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Background Low bone mineral density (LBMD) increases fragility fracture risk and may contrib-
ute importantly to disability after falls. Within the Global Burden of Disease (GBD) framework, 
the attributable fall-related burden is better interpreted as fracture susceptibility and post-fall 
disability than as a direct effect on the occurrence of falls. However, the magnitude, inequality, 
and future trajectory of this burden in women aged 50–69 years remain unclear.

Methods Using GBD 2021 estimates from 1990–2021, we quantified LBMD-attributable fall-relat-
ed disability-adjusted life years (DALYs), years lived with disability (YLDs), and age-standardised 
rates in women aged 50–69 years. Men were included for contextual comparison. We assessed 
temporal trends, socioeconomic inequality, frontier gaps, burden decomposition, and condi-
tional projections to 2050. We performed two-sample Mendelian randomisation to examine as-
sociations of genetically predicted femoral-neck bone mineral density with falls and femoral 
fractures.

Results From 1990–2021, age-standardised DALY and YLD rates declined modestly, whereas ab-
solute DALYs nearly doubled and YLDs increased markedly. In 2021, women had approximately 
35–45% higher age-standardised disability-adjusted life-year rate (ASDR) and about 75% more 
YLDs than men aged 50–69 years. Relative inequality, as measured by the concentration index, 
was directionally positive but statistically uncertain, whereas absolute inequality remained sub-
stantial. Conditional projections suggested further declines in age-standardised rates by 2050 
but continued growth in absolute disability burden. Genetically predicted lower femoral-neck 
bone mineral density showed no clear association with falls (inverse-variance weighted odds ra-
tio (IVW OR) = 1.29; 95% CI = 0.86, 1.95) but was associated with higher risk of fracture of femur 
(OR = 1.71; 95% CI = 1.37, 2.14).

Conclusions LBMD-attributable fall-related injury burden in women aged 50–69 years remains 
a substantial and unequally distributed source of disability. The GBD and Mendelian randomi-
sation findings suggest that LBMD contributes more strongly to fracture susceptibility and dis-
ability after falls than to fall occurrence itself, supporting earlier osteoporosis risk assessment 
and integrated bone-, muscle-, and fall-prevention strategies.

© 2026 The Author(s)

Low bone mineral density (LBMD) is an established risk factor for fragility fractures and 
an important determinant of injury severity after falls [1,2]. Postmenopausal women are 
particularly vulnerable because oestrogen loss during the menopausal transition acceler-
ates bone loss and increases fracture risk from the mid-50s onward [3,4]. In this popula-
tion, falls commonly precipitate osteoporotic fractures, leading to substantial morbidity, 
mortality, and economic costs [5,6].

Falls that culminate in fracture are increasingly understood as failures of an integrated 
muscle-bone unit rather than isolated skeletal events [7,8]. Around the menopausal tran-
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sition, declining femoral-neck bone mineral density (BMD) occurs alongside worsening muscle 
strength and performance, creating a midlife ‘osteosarcopenia window’ in which falls are more 
likely to result in fracture, prolonged recovery, and disability [3,7,9–11]. LBMD captures the skel-
etal component of this process, but fall-related disability is jointly shaped by skeletal fragility, 
neuromuscular function, and environmental context [1,7,10,11].

The global burden of fractures reached 25.8 million YLDs in 2019, a 65% increase since 1990, with 
older women disproportionately affected [8]. The period from 50–69 years is a critical window 
for intervention because many women first enter sustained bone loss, declining physical perfor-
mance, and rising fracture susceptibility during these years [1,10]. Prevention initiated at this 
stage may avert substantial later-life disability.

Despite this clinical importance, most global epidemiological assessments have focused on adults 
older than 60 or 70 years or on both sexes combined [8,12,13]. Limited work has specifically exam-
ined women aged 50–69 years, when preventive efforts may still alter long-term trajectories [3,14]. 
Recent Global Burden of Disease (GBD) 2021 analyses described the overall burden and projec-
tions of falls among midlife women [15] and quantified attributable burden for major risk fac-
tors, including LBMD, across populations [16]. However, they did not specifically characterise 
LBMD-attributable fall-related injury burden in women aged 50–69 years while jointly evaluating 
inequality, frontier gaps, and the distinction between fall occurrence and post-fall fracture-re-
lated disability.

We therefore characterised global, regional, and national patterns in LBMD-attributable fall-re-
lated injury burden among women aged 50–69 years from 1990 to 2021. We assessed temporal 
trends, sociodemographic inequalities, frontier gaps, burden decomposition, and conditional 
projections to 2050. To complement these burden estimates, we also conducted two-sample 
Mendelian randomisation (MR) analyses of femoral-neck BMD on FinnGen falls and femoral 
fractures, treating MR as complementary triangulation rather than one-to-one validation of the 
GBD analyses.

Adherence to JoGH’s Guidelines for Reporting Analyses of Big Data Repositories  
Open to the Public (GRABDROP)

This secondary analysis of publicly available Global Burden of Disease and FinnGen data was 
conducted and reported in accordance with the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) statement and JoGH’s Guidelines for Reporting Analyses of 
Big Data Repositories Open to the Public (GRABDROP) [17,18]. The completed GRABDROP table 
and STROBE checklist are provided in Table S5 and S6 in the Online Supplementary Document.

METHODS

Study design and data source
In this retrospective observational study, we used publicly available data from the Global Burden 
of Disease (GBD) Study 2021, which covers 204 countries and territories [19]. We extracted esti-
mates for women aged 50–69 years from 1990–2021, representing the perimenopausal and early 
postmenopausal period when bone loss accelerates. Men aged 50–69 years were included for con-
textual comparison only. Analyses were conducted at global, regional, national, and socio-demo-
graphic index (SDI) quintile levels. Because the study used only publicly available, de-identified 
and aggregated data, ethics committee approval was not required.

