney disease,
surgery, and anti-osteoporosis treatment.

Predictive mean matching was used to impute BMI, haemoglobin, albumin, and creatinine [33]. The
remaining variables in the primary imputation model were completely observed. Thirty imputed datasets
were generated for the principal prognostic analyses, and adjusted estimates were combined using
Rubin’s rules.

The primary imputation model did not include outcome or follow-up information. An outcome-informed
multiple-imputation sensitivity analysis was additionally performed by incorporating event status and
cumulative-hazard information [34].

Internal validation

Internal validation of the prediction model was performed using 500 patient-level bootstrap samples
[32].

Within each bootstrap repetition, the multiple-imputation model was re-estimated in the resampled
dataset and five imputed datasets were generated. The Cox model was then refitted in the bootstrap
sample and evaluated in both the bootstrap sample and the original development dataset.

For each performance measure, optimism was calculated as the difference between performance in the
bootstrap sample and performance when the fitted model was applied to the original development
dataset. Mean optimism across the 500 repetitions was subtracted from the corresponding full-data
apparent estimate to obtain optimism-corrected performance.

Because 355 patients were censored alive before 365 days, discrimination at 365 days was assessed
using an inverse-probability-of-censoring-weighted time-dependent AUC. Harrell's C statistic was used to
assess overall rank discrimination while accounting for censoring, and prediction error at 365 days was
assessed using a censoring-adjusted Brier score.
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Calibration was evaluated using calibration-in-the-large, calibration slope, mean predicted risk, observed
risk, and the observed-to-expected (O/E) event ratio. The integrated Brier score was additionally
calculated as a summary measure of prediction error over time [23].

Replicate-specific corrected distributions represented variation in estimated optimism rather than full
sampling uncertainty. Internal performance was therefore summarized using optimism-corrected point
estimates.

A secondary sensitivity analysis used 100 bootstrap repetitions with 10 imputations per repetition.

Outcome-informed multiple-imputation sensitivity analysis

An additional sensitivity analysis examined the effect of incorporating outcome information into the
imputation model.

The sensitivity imputation model retained the same 17 baseline variables and additionally included the
365-day mortality indicator and standardized Nelson—Aalen cumulative hazard as auxiliary variables
[34]. Thirty imputed datasets were generated.

The predictor set, variable definitions, transformations, restricted cubic-spline knots, and model structure
remained unchanged. Model stability was assessed by comparing regression coefficients, linear
predictors in the development and external cohorts, individual predicted risks, AUC, Harrell's C statistic,
Brier score, calibration slope, and O/E ratio. Results were materially unchanged, and the frozen prediction
model was retained without refitting.

External validation

The complete prediction model was frozen before external validation and applied without refitting to the
independent external cohort of 695 patients.

All external-validation patients had complete predictor data and complete ascertainment of 365-day
post-discharge vital status. The AUC for 365-day mortality was therefore calculated from the complete
binary 365-day outcome rather than using a censoring-weighted time-dependent ROC method. Harrell's C
statistic was additionally calculated from the survival data, and overall predictive accuracy was
evaluated using the 365-day Brier score.

Calibration was assessed using calibration-in-the-large, calibration slope, and the O/E event ratio [23].
External performance measures were reported with 95% confidence intervals. Calibration was also
assessed graphically across quintiles of predicted risk by comparing observed mortality with mean
predicted risk within each group.

Transportability was examined by comparing individual predictor distributions and the model linear
predictor between the development and external cohorts. Standardized mean differences quantified
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differences in predictor distributions between cohorts, and the ratio of external to development linear-
predictor standard deviations characterized differences in overall risk dispersion.

Risk stratification and model updating

For descriptive risk stratification, patients in the external cohort were divided into quintiles according to
predicted 365-day mortality risk. Observed mortality and mean predicted risk were summarized within
each quintile, and the proportion of all external deaths occurring in the highest predicted-risk quintile
was calculated.

The quintiles were used to describe the concentration of predicted risk rather than to define intervention
thresholds.