Exposure and outcome definitions
The exposure was LBMD, modelled as a continuous risk factor within the GBD 2021 compara-
tive risk assessment. LBMD was defined as the age- and sex-specific shortfall of femoral-neck 
dual-energy x-ray absorptiometry (DXA)-measured bone mineral density (BMD) from the theoret-
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ical minimum-risk exposure level, set at the 99th percentile of the National Health and Nutrition 
Examination Survey reference distribution [20]. This standardised reference supports cross-coun-
try comparability but is not a universally representative global normative distribution; alter-
native reference distributions would mainly affect the absolute magnitude of attributable esti-
mates. Attributable burden was estimated using population attributable fractions (PAFs), which 
in the GBD framework represent modelled comparative-risk quantities rather than direct individ-
ual-level causality [16,21]. For multifactorial outcomes such as falls, these estimates should there-
fore be interpreted cautiously as partly reflecting fracture susceptibility and post-fall disability 
rather than fall occurrence itself. The outcome was unintentional falls, coded in the International 
Classification of Diseases, 10th Revision (ICD-10) as W00-W19 [19].

Outcome measures
The primary measures were age-standardised DALY rates (ASDR) and age-standardised YLD 
rates (ASYR) per 100 000 population, representing total health loss and non-fatal burden from 
LBMD-attributable fall-related injuries within the GBD framework. Rates were standardised to 
the GBD reference population, and absolute counts are presented with 95% uncertainty intervals 
(UIs) derived from 1000 posterior draws.

Statistical analysis
Temporal trends
We estimated annual changes in age-standardised rates using weighted least-squares regression 
of the natural logarithm of the rate on calendar year and calculated estimated annual percent-
age changes (EAPCs) with 95% confidence intervals (CIs) [22]. Restricted cubic splines were used 
to assess nonlinearity, and model fit was compared using the Akaike Information Criterion [23].

Socioeconomic inequality
Countries and territories were ranked by SDI from lowest to highest. Absolute inequality was 
assessed using the slope index of inequality (SII), and relative inequality using the concentration 
index (CIX) [24,25]. Concentration curves were generated by plotting cumulative population share 
against cumulative outcome share, and 95% confidence bands were estimated by bootstrap res-
ampling with 1000 iterations [26].

Frontier analysis
Frontier analysis benchmarked country performance against the lowest observed burden at a 
given SDI. The empirical frontier was estimated using locally estimated scatterplot smoothing 
(LOESS)-based lower-envelope smoothing, with constrained cubic splines used to preserve a 
non-increasing SDI-frontier relation [26,27]. Frontier gaps were defined as the vertical differences 
between observed and frontier rates at the same SDI, with uncertainty estimated by bootstrap res-
ampling. These gaps were interpreted as descriptive inefficiency gaps rather than causal effects.

Burden decomposition
We applied Das Gupta decomposition to partition changes in absolute burden into contributions 
from population growth, population ageing, and changes in age-specific rates [28]. Uncertainty in 
the decomposed contributions was estimated by Monte Carlo simulation with 10 000 iterations [29].

Bayesian projections
To project outcomes to 2050, we used Bayesian age-period-cohort models estimated by Integrated 
Nested Laplace Approximations [30]. Forecasts were conditioned on United Nations World 
Population Prospects 2022 medium-variant demographics [31], and uncertainty was summarised 
using 50%, 80%, and 95% CIs. To assess robustness, we repeated projections using 2035, 2040, and 
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2050 forecast horizons. These estimates were interpreted as conditional projections rather than 
deterministic forecasts because future treatment uptake, screening access, obesity trends, and 
health-system changes may alter trajectories [32–34].

Mendelian randomisation
We performed two-sample Mendelian randomisation (MR) to assess associations of genetically 
predicted femoral-neck BMD with falls and fracture of femur. Genetic instruments were obtained 
from the Medical Research Council Integrative Epidemiology Unit (MRC IEU) Open Genome-Wide 
Association Studies (OpenGWAS) database (ieu-a-980) and clumped at r2<0.001 within 10 Mb, yield-
ing 21 independent single-nucleotide polymorphisms [35]. Outcome summary statistics were from 
FinnGen Release 10 (FinnGen consortium, Institute for Molecular Medicine Finland, University of 
Helsinki, Helsinki, Finland) for medically recorded falls and fracture of femur [36–38]. Because 
these outcomes were not restricted to women aged 50–69 years and are not identical to GBD-
attributed disability burden, MR was interpreted as complementary triangulation rather than 
direct one-to-one validation. Inverse-variance weighted (IVW) analysis was primary; MR-Egger, 
weighted median, and weighted mode were used as sensitivity analyses. We also assessed hetero-
geneity, directional pleiotropy, leave-one-out influence, and instrument strength.

Software and statistical considerations
Analyses were performed in R, version 4.4.2 (R Core Team, Vienna, Austria) using ‘mgcv,’ ‘boot,’ 
‘INLA,’ and ‘TwoSampleMR’ (version 0.6.29), together with ‘JD_GBDR v2.37.’ The executable bun-
dle and scripts for the frontier analysis, decomposition, and Bayesian age-period-cohort (BAPC) 
projections are available from the corresponding author upon reasonable request. Two-sided 
P < 0.05 was considered statistically significant.

RESULTS

Global temporal trends (1990–2021)
The global absolute LBMD-attributable fall-related injury burden in women aged 50–69 years 
increased markedly from 1990 to 2021 (Table S1 in the Online Supplementary Document). DALYs 
rose 93.0%, from 1 083 598 (95% UI = 853 310, 1 343 612) in 1990 to 2 091 475 (95% UI = 1 639 042, 
2 629 110) in 2021. YLDs increased 91.8%, from 737 417 (95% UI = 519 562, 989 220) to 1 414 595 (95% 
UI = 989 690, 1 907 214).

Age-standardised rates declined only modestly (Table 1). ASDR fell from 313.57 (95% UI = 246.93, 
388.81) to 285.54 (95% UI = 223.77, 358.94) per 100 000, and ASYR from 213.39 (95% UI = 150.35, 
286.26) to 193.13 (95% UI = 135.12, 260.38) per 100 000. The corresponding EAPCs were –0.50% per 
year for ASDR and –0.52% per year for ASYR, indicating gradual rate improvement despite pop-
ulation growth and ageing.

In the GBD comparative risk assessment for falls among women aged 50–69 years in 2021, LBMD 
was the largest risk factor included (Figure S1 in the Online Supplementary Document). This 
ranking should be interpreted within the GBD attribution framework rather than as evidence 
that LBMD directly drives the occurrence of falls.

Sex- and age-specific patterns
For contextual comparison, men aged 50–69 years had a lower burden than women throughout 
the study period (Figure S2, Panel A and B in the Online Supplementary Document). In 2021, 
women accounted for 2.09 million DALYs and 1.41 million YLDs, compared with 1.44 million 
DALYs and 0.81 million YLDs in men. Women also had approximately 35–45% higher ASDR and 
about 75% more YLDs.
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Table 1. Age-standardised rates (ASDR, ASYR) of LBMD-attributable fall-related injury burden among women aged 50–69 y, by global total, five SDI quintiles, and 21 GBD 
regions

Location
ASDR ASYR

1990, per 100 000  
(95% UI)

2021, per 100 000  
(95% UI)

EAPC  
(95% CI)

1990, per 100 000  
(95% UI)

2021, per 100 000  
(95% UI)

EAPC  
(95% CI)

Global 313.57 (246.93, 388.81) 285.54 (223.77, 358.94) −0.50(−0.59, −0.41) 213.39 (150.35, 286.26) 193.13 (135.12, 260.38) −0.52(–0.61, –0.43)
High SDI 333.36 (241.82, 440.42) 346.63 (251.64, 462.70) 0.18 (0.09, 0.27) 285.39 (197.28, 392.85) 299.26 (205.95, 415.52) 0.18 (0.11, 0.26)
High-middle SDI 291.43 (219.02, 375.50) 239.22 (177.89, 318.20) −1.06(−1.22, −0.90) 238.79 (167.99, 323.52) 198.45 (136.46, 274.44) −1.02(−1.18, −0.86)
Middle SDI 259.92 (209.25, 313.09) 240.94 (187.24, 299.82) −0.63(−0.85, −0.42) 156.14 (112.25, 205.63) 153.99 (109.32, 207.18) –0.44(–0.71, –0.18)
Low-middle SDI 407.99 (320.33, 494.23) 360.26 (289.04, 431.70) −0.49(−0.57, −0.40) 189.66 (135.57, 249.02) 171.00 (123.71, 225.91) −0.48(−0.57, −0.39)
Low SDI 323.12 (258.37, 389.78) 298.37 (241.60, 360.42) −0.26(−0.33, −0.19) 121.00 (87.20, 159.42) 125.69 (90.89, 165.15) 0.12 (0.05, 0.19)
Andean Latin America 132.33 (103.78, 161.87) 140.60 (108.59, 177.04) 0.10 (0.05, 0.16) 86.80 (62.41, 114.90) 98.17 (68.84, 133.21) 0.33 (0.22, 0.43)
Australasia 340.64 (237.29, 466.86) 352.05 (244.69, 480.60) 0.29 (0.20, 0.39) 312.96 (209.83, 440.20) 321.70 (215.57, 448.51) 0.22 (0.12, 0.32)
Caribbean 126.63 (99.91, 155.31) 136.15 (105.85, 170.78) 0.12 (0.03, 0.20) 80.71 (57.74, 109.20) 93.08 (65.90, 125.59) 0.43 (0.26, 0.59)
Central Asia 180.96 (135.41, 232.14) 140.17 (103.15, 184.93) −0.96 (−1.02, −0.89) 145.45 (101.40, 196.24) 117.74 (81.38, 161.27) −0.84 (−0.91, −0.77)
Central Europe 398.24 (305.03, 506.91) 290.21 (210.70, 387.45) −1.23 (−1.33, −1.13) 311.72 (220.70, 418.95) 247.94 (170.39, 345.57) −0.91 (−0.97, −0.84)
Central Latin America 275.32 (214.51, 345.96) 168.51 (126.48, 215.61) −1.17 (−1.40, −0.94) 210.98 (151.76, 281.29) 138.40 (96.69, 185.33) −0.81 (−1.10, −0.52)
Central sub-Saharan Africa 199.03 (154.01, 251.10) 189.58 (145.79, 244.75) −0.27 (−0.31, −0.23) 60.04 (43.60, 78.84) 64.33 (46.84, 85.06) 0.11 (0.06, 0.16)
East Asia 222.64 (171.43, 283.67) 204.29 (153.08, 268.58) −0.79 (−1.25, −0.33) 160.27 (115.02, 213.90) 161.23 (111.73, 222.83) −0.67 (−1.35, 0.00)
Eastern Europe 327.92 (240.64, 432.92) 305.11 (223.35, 409.44) −0.85 (−1.26, −0.45) 284.70 (198.30, 388.82) 257.79 (176.51, 362.57) −0.81 (−1.17, −0.46)
Eastern sub-Saharan Africa 222.06 (171.74, 278.43) 179.97 (146.41, 217.06) −0.84 (−0.90, −0.78) 65.08 (47.50, 86.09) 62.40 (45.27, 82.59) −0.18 (−0.22, −0.14)
High-income Asia Pacific 260.12 (184.31, 350.53) 229.54 (159.96, 314.40) −0.48 (−0.64, −0.31) 233.50 (159.10, 323.60) 213.05 (145.02, 297.80) −0.35 (−0.52, −0.18)
High-income North America 284.34 (203.86, 379.62) 406.77 (299.36, 550.84) 1.37 (1.04, 1.71) 250.67 (172.90, 346.92) 341.25 (235.64, 484.43) 1.16 (0.79, 1.54)
North Africa and Middle East 147.11 (111.16, 189.15) 135.47 (100.15, 176.97) −0.48 (−0.58, −0.37) 106.38 (75.17, 143.01) 109.22 (75.65, 151.38) −0.12 (−0.24, 0.01)
Oceania 213.52 (161.05, 277.90) 254.29 (191.02, 334.91) 0.49 (0.45, 0.52) 162.71 (117.16, 217.75) 208.61 (151.22, 279.35) 0.68 (0.63, 0.73)
South Asia 561.74 (436.17, 679.87) 513.31 (406.51, 611.67) −0.43 (−0.53, −0.33) 242.40 (173.70, 318.30) 230.73 (167.82, 305.24) −0.32 (−0.40, −0.25)
Southeast Asia 243.56 (189.00, 293.71) 193.59 (154.45, 236.00) −1.22 (−1.41, −1.04) 114.19 (82.06, 151.40) 104.52 (75.30, 139.58) −0.69 (−0.84, −0.55)
Southern Latin America 221.77 (163.97, 285.82) 223.22 (158.99, 298.69) 0.07 (−0.04, 0.19) 190.34 (133.89, 253.89) 202.49 (138.33, 277.56) 0.20 (0.06, 0.35)
Southern sub-Saharan Africa 76.99 (59.46, 98.52) 61.23 (46.94, 78.63) −0.76 (−0.82, −0.69) 54.41 (38.92, 73.66) 40.22 (28.55, 55.00) −1.07 (−1.14, −1.01)
Tropical Latin America 263.84 (198.05, 335.00) 245.11 (188.29, 308.94) −0.41 (−0.54, −0.28) 218.89 (155.17, 289.28) 188.47 (133.54, 251.97) −0.70 (−0.92, −0.47)
Western Europe 397.63 (287.71, 529.50) 384.81 (273.15, 516.97) 0.03 (−0.05, 0.11) 341.03 (234.52, 471.53) 342.00 (232.55, 473.44) 0.11 (0.01, 0.22)
Western sub-Saharan Africa 190.33 (152.77, 225.58) 163.32 (130.87, 199.61) −0.53 (−0.57, −0.50) 73.02 (53.19, 96.03) 69.47 (50.44, 91.60) −0.14 (−0.21, −0.07)