Two secondary recalibration strategies were explored after evaluation of the unchanged frozen model.
The first updated calibration-in-the-large while fixing the calibration slope at 1. The second estimated
both calibration-in-the-large and the calibration slope. Updated models were compared with the
unchanged frozen model using discrimination, calibration, and Brier score. The frozen model remained
the primary external-validation model.

Decision-curve analysis

Decision-curve analysis was used to explore the net benefit of the frozen model across a range of risk
thresholds compared with treat-all and treat-none strategies [24]. Uncertainty was quantified using 2,000
patient-level bootstrap samples.

Statistical analysis and reporting

Continuous variables were summarized as mean (standard deviation) or median [interquartile range], as
appropriate, and categorical variables as number (percentage). Differences in baseline characteristics
between the development and external validation cohorts were quantified using standardized mean
differences.

Effect estimates, absolute-risk estimates, and external-validation performance measures are presented
with 95% confidence intervals where applicable. All statistical tests were two-sided.

Analyses were performed using R version 4.5.2 (R Foundation for Statistical Computing, Vienna, Austria),
principally with the survival, mice, cmprsk, Hmisc, and pROC packages. ggplot2 was used for graphical
presentation.

The observational components of the study were reported in accordance with the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement [35], and the prediction-model
development and external-validation components were reported according to the TRIPOD + Al reporting
guideline [36].

Results
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Study population and analytical cohorts

Of 4,782 patients in the publicly released source dataset, six were excluded because of irreconcilable
date inconsistencies and three because of inconsistent total-cost information, leaving 4,773 patients in
the development cohort (Fig. 1A). The mean age was 68.8 years (SD 11.2), and 3,230 patients (67.7%)
were women. Index fractures involved the hip/femur in 1,686 patients (35.3%), lumbar spine/pelvis in
1,289 (27.0%), thoracic spine/rib in 722 (15.1%), forearm/wrist in 667 (14.0%), and shoulder/proximal
humerus in 409 (8.6%) (Table 1).
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Table 1
Baseline characteristics of the development and external validation cohorts

Characteristic

Patients

Age (years)

Female
Hip/femur

Lumbar
spine/pelvis

Thoracic spine/rib
Forearm/wrist

Shoulder/proximal
humerus

BMI (kg/m?)

ASA |
ASA I
ASAIII
ASA IV

Source-provided
CCl

Haemoglobin (g/L)

Albumin (g/L)

Summary

Mean
(SD)

n (%)
n (%)

n (%)

n (%)
n (%)

n (%)

Median
[Q1, Q3]

Mean
(SD)

Mean
(SD)

Development
cohort (n=
4,773)

4,773

68.8 (11.2)

3,230 (67.7%)
1,686 (35.3%)
1,289 (27.0%)

722 (15.1%)
667 (14.0%)
409 (8.6%)

23.3 (3.3)

590 (12.4%)
3,116 (65.3%)
1,049 (22.0%)
18 (0.4%)
0.0[0.0, 0.0]

125.1 (18.3)

39.9 (4.4)

External
validation
cohort (n=
695)

695
69.3 (10.6)

470 (67.6%)
246 (35.4%)
196 (28.2%)

112 (16.1%)
91 (13.1%)
50 (7.2%)

23.2 (3.3)

86 (12.4%)
453 (65.2%)
153 (22.0%)
3 (0.4%)
0.0[0.0, 0.0]

124.1 (17.9)

40.0 (4.1

Development

cohort missing,

n (%)

0 (0.0%)

0 (0.0%)
0 (0.0%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
0 (0.0%)

755 (15.8%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

91 (1.9%)

155 (3.2%)

Absolute
SMD

0.054

0.001
0.002
0.027

0.027
0.026
0.051

0.017

0.000
0.002
0.001
0.009
0.170

0.054

0.001

Values and continuous-variable SMDs use available, nonmissing observations before development-

cohort imputation.

There were no missing predictor values in the external validation cohort.

Absolute SMDs use the pooled within-cohort standard deviation; categorical level rows use binary

contrasts.