ASDR – age-standardised DALY rate, ASYR – age-standardised YLD rate, CI – Confidence Interval, EAPC – estimated annual percentage change, GBD – Global Burden of Disease, LBMD – Low 
bone mineral density, SDI – socio-demographic index, UI – uncertainty interval
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Burden increased steeply with age in women (Figure S2, Panel C and D in the Online Supplementary 
Document). Global DALY rates rose from 129.3 per 100 000 (95% UI = 97.3, 171.8) in those aged 50–54 
years to 565.4 per 100 000 (95% UI = 445.2, 704.4) in those aged 65–69 years. South Asia had the high-
est DALY rate in women aged 65–69 years, whereas Southern sub-Saharan Africa had the lowest 
rates in women aged 50–54 years.

Geographic variations and national patterns
Geographic disparities were substantial in 2021 (Figure 1, Panel A and B). ASDR were highest 
in Belgium, Andorra, and India, and lowest in South Africa, the USA Virgin Islands, and Saint 
Vincent and the Grenadines. ASYR patterns largely mirrored those of DALYs, with the high-
est rates in Andorra, Belgium, and Finland, and the lowest rates in South Africa, Eswatini, and 
Lesotho.

National trends from 1990 to 2021 were heterogeneous (Figure 1, Panel C and D). The fastest 
increases in ASDR occurred in the USA, the Netherlands, and Puerto Rico, whereas the steepest 
declines occurred in Latvia, Hungary, and Armenia.

Sociodemographic gradient
Higher observed burden was associated with higher sociodemographic development (Figure S3, 
Panels C and D in the Online Supplementary Document). At the country level in 2021, both out-
comes were positively associated with SDI, with a moderate correlation for ASDR (Spearman’s 
r = 0.31; 95% CI = 0.16, 0.46, P < 0.001) and a stronger correlation for ASYR (r = 0.67; 95% CI = 0.57, 0.76, 
P < 0.001). Country scatterplots showed a stepwise rise across SDI quintiles.

Regional patterns across the 21 GBD regions were broadly similar (Figure S3, Panel A and B in the 
Online Supplementary Document), again with a stronger SDI gradient for ASYR than for ASDR. 
Over time, trajectories differed by region: ASDR rose in high-income North America but declined 
in South Asia, while East Asia showed a U-shaped pattern in ASYR. Overall, these findings indi-
cate persistent cross-regional differences with limited convergence in some lower-SDI settings.

Inequality metrics
Quantitative inequality metrics suggested that a greater share of the observed burden was borne 
by higher-SDI countries, but relative inequality remained statistically uncertain (Figure 2, Panel 
A and B). Concentration indices were positive from 1990 to 2021. DALYs showed CIX = 0.10 (95% 
CI = −0.18, 0.48) in 1990 and 0.10 (95% CI = −0.17, 0.42) in 2021, while YLDs showed CIX = 0.25 (95% 
CI = −0.01, 0.57) and 0.23 (95% CI = −0.04, 0.52), respectively. Because these intervals included zero, 
the CIX results are better read as evidence of a directional tendency toward higher burden in high-
er-SDI settings than as definitive proof of a stable relative pro-rich gradient.

Absolute inequality, assessed by the SII, declined modestly but remained substantial (Figure 2, 
Panel C and D). DALY SII decreased from 143.34 per 100 000 (95% CI = 90.09, 196.58) in 1990 to 136.55 
(95% CI = 100.25, 172.85) in 2021, while YLD SII declined from 236.48 (95% CI = 196.51, 276.44) to 
214.13 (95% CI = 186.48, 241.77). These findings suggest that although absolute inequality narrowed 
slightly over time, sizeable cross-country gaps in burden persisted.

Frontier analysis
Frontier benchmarking showed substantial descriptive efficiency gaps in 2021 (Figure 2, Panel E 
and F). Most countries had higher rates than their frontier values at the same SDI, with the larg-
est excesses observed in several high-SDI settings. For DALYs, Belgium and Andorra showed the 
largest gaps, whereas low-SDI countries such as Niger and Somalia were close to the frontier. A 
similar pattern was observed for YLDs, with the largest frontier gap in Andorra and minimal gaps 
in countries such as the Central African Republic, Chad, and Somalia.
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Figure 1. Global distribution and temporal change of LBMD-attributable fall-related injury burden in women aged 50–69 years. Panel A. Age-standardised DALY rate 
(ASDR) per 100 000 population in 2021. Panel B. Age-standardised YLD rate (ASYR) per 100 000 population in 2021. Panel C. Estimated annual percentage change (EAPC) in 
ASDR, 1990–2021. Panel D. EAPC in ASYR, 1990–2021. ASDR – age-standardised disability-adjusted life year rate, ASYR – age-standardised years lived with disability rate, 
DALY – disability-adjusted life year, EAPC – estimated annual percentage change, LBMD – low bone mineral density, YLD – years lived with disability.
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Figure 2. Socio-demographic inequality and frontier benchmarking of LBMD-attributable fall-related injury burden in 
women aged 50–69 years, 1990–2021. Panel A. Concentration curves for age-standardised DALY rates by socio-demo-
graphic index (SDI) in 1990 and 2021; the 45° line indicates equality, and the area between each curve and the equality line 
yields the concentration index (CIX). Panel B. Concentration curves for age-standardised YLD rates by SDI in 1990 and 
2021. Panel C. Slope index of inequality (SII) for age-standardised DALY rates in 1990 and 2021; points represent countries 
and fitted lines represent population-weighted linear regressions of rates on relative SDI rank (0 = lowest SDI, 1 = high-
est SDI). Panel D. SII for age-standardised YLD rates in 1990 and 2021. Panel E. Frontier benchmarking of age-standard-
ised DALY rates against SDI, 1990–2021; left, country trajectories coloured by year; right, 2021 country estimates coloured 
according to whether rates increased or decreased from 1990 to 2021. Panel F. Frontier benchmarking of age-standard-
ised YLD rates against SDI, 1990–2021; left, country trajectories coloured by year; right, 2021 country estimates coloured 
according to whether rates increased or decreased from 1990 to 2021. In Panels E and F, the black curve indicates the 
empirical frontier (lowest observed burden at a given SDI), and the vertical distance to the frontier represents the fron-
tier gap. Selected countries are labelled. ASDR – age-standardised disability-adjusted life year rate, ASYR – age-standard-
ised years lived with disability rate, CI – confidence interval, CIX – concentration index, DALY – disability-adjusted life 
year, SDI – socio-demographic index, SII – slope index of inequality, YLD – years lived with disability.
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Burden decomposition
Decomposition analysis showed that global increases in absolute burden from 1990 to 2021 were 
driven mainly by population growth, with reductions in age-specific rates partly offsetting them 
(Figure S4, Panels A and B in the Online Supplementary Document). For DALYs, population 
growth explained about 115% of the increase and rate changes about −15%. YLDs showed a sim-
ilar pattern.

Regional heterogeneity was evident. In many low- and middle-SDI regions, especially South Asia 
and parts of Latin America, burden growth was driven mainly by population expansion, whereas 
in some high-SDI settings, including high-income North America and Oceania, rising age-specific 
rates contributed materially to increases in burden.

Conditional projections to 2050
BAPC modelling suggested continued evolution of the global burden through 2050 under continu-
ation of recent patterns and United Nations demographic assumptions (Figure S5, Panel A and B 
in the Online Supplementary Document). Age-standardised rates were projected to decline fur-
ther, with ASDR falling to 212.0 per 100 000 (95% CI = 111.3, 312.6) and ASYR to 171.9 per 100 000 (95% 
CI = 82.0, 261.7) by 2050. Sensitivity analyses using alternative forecast horizons yielded nearly 
identical estimates for overlapping years (Table S2 in the Online Supplementary Document).

Despite projected declines in age-standardised rates, the absolute burden was expected to increase 
because of demographic expansion. DALYs were projected to rise from 2.07 million in 2021 to 2.29 
million in 2050, and YLDs from 1.40 million to 1.86 million. These estimates should be interpreted 
as conditional projections rather than fixed predictions, and uncertainty widened substantially 
with longer forecast horizons.

Genetic triangulation analyses
Using 21 independent instruments for femoral-neck BMD (mean F-statistic = 51.7; minimum 
F-statistic = 31.5) (Table S3 in the Online Supplementary Document), genetically predicted lower 

BMD showed no clear association with 
medically recorded falls (IVW OR per 1-SD 
decrease = 1.29; 95% CI = 0.86, 1.95, P = 0.223) 
(Figure 3, Table 2). Sensitivity analyses were 
directionally similar, heterogeneity was 
present, and there was no evidence of direc-
tional pleiotropy (Table S4 in the Online 
Supplementary Document).

In secondary analyses, genetically predicted 
lower femoral-neck BMD was associated 
with higher risk of fracture of femur (IVW 
OR per 1-SD decrease = 1.71; 95% CI = 1.37, 
2.14; P = 2.78 × 10−6), with broadly consistent 
weighted-median and weighted-mode esti-
mates (Figure 3, Table 2). Heterogeneity 
was modest and the MR-Egger intercept did 
not indicate directional pleiotropy; addi-
tional diagnostics are shown in Figure S6–S9 
and Table S4 in the Online Supplementary 
Document. Overall, the MR pattern was 
more compatible with fracture susceptibil-
ity after falls than with a strong direct effect 
on fall occurrence.

Figure 3. Genetic triangulation using two-sample Mendelian ran-
domisation. Forest plots show Mendelian randomisation estimates 
of genetically predicted lower femoral-neck bone mineral density 
(FN-BMD) on medically recorded falls (primary; FinnGen FALLS) and 
fracture of femur (secondary; FinnGen ST19_FRACT_FEMUR). Points 
indicate odds ratios (ORs) per 1-SD decrease in FN-BMD and horizon-
tal lines indicate 95% confidence intervals. Estimates are shown for 
inverse-variance-weighted, weighted-median, MR-Egger, and weight-
ed-mode methods; the dashed line marks the null (OR = 1). CI – confi-
dence interval, FN-BMD – femoral-neck bone mineral density, IVW 
– inverse-variance weighted, MR – Mendelian randomisation, OR – 
odds ratio, SD – standard deviation.
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DISCUSSION

Principal findings
From 1990 to 2021, the global LBMD-attributable fall-related injury burden in women aged 50–69 
years increased markedly in absolute terms, whereas age-standardised rates declined only mod-
estly. Women consistently carried a higher burden than men of the same age. Higher observed 
burden clustered in several high-SDI settings, and both absolute inequality and frontier gaps 
remained substantial. Conditional projections suggest that demographic change will sustain 
growth in the absolute disability burden even if age-standardised rates continue to decline, while 
complementary MR analyses support a stronger link with fracture susceptibility than with fall 
occurrence.