Global fracture-type SMD: 0.064; model ASA IlI-IV vs I-Il SMD: 0.002. These complete-data contrasts
match the transportability audit.
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Characteristic Summary  Development External Development Absolute

cohort (n= validation cohort missing, SMD
4,773) cohort (n= n (%)
695)
Creatinine (umol/L)  Median 61.0[51.0, 63.4 [45.9, 59 (1.2%) 0.114
[Q1, Q3] 74.0] 86.7]

Values and continuous-variable SMDs use available, nonmissing observations before development-
cohort imputation.

There were no missing predictor values in the external validation cohort.

Absolute SMDs use the pooled within-cohort standard deviation; categorical level rows use binary
contrasts.

Global fracture-type SMD: 0.064; model ASA llI-IV vs I-1l SMD: 0.002. These complete-data contrasts
match the transportability audit.

The independent retrospective external validation cohort comprised 695 patients treated between June
1,2023 and June 1, 2025, among whom 28 deaths occurred within 365 days after discharge. The
patient-selection process is shown in Supplementary Fig. S1. All predictors required by the frozen model
and 365-day mortality status were complete in the external cohort. Baseline characteristics were
generally similar between cohorts. The largest absolute standardized mean differences among individual
predictors were observed for the source-provided CCI (0.170) and creatinine (0.114), whereas the global
standardized mean difference was 0.064 for fracture category and 0.002 for ASA IlI-IV versus I-lI

(Table 1; Table S7).

The 4,773 patients in the development cohort contributed to three parallel analytical components with
outcome-specific time scales (Fig. 1C). Long-term mortality was assessed from index admission
through April 24, 2024. Refracture and descriptive state-transition analyses used index admission as
time zero and March 24, 2024 as the common administrative cutoff. The prediction model targeted all-
cause mortality within 365 days after hospital discharge. Within the development cohort, 201 deaths
occurred within 365 days, while 355 patients remained alive but were censored before 365 days because
of shorter available follow-up.

Long-term mortality and refracture burden

During long-term follow-up, 574 deaths occurred in the development cohort. Cumulative all-cause
mortality was 0.44% (95% Cl, 0.29-0.67) at 30 days, 4.08% (95% Cl, 3.55-4.68) at 1 year, 10.47% (95% Cl,
9.53-11.50) at 3 years, and 17.64% (95% Cl, 16.19-19.22) at 5 years (Fig. 2A; Table 2).
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Table 2
Absolute risks after osteoporotic fracture

Outcome 30 days 1 year 3 years 5 years

All-cause mortality 0.44 (0.29- 4.08 (3.55- 10.47 (9.53- 17.64 (16.19-
0.67)% 4.68)% 11.50)% 19.22)%

First refracture (competing-risk — 1.67 (1.30- 4.76 (4.07- 8.41 (7.30-

CIF) 2.04)% 5.45)% 9.51)%

S5-year mortality by index - - — —
fracture category

Hip/femur — - - 32.10 (29.24-
35.17)%
Lumbar spine/pelvis — — — 11.03 (8.85-
13.71)%
Thoracic spine/rib - - - 10.97 (8.12-
14.75)%
Forearm/wrist — - - 3.36 (1.85-
6.07)%
Shoulder/proximal humerus — — — 5.99 (2.78-
12.68)%

Values are cumulative risk estimates (95% Cl). Mortality uses Kaplan-Meier estimation; first
refracture uses a cumulative incidence function with death as a competing event.

Mortality varied across fracture categories (Fig. 2B; Supplementary Fig. S3). Five-year mortality was
highest after hip/femur fracture, at 32.10% (95% Cl, 29.24-35.17). Corresponding estimates were
11.03% (95% ClI, 8.85-13.71) after lumbar spine/pelvis fracture, 10.97% (95% Cl, 8.12-14.75) after
thoracic spine/rib fracture, 3.36% (95% Cl, 1.85-6.07) after forearm/wrist fracture, and 5.99% (95% CI,
2.78-12.68) after shoulder/proximal humerus fracture.