Mechanisms and comparison with previous studies
Compared with prior GBD 2021 reports on midlife falls [15] and the comparative risk assessment 
of major risk factors [16], our study specifically focuses on women aged 50–69 years and extends 
the evidence to inequality, frontier benchmarking, decomposition, and conditional forecasting. 
A central interpretive point is that the GBD-attributed burden should not be read as proving 
that LBMD directly increases the probability of falling. Rather, the clinical meaning of these 
estimates is more plausibly that lower bone density amplifies the chance that a fall will result 
in fracture, prolonged recovery, and disability. This distinction also helps reconcile the appar-
ently discordant findings from the two analytic components. A population can show substantial 
LBMD-attributable fall-related disability within the GBD framework even if genetically predicted 
lower BMD does not materially increase fall occurrence, because much of the attributable bur-
den may arise from the greater likelihood that a fall leads to fracture, functional loss, and pro-
longed recovery.

It may seem counterintuitive that higher-SDI countries show greater observed LBMD-attributable 
fall-related injury burden. Several explanations are plausible. Women in higher-SDI settings more 
often survive into later midlife with sufficient longevity to accumulate skeletal fragility and to 
live long enough with nonfatal disability after fractures [2,8,39]. In addition, differences in imag-
ing access, case ascertainment, trauma care, rehabilitation, and coding practices may make the 
nonfatal burden more visible in well-resourced settings. These findings, therefore, should not be 
interpreted as indicating that socioeconomic development per se worsens bone health, but rather 
that development shapes exposure recognition, survival, and disability expression.

The observed geography is broadly consistent with prior evidence that hip and other fragility 
fracture rates have historically been highest in Northern Europe and North America and lower 

Table 2. Two-sample Mendelian randomisation estimates of the effect of femoral-neck BMD on falls and 
fracture of the femur*

Outcome and method Method SNPs, n OR (95% CI) P-value
Falls (FinnGen)
IVW 21 1.29 (0.86, 1.95) 0.223
Weighted median 21 1.19 (0.72, 1.96) 0.496
MR-Egger 21 3.33 (0.42, 26.64) 0.272
Weighted mode 21 0.82 (0.28, 2.41) 0.719
Fracture of femur (ST19_FRACT_FEMUR)
IVW 21 1.71 (1.37, 2.14) 2.78 × 10−6

Weighted median 21 1.73 (1.32, 2.28) 3.54 × 10−5

MR-Egger 21 2.53 (0.81, 7.97) 0.128
Weighted mode 21 1.55 (1.01, 2.37) 0.047

CI – confidence interval, IVW – inverse-variance weighted, OR – odds ratio, SNP – single-nucleotide polymorphism.
*All estimates are expressed as OR per 1-SD decrease in genetically predicted femoral-neck BMD. Outcomes were ascer-
tained from FinnGen release R10.
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in many parts of Asia and Africa [8,40]. A recent cohort study also noted substantial geographic 
and ethnic disparities in osteoporotic fracture incidence, with populations of European ancestry 
at elevated risk [41]. Our analysis refines these patterns by focusing on women aged 50–69 years 
and by emphasising nonfatal disability in addition to total health loss.

The modest declines in age-standardised rates may suggest gradual improvement in osteoporo-
sis management, fracture prevention, and post-injury care, but the magnitude of improvement 
remains limited [42]. In some higher-income regions, early gains from osteoporosis treatment 
may have been offset by later stagnation in screening and treatment persistence, while obesity, 
diabetes, dual-energy x-ray absorptiometry (DXA) availability, fracture liaison services, reha-
bilitation access, and coding intensity may also contribute to cross-country differences [43–46]. 
Because these estimates are model-based and the outcome is multifactorial, such temporal pat-
terns should be interpreted cautiously rather than as direct evidence that falling itself has become 
less biologically linked to LBMD.

This age-specific focus is important because substantial disability is already evident before age 
70, particularly in the late 50s and 60s, when preventive intervention may still avert later-life frac-
ture cascades [42]. These findings are also consistent with the concept of osteosarcopenia and 
muscle-bone crosstalk. In women aged 50–69 years, clinically meaningful musculoskeletal age-
ing appears to be under way during the menopausal transition and early post menopause, and 
disability after falls is shaped not only by skeletal fragility but also by muscle strength, balance, 
and physical performance [5,7,11,16]. This supports integrated prevention that combines oste-
oporosis identification and treatment with exercise-based strategies to preserve function and 
reduce fracture-related disability.

The MR analyses help clarify the apparent tension between GBD attribution and individual-level 
causal inference. In FinnGen, genetically predicted lower femoral-neck BMD was not clearly asso-
ciated with medically recorded falls, yet it was robustly associated with fracture of the femur. This 
pattern fits the interpretation that LBMD is more strongly related to fracture susceptibility and 
disability after falls than to fall occurrence itself. At the same time, MR and GBD are not directly 
comparable: MR reflects lifelong genetic liability in predominantly European-ancestry popula-
tions with registry phenotypes, whereas GBD estimates age- and sex-specific population burden 
under a comparative risk assessment framework [16,47,48]. The value of MR here is therefore 
interpretive rather than confirmatory. It helps narrow the most biologically coherent reading of 
the GBD estimates without implying that the two approaches should yield numerically parallel 
effects.

Clinical and policy implications
In high-SDI settings, where observed burden and frontier gaps are large, health systems should 
strengthen earlier osteoporosis risk assessment, timely access to DXA, secondary fracture preven-
tion, and rehabilitation planning. Current guidelines support screening women aged 65 years or 
older and younger women at elevated risk [2], but our findings suggest that meaningful disability 
is already accumulating in the late 50s and early 60s. Earlier risk assessment in high-risk women 
may therefore be justified before age 65. Fall-prevention strategies should be integrated with 
bone-health strategies rather than treated separately, with the practical goal of both reducing fall 
exposure and reducing the probability that a fall results in fracture-related disability [13,49–51].