With death treated as a competing event, the cumulative incidence of first refracture was 1.67% (95% Cl,
1.30-2.04) at 1 year, 4.76% (95% Cl, 4.07-5.45) at 3 years, and 8.41% (95% Cl, 7.30-9.51) at 5 years

(Fig. 2C; Table 2). Across the observed follow-up period, the absolute burden of mortality exceeded that
of first refracture. Fracture-specific cumulative incidence functions are shown in Supplementary Fig. S4.

Prognostic associations with mortality and refracture

After multivariable adjustment, female sex was associated with lower all-cause mortality than male sex
(HR, 0.64; 95% Cl, 0.54-0.76) (Fig. 3A; Table 3). Higher ASA class and greater comorbidity burden were
associated with higher mortality, with an HR of 1.57 (95% CI, 1.31-1.90) for ASA llI-IV versus |-l and
1.31 (95% CI, 1.19-1.44) per one-point increase in the source-provided CCI.

Page 15/32



Table 3

Adjusted prognostic associations

Section

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

A. All-cause
mortality

B. First
refracture

B. First
refracture

B. First
refracture

B. First
refracture

B. First
refracture

B. First
refracture

B. First
refracture

Factor

Age: restricted cubic
spline (54, 68, 85 years)

Female vs male
Lumbar spine/pelvis vs

hip/femur

Thoracic spine/rib vs
hip/femur

Forearm/wrist vs
hip/femur

Shoulder/proximal
humerus vs hip/femur

ASA III-IV vs I-lI

CCl, per point

Age, per 10 years
Female vs male
Lumbar spine/pelvis vs

hip/femur

Thoracic spine/rib vs
hip/femur

Forearm/wrist vs
hip/femur

Shoulder/proximal
humerus vs hip/femur

CCl, per point

Mortality HR

See Fig. 3B;
reference age
68 years

0.64 (0.54-
0.76)

0.78 (0.62-
0.98)

0.65 (0.48-
0.88)

Refracture
cause-specific
HR

1.45 (1.26~
1.67)

1.47 (1.09-
1.98)

1.61 (1.15-
2.24)

1.61 (1.11-
2.34)

1.26 (0.79-
2.02)

0.99 (0.50-
1.93)

1.25 (1.05-
1.50)

Refracture
Fine—Gray sHR

1.36 (1.18-
1.57)

1.54 (1.14-
2.08)

1.69 (1.17-
2.44)

1.73 (1.17-
2.55)

1.32(0.81-
2.15)

1.07 (0.54-
2.14)

1.20 (0.99-
1.44)

Selected core clinical associations from the unchanged fully adjusted models. BMI, haemoglobin,
albumin, log2 creatinine, and admission year remain in the fitted models; their complete results are
reported in Tables S2 and S3. Hip/femur fracture is the reference. CCl does not include age points.
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Compared with hip/femur fracture, mortality was lower after lumbar spine/pelvis fracture (HR, 0.78; 95%
Cl, 0.62-0.98), thoracic spine/rib fracture (HR, 0.65; 95% Cl, 0.48-0.88), forearm/wrist fracture (HR, 0.47,
95% Cl, 0.28-0.80), and shoulder/proximal humerus fracture (HR, 0.36; 95% CI, 0.19-0.71). The
association between age and mortality was nonlinear (Fig. 3B), with evidence of both an overall
association and departure from linearity. Full adjusted estimates are provided in Table S2.

The prognostic pattern for refracture differed from that for mortality (Fig. 3C; Table 3). Each 10-year
increase in age was associated with a higher refracture rate in both the cause-specific model (HR, 1.45;
95% Cl, 1.26—-1.67) and the Fine—Gray model (sHR, 1.36;95% Cl, 1.18-1.57). Female sex, despite being
associated with lower mortality, was associated with a higher risk of first refracture (cause-specific HR,
1.47;95% Cl, 1.09-1.98; sHR, 1.54; 95% Cl, 1.14-2.08).

A similar contrast was observed across fracture categories. Relative to hip/femur fracture, lumbar
spine/pelvis fracture was associated with a higher refracture rate (cause-specific HR, 1.61; 95% Cl, 1.15—
2.24; sHR, 1.69; 95% Cl, 1.17-2.44), as was thoracic spine/rib fracture (cause-specific HR, 1.61; 95% Cl,
1.11-2.34; sHR, 1.73; 95% Cl, 1.17-2.55), although both categories were associated with lower adjusted
mortality. Estimates for forearm/wrist and shoulder/proximal humerus fractures were less precise, with
confidence intervals including the null. The source-provided CCIl was associated with refracture in the
cause-specific analysis (HR, 1.25; 95% Cl, 1.05-1.50), whereas the corresponding Fine—Gray estimate
was less precise (sHR, 1.20; 95% Cl, 0.99-1.44). Complete estimates for all covariates are reported in
Table S3.

Descriptive post-fracture disease transitions

Using the common cutoff of March 24, 2024, 252 first refractures and 567 deaths were observed.
Among patients without prior refracture, 252 experienced a first refracture and 516 died directly. A
further 51 deaths occurred after first refracture, while 201 patients remained alive or were censored after
refracture and 4,005 remained alive without either refracture or death at the common cutoff (Fig. 1D;
Table S4).

The crude transition rate from survival without refracture to first refracture was 18.0 per 1,000 person-
years (95% Cl, 15.8-20.3), compared with 36.8 per 1,000 person-years (95% Cl, 33.7-40.1) for direct
death without prior refracture. Among patients who experienced a first refracture, the subsequent crude
mortality rate was 93.9 per 1,000 person-years (95% Cl, 69.9-123.5).

Development and internal validation of the 1-year mortality
model

Within the development cohort, 201 deaths occurred within 365 days after hospital discharge, while 355
patients were censored alive before 365 days because complete 1-year follow-up was unavailable. The

frozen Cox model incorporated nine routinely available clinical inputs: age, sex, fracture category, BMI,
ASA class, source-provided CCl, haemoglobin, albumin, and creatinine (Fig. 4A). Full model coefficients,
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predictor centres, transformations, and the baseline survival function at 365 days are provided in Table
S5.

A nomogram derived directly from the frozen model, without refitting, is presented in Fig. 4B. Predictor-
specific contributions are mapped to total points and the corresponding absolute 365-day post-
discharge mortality risk. Age retained its restricted cubic-spline specification, and creatinine retained its
internal log2 transformation.

In internal validation using 500 patient-level bootstrap samples with re-estimation of the multiple-
imputation model within each resample, the optimism-corrected 365-day IPCW time-dependent AUC was
0.860, Harrell's C statistic was 0.857, and the censoring-adjusted Brier score was 0.03695. The
optimism-corrected calibration slope was 0.958 and the O/E ratio was 1.008 (Fig. 4C; Table 4). Internal-
validation results are reported as point estimates because the replicate-specific corrected distributions
reflect variation in estimated optimism rather than full sampling uncertainty (Supplementary Fig. S6;
Table S6).

Table 4

Performance of the frozen 1-year mortality model
Metric Strict internal validation External validation
AUC 0.860 0.802 (0.709-0.884)
Harrell C 0.857 0.794 (0.705-0.874)
Brier score 0.03695 0.03552 (0.02401-0.04856)
Calibration slope 0.958 0.849 (0.540-1.237)
O/E 1.008 1.006 (0.667-1.387)
Internal validation values are optimism-corrected point estimates; no ordinary 95% confidence
intervals are reported. External-validation values retain bootstrap 95% confidence intervals.

Outcome-informed imputation sensitivity analysis

In the development cohort, BMI was missing in 755 patients (15.8%), haemoglobin in 91 (1.9%), albumin
in 155 (3.2%), and creatinine in 59 (1.2%). The primary multiple-imputation model included 17 baseline
variables (Table S6).

Adding the 365-day mortality indicator and standardized Nelson—Aalen cumulative hazard to the
imputation model resulted in only minimal changes to the fitted prediction model. The direction of all
regression coefficients was preserved, and external discrimination and calibration remained essentially
unchanged. The external AUC changed from 0.802 to 0.801, the calibration slope remained 0.849, and
the O/E ratio changed from 1.006 to 1.011 (Table S6).