In lower-SDI settings, currently lower attributed rates should not obscure the likelihood of sub-
stantial future growth in absolute fracture-related disability as populations age and expand. 
Investment in bone health, case finding, nutrition, mobility promotion, community-based pre-
vention, and post-fracture rehabilitation should begin before these burdens escalate. Health sys-
tems will also need to prepare for continuing growth in non-fatal disability, including rehabilita-
tion services, assistive technologies, and coordinated fracture-aftercare pathways.
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Limitations
This study also has several limitations. First, GBD estimates are model-based and may be affected 
by cross-country heterogeneity in case ascertainment, osteoporosis screening, and fracture sur-
veillance. Second, the National Health and Nutrition Examination Survey (NHANES)-derived 
reference is a standardised GBD comparator rather than a universally representative normative 
BMD distribution, so alternative reference distributions would mainly affect the absolute mag-
nitude of attributable estimates. Third, PAF-based attribution in a multifactorial outcome such 
as falls should not be interpreted as direct individual-level causality and likely reflects fracture 
susceptibility and post-fall disability more strongly than fall occurrence itself. Fourth, the pro-
jections are conditional rather than deterministic, and the frontier analysis is descriptive rather 
than causal. Finally, the MR analyses were based largely on European-ancestry registry data 
and were not restricted to women aged 50–69 years, limiting direct comparability with the GBD 
estimates.

CONCLUSIONS
In women aged 50–69 years, LBMD-attributable fall-related injury burden within the GBD frame-
work remains substantial and unequally distributed despite modest declines in age-standardised 
rates since 1990. The combined GBD and MR evidence suggests that the main role of LBMD is 
more likely to lie in fracture susceptibility and disability after falls than in fall occurrence itself. 
Large frontier gaps indicate opportunities for improvement in osteoporosis detection, treatment, 
rehabilitation, and integrated fall-prevention strategies. Even if age-specific risks continue to 
decline, population ageing and growth are likely to increase the absolute number of women liv-
ing with fracture-related disability by 2050.

Acknowledgements: We would like to thank Zhejiang Key Specialties of Clinical Features for their financial support 
(Project No.2024021). We also thank the Global Burden of Disease (GBD) Study collaborators at the Institute for Health 
Metrics and Evaluation (IHME) for making their data publicly available.
Ethics statement: Not applicable. The analysis was based exclusively on publicly available, de-identified, and aggregat-
ed data at country and global levels; therefore, ethics committee approval was not required.
Data availability: All outcome data are publicly available from the Global Health Data Exchange (GHDx) GBD Results 
Tool. The JD_GBDR v2.37 (R 4.4.2) executable bundle and scripts for the frontier analysis, Das Gupta decomposition, 
and BAPC projections, including the corresponding model specification and forecast-sensitivity settings, are available 
from the corresponding author upon reasonable request.
Funding: This study was supported by Zhejiang Key Specialties of Clinical Features, Project No.2024021. The funder 
of the study had no role in the study design, data collection, data analysis, data interpretation, or writing of the man-
uscript.
Authorship contributions: Study concept and design: HZ, BZ, and YC; data verification: YC and HZ; acquisition, analy-
sis, or interpretation of data: QC, BZ, YC, and HZ; drafting of the manuscript: BZ and QC; critical revision of the man-
uscript for important intellectual content: all authors; statistical analysis: QC and BZ; software and visualisation: QC; 
funding acquisition: HZ; study supervision: HZ. HZ supervised the study and served as a guarantor. All authors had full 
access to all the data in the study and had final responsibility for the decision to submit for publication.
Disclosure of interest: The authors completed the ICMJE Disclosure of Interest Form (available upon request from the 
corresponding author) and disclose no relevant interests.
Additional material
Online Supplementary Document

https://jogh.org/documents/2026/jogh-16-04180-s001.pdf


Fall-related injury burden in midlife women

PA
PE
R
S

www.jogh.org • doi: 10.7189/jogh.16.04180	 13	 2026  •  Vol. 16  •  04180

 1 Ensrud KE, Crandall CJ. Osteoporosis. Ann Intern Med. 2024;177:ITC1–16. Medline:38190715 doi:10.7326/
AITC202401160

 2 Nicholson WK, Silverstein M, Wong JB, Chelmow D, Coker TR, Davis EM, et al. Screening for Osteoporosis to 
Prevent Fractures: US Preventive Services Task Force Recommendation Statement. JAMA. 2025;333:498–508. 
Medline:39808425 doi:10.1001/jama.2024.27154

 3 LeBoff MS, Greenspan SL, Insogna KL, Lewiecki EM, Saag KG, Singer AJ, et al. The clinician’s guide to preven-
tion and treatment of osteoporosis. Osteoporos Int. 2022;33:2049–102. Medline:35478046 doi:10.1007/s00198-
021-05900-y

 4 Wilson H, Manyanga T, Burton A, Mushayavanhu P, Chipanga J, Hawley S, et al. Age- and sex-specific incidence 
rates and future projections for hip fractures in Zimbabwe. BMJ Glob Health. 2025;10:e017365. Medline:39870486 
doi:10.1136/bmjgh-2024-017365

 5 Guirguis-Blake JM, Perdue LA, Coppola EL, Bean SI. Interventions to Prevent Falls in Older Adults: Updated 
Evidence Report and Systematic Review for the US Preventive Services Task Force. JAMA. 2024;332:58–69. 
Medline:38833257 doi:10.1001/jama.2024.4166

 6 Reider L, Falvey JR, Okoye SM, Wolff JL, Levy JF. Cost of U.S. emergency department and inpatient visits for 
fall injuries in older adults. Injury. 2024;55:111199. Medline:38006782 doi:10.1016/j.injury.2023.111199

 7 Gielen E, Dupont J, Dejaeger M, Laurent MR. Sarcopenia, osteoporosis and frailty. Metabolism. 2023;145:155638. 
Medline:37348597 doi:10.1016/j.metabol.2023.155638

 8 GBD 2019 Fracture Collaborators. Global, regional, and national burden of bone fractures in 204 countries 
and territories, 1990-2019: a systematic analysis from the Global Burden of Disease Study 2019. Lancet Healthy 
Longev. 2021;2:e580–92. Medline:34723233 doi:10.1016/S2666-7568(21)00172-0

 9 Zhang B, Chen Y, Chen Q, Zhang H. Exosomal miRNAs in muscle-bone crosstalk: Mechanistic links, exercise 
modulation and implications for sarcopenia, osteoporosis and osteosarcopenia. Metabolism. 2025;170:156333. 
Medline:40550325 doi:10.1016/j.metabol.2025.156333