External validation and risk stratification
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When applied without refitting to the independent hospital cohort, the frozen model retained good
discrimination. Because 365-day mortality status was complete for all 695 external-validation patients,
the external AUC was calculated from the binary 365-day outcome and was 0.802 (95% Cl, 0.709-0.884).
Harrell's C statistic was 0.794 (95% Cl, 0.705-0.874) (Fig. 4C; Table 4), and the external 365-day Brier
score was 0.03552 (95% Cl, 0.02401-0.04856).

Overall calibration was close, with a calibration slope of 0.849 (95% Cl, 0.540-1.237) and an O/E ratio of
1.006 (95% Cl, 0.667-1.387) (Fig. 4D). Linear-predictor distributions were broadly similar between the
development and external cohorts, although the external distribution was modestly narrower. The linear-
predictor SD was 1.794 in the development cohort and 1.671 in the external cohort, corresponding to an
external-to-development SD ratio of 0.931 (95% Cl, 0.883-0.978) and an LP standardized mean
difference of 0.097 (Table S7).

Observed mortality increased across quintiles of predicted risk (Fig. 4E). Mortality was 0.72% (1/139) in
the lowest-risk quintile and 14.39% (20/139) in the highest-risk quintile, compared with corresponding
mean predicted risks of 0.15% and 13.49%, respectively. Overall, 20 of the 28 external deaths (71.4%)
occurred in the highest predicted-risk quintile.

Model updating and exploratory clinical utility

Updating the frozen model did not produce a stable improvement in external performance (Table S8).
Baseline-only recalibration yielded an estimated calibration intercept of - 0.001 (95% CI, - 0.436 to
0.343), with no change in discrimination. Updating both the calibration intercept and slope produced an
intercept of - 0.371 (95% CI, - 1.407 to 0.508) and a slope of 0.849 (95% Cl, 0.540-1.237), without a
stable improvement in Brier performance. The unchanged frozen model was therefore retained as the
primary external-validation model.

In exploratory decision-curve analysis, 10 of 40 evaluated thresholds had bootstrap intervals for
improvement over the better default strategy that excluded zero (Supplementary Fig. S7).

Discussion

In this retrospective prognostic study, long-term mortality represented a greater absolute burden than
first refracture among patients hospitalized with osteoporotic fractures. Five-year all-cause mortality was
17.6%, compared with a 5-year competing-risk cumulative incidence of first refracture of 8.4%. Prognosis
varied substantially across fracture categories and patient characteristics. Hip/femur fracture was
associated with the greatest mortality burden, whereas several non-hip fracture groups showed lower
mortality but higher refracture risk. Female sex showed a similar divergence, with lower mortality but
higher refracture risk. In parallel, a parsimonious nine-input Cox model retained good discrimination and
close overall calibration for 1-year post-discharge mortality when applied without refitting to an
independent hospital cohort.
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The observed mortality burden is consistent with previous population-based studies showing that
excess mortality after osteoporotic fracture extends beyond hip fracture [1-4]. Hip/femur fracture was
associated with the highest long-term mortality in our cohort, whereas lumbar spine/pelvis and thoracic
spine/rib fractures showed lower adjusted mortality but higher refracture hazards. Previous studies have
likewise reported substantial mortality after pelvic and proximal humeral fractures [37-40], while distal
radius fracture generally carries lower short-term mortality but remains an important marker of
subsequent fracture risk [41]. Together, these findings highlight the prognostic heterogeneity of
osteoporotic fractures and support interpretation according to fracture category rather than assuming a
uniform post-fracture course.

Sex showed a similarly divergent prognostic pattern. Women had lower adjusted mortality than men but
a higher risk of first refracture, consistent with previous fragility-fracture studies [1-3]. Differences in
frailty, comorbidity burden, skeletal health, falls, and competing mortality may contribute to this pattern,
although these mechanisms were not directly evaluated. The contrasting associations nevertheless
reinforce that mortality and refracture represent distinct dimensions of post-fracture prognosis and are
best considered separately.

Competing mortality was particularly relevant when estimating refracture risk. Older patients, especially
those with hip/femur fractures, may die before a subsequent fracture occurs. Treating these deaths as
ordinary censoring can overestimate the cumulative probability of refracture. Cause-specific Cox and
Fine—Gray models therefore provided complementary perspectives: the former estimated refracture
hazard among patients who remained alive and refracture-free, whereas the latter characterized
cumulative refracture incidence in the presence of competing death [27, 28]. The broadly consistent
direction of associations across the two approaches supports the overall interpretation of the refracture
findings.

The descriptive transition analysis provided additional context for the relationship between refracture
and death. Direct death from the refracture-free state occurred more frequently than first refracture,
while a further group of patients died after experiencing a refracture. This pattern is consistent with
previous work describing fracture, refracture, and death as interconnected adverse outcomes [3].

The prediction model complemented the long-term outcome analyses by estimating 1-year post-
discharge mortality using routinely available clinical information. Most established mortality tools have
been developed in surgical hip-fracture populations and primarily target short-term postoperative
outcomes [20, 21]. In contrast, the present model covered a broader osteoporotic-fracture population
and was evaluated using bootstrap internal validation followed by independent external validation
without model refitting.

External discrimination remained good, with an AUC of 0.802, and overall calibration was close, with an
O/E ratio near 1. The calibration slope was below 1 but compatible with 1 within its confidence interval.
The external linear-predictor distribution was modestly narrower than that of the development cohort,
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indicating somewhat less variation in predicted risk. Recalibration did not materially improve external
performance, and the unchanged frozen model was therefore retained.

The outcome-informed multiple-imputation sensitivity analysis further supported the stability of the
prediction findings. Adding the 365-day mortality indicator and standardized Nelson—Aalen cumulative
hazard to the imputation model resulted in only minimal changes in regression coefficients, individual
predictions, and external performance [34]. The principal findings were therefore consistent across the
two imputation strategies.

Decision-curve analysis suggested potential net benefit across part of the evaluated threshold range,
although no intervention threshold was prespecified. The model may therefore provide a reproducible
framework for post-fracture mortality risk stratification and for further evaluation within clinical care
pathways. Future studies can assess whether integrating mortality-risk stratification with fracture liaison
services or other secondary-prevention programmes improves the targeting of follow-up,
multidisciplinary assessment, and post-fracture care [42-44].

Strengths and limitations

This study has several strengths. Mortality and refracture were evaluated within the same large
osteoporotic-fracture cohort, allowing direct comparison of two clinically important and competing
outcomes. Refracture was analysed using competing-risk methods and complemented by descriptive
transition analyses. The prediction model incorporated a limited number of routinely available variables,
underwent bootstrap internal validation with re-estimation of the imputation model, and was
subsequently evaluated without refitting in an independent hospital cohort.

Several limitations should be considered. Both the development and external validation cohorts were
retrospective, and residual confounding, misclassification, and incomplete capture of clinical information
remain possible. Refractures treated outside the healthcare systems covered by the source regional
platform may not have been captured. The public dataset also lacked precise within-hospital
measurement times for several predictors and did not consistently include potentially relevant factors
such as frailty, functional status, falls, socioeconomic characteristics, detailed bone mineral density
measurements, or longitudinal treatment adherence. The external cohort included 28 deaths within 365
days, which reduced the precision of some validation estimates, particularly calibration. Both cohorts
were derived from Chinese healthcare settings, and validation in other populations and healthcare
systems would further establish generalizability. Finally, the model estimates risk using information
available during the index hospitalization and does not incorporate subsequent changes in clinical
status, treatment, or recurrent fracture.

Clinical implications
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Post-fracture prognosis is better characterized by considering mortality and refracture together while
recognizing that they follow different prognostic patterns. Hip/femur fracture identified a group with
particularly high long-term mortality, whereas some non-hip fracture groups had lower mortality but
appreciable subsequent fracture risk. These differences may help inform the intensity and focus of post-
fracture follow-up.

The proposed model provides a reproducible approach to 1-year post-discharge mortality risk
stratification using routinely available clinical information. Its application may help identify patients at
higher post-discharge mortality risk and provide a basis for evaluating targeted follow-up or
multidisciplinary post-fracture care. Larger and more diverse external validation studies, together with
prospective evaluation of risk-informed care pathways, would help define its role alongside established
secondary-prevention strategies.

Conclusion

Among patients hospitalized with osteoporotic fractures, long-term mortality exceeded the cumulative
incidence of first refracture and varied substantially across fracture categories and patient
characteristics. Mortality and refracture showed distinct prognostic patterns, underscoring the
importance of accounting for competing death when evaluating post-fracture outcomes. A parsimonious
nine-input Cox model retained good discrimination and close overall calibration for 1-year post-discharge
mortality in an independent hospital cohort. These findings provide a basis for broader validation and
further evaluation of risk-stratified post-fracture care.
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Figure 1. Study design, cohorts, time scales and analysis overview.
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Figure 1

Study design, cohort construction, analytical time scales, and post-fracture pathways.

A, Construction of the public development cohort and the independent hospital-based external validation
cohort. The development cohort was reconstructed from the publicly available OPFRS dataset. Of 4,782
registered patients, six records with irreconcilable date conflicts and three with inconsistent total-cost
information were excluded, leaving 4,773 patients. The external validation cohort included 695 patients
treated between June 1, 2023 and June 1, 2025, of whom 28 died within 365 days after discharge.

B, Distribution of the five index-fracture categories in the development cohort.

C, Outcome-specific analytical time scales. Long-term mortality was assessed from index admission
through April 24, 2024. Refracture and descriptive transition analyses used index admission as time zero
and March 24, 2024 as the common administrative cutoff, with death treated as a competing event for
first refracture. The prediction model targeted all-cause mortality within 365 days after hospital
discharge.

D, Descriptive post-fracture pathways and prediction-model workflow. Post-fracture transitions included
first refracture, direct death without prior refracture, and death after refracture. The nine-input Cox model
was internally validated by bootstrap resampling, frozen, and then applied without refitting to the
independent external validation cohort.
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Figure 2

Absolute risks of mortality and first refracture after osteoporotic fracture.

A, Kaplan—Meier cumulative all-cause mortality from index admission, with 95% confidence bands and
numbers at risk shown at yearly intervals.

B, Five-year cumulative mortality across the five index-fracture categories. Points represent risk
estimates and horizontal bars 95% confidence intervals.
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C, Cumulative incidence of first refracture from index admission, with death treated as a competing
event. Shaded areas represent 95% confidence intervals.

A Adjusted mortality associations B Nonlinear association with age
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Figure 3

Divergent prognostic associations with mortality and first refracture after osteoporotic fracture.

A, Selected adjusted hazard ratios for all-cause mortality. Hip/femur fracture and male sex served as
reference categories; the dashed vertical line denotes HR = 1.

B, Nonlinear association between age and adjusted mortality estimated using restricted cubic splines,
with 68 years as the reference. Shading represents the 95% confidence interval, and the rug indicates the
observed age distribution.

C, Comparison of adjusted associations for mortality, cause-specific refracture hazard, and Fine—Gray
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subdistribution hazard across selected shared clinical factors. Points represent effect estimates and
horizontal bars 95% confidence intervals.
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Figure 4

Development and external validation of the frozen 365-day post-discharge mortality model.

A, Architecture of the nine-input Cox model incorporating age, sex, fracture category, BMI, ASA class,
source-provided CCI, haemoglobin, albumin, and creatinine. Age was modelled using restricted cubic
splines and creatinine was log2-transformed.

B, Nomogram derived directly from the frozen model without refitting, mapping predictor-specific
contributions to total points and absolute 365-day mortality risk.

C, Model discrimination in the development and external validation cohorts. Development performance
is shown using the 365-day IPCW time-dependent AUC and Harrell’'s C statistic; external performance is
shown using the binary 365-day AUC and Harrell's C statistic.

D, External calibration comparing observed and predicted 365-day mortality; the dashed line indicates
perfect calibration.

E, Observed 365-day mortality across quintiles of predicted risk in the external validation cohort. Risk
quintiles were used descriptively and were not intended to define clinical intervention thresholds.
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