10 Shieh A, Karlamangla AS, Karvonen-Guttierez CA, Greendale GA. Menopause-Related Changes in Body 
Composition Are Associated With Subsequent Bone Mineral Density and Fractures: Study of Women’s Health 
Across the Nation. J Bone Miner Res. 2023;38:395–402. Medline:36542065 doi:10.1002/jbmr.4759

11 Wright VJ, Schwartzman JD, Itinoche R, Wittstein J. The musculoskeletal syndrome of menopause. Climacteric. 
2024;27:466–72. Medline:39077777 doi:10.1080/13697137.2024.2380363

12 GBD 2019 Ageing Collaborators. Global, regional, and national burden of diseases and injuries for adults 
70 years and older: systematic analysis for the Global Burden of Disease 2019 Study. BMJ. 2022;376:e068208. 
Medline:35273014

13 Montero-Odasso M, van der Velde N, Martin FC, Petrovic M, Tan MP, Ryg J, et al. World guidelines for falls pre-
vention and management for older adults: a global initiative. Age Ageing. 2022;51:afac205. Medline:36178003 
doi:10.1093/ageing/afac205

14 Kahwati LC, Kistler CE, Booth G, Sathe N, Gordon RD, Okah E, et al. Screening for Osteoporosis to Prevent 
Fractures: A Systematic Evidence Review for the US Preventive Services Task Force. JAMA. 2025;333:509–31. 
Medline:39808441 doi:10.1001/jama.2024.21653

15 Wang L, Mi Y, Zhu X, Liu Z, Liu J, Zhao C, et al. Global, regional, and National burden of falls among midlife 
women from 1990 to 2021 and projections to 2050: A systematic analysis for the global burden of disease study 
2021. Aging Clin Exp Res. 2025;37:324. Medline:41236661 doi:10.1007/s40520-025-03210-5

16 GBD 2021 Risk Factors Collaborators. Global burden and strength of evidence for 88 risk factors in 204 countries 
and 811 subnational locations, 1990-2021: a systematic analysis for the Global Burden of Disease Study 2021. 
Lancet. 2024;403:2162–203. Medline:38762324 doi:10.1016/S0140-6736(24)00933-4

17 von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP. The Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) Statement: guidelines for reporting observational studies. 
Int J Surg. 2014;12:1495–9. Medline:25046131 doi:10.1016/j.ijsu.2014.07.013

18 Rudan I, Song P, Adeloye D, Campbell H. Journal of Global Health’s Guidelines for Reporting Analyses of Big Data 
Repositories Open to the Public (GRABDROP): preventing ‘paper mills’, duplicate publications, misuse of statis-
tical inference, and inappropriate use of artificial intelligence. J Glob Health. 2025;15:01004. Medline:40587200 
doi:10.7189/jogh.15.01004

19 GBD 2021 Diseases and Injuries Collaborators. Global incidence, prevalence, years lived with disability (YLDs), 
disability-adjusted life-years (DALYs), and healthy life expectancy (HALE) for 371 diseases and injuries in 204 
countries and territories and 811 subnational locations, 1990-2021: a systematic analysis for the Global Burden 
of Disease Study 2021. Lancet. 2024;403:2133–61. Medline:38642570 doi:10.1016/S0140-6736(24)00757-8

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/38190715
https://doi.org/10.7326/AITC202401160
https://doi.org/10.7326/AITC202401160
https://pubmed.ncbi.nlm.nih.gov/39808425
https://pubmed.ncbi.nlm.nih.gov/39808425
https://doi.org/10.1001/jama.2024.27154
https://pubmed.ncbi.nlm.nih.gov/35478046
https://doi.org/10.1007/s00198-021-05900-y
https://doi.org/10.1007/s00198-021-05900-y
https://pubmed.ncbi.nlm.nih.gov/39870486
https://doi.org/10.1136/bmjgh-2024-017365
https://pubmed.ncbi.nlm.nih.gov/38833257
https://pubmed.ncbi.nlm.nih.gov/38833257
https://doi.org/10.1001/jama.2024.4166
https://pubmed.ncbi.nlm.nih.gov/38006782
https://doi.org/10.1016/j.injury.2023.111199
https://pubmed.ncbi.nlm.nih.gov/37348597
https://pubmed.ncbi.nlm.nih.gov/37348597
https://doi.org/10.1016/j.metabol.2023.155638
https://pubmed.ncbi.nlm.nih.gov/34723233
https://doi.org/10.1016/S2666-7568(21)00172-0
https://pubmed.ncbi.nlm.nih.gov/40550325
https://pubmed.ncbi.nlm.nih.gov/40550325
https://doi.org/10.1016/j.metabol.2025.156333
https://pubmed.ncbi.nlm.nih.gov/36542065
https://doi.org/10.1002/jbmr.4759
https://pubmed.ncbi.nlm.nih.gov/39077777
https://doi.org/10.1080/13697137.2024.2380363
https://pubmed.ncbi.nlm.nih.gov/35273014
https://pubmed.ncbi.nlm.nih.gov/35273014
https://pubmed.ncbi.nlm.nih.gov/36178003
https://doi.org/10.1093/ageing/afac205
https://pubmed.ncbi.nlm.nih.gov/39808441
https://pubmed.ncbi.nlm.nih.gov/39808441
https://doi.org/10.1001/jama.2024.21653
https://pubmed.ncbi.nlm.nih.gov/41236661
https://doi.org/10.1007/s40520-025-03210-5
https://pubmed.ncbi.nlm.nih.gov/38762324
https://doi.org/10.1016/S0140-6736(24)00933-4
https://pubmed.ncbi.nlm.nih.gov/25046131
https://doi.org/10.1016/j.ijsu.2014.07.013
https://pubmed.ncbi.nlm.nih.gov/40587200
https://doi.org/10.7189/jogh.15.01004
https://pubmed.ncbi.nlm.nih.gov/38642570
https://doi.org/10.1016/S0140-6736(24)00757-8


Zhang et al. 
PA
PE
R
S

2026  •  Vol. 16  •  04180	 14	 www.jogh.org • doi: 10.7189/jogh.16.04180

20 GBD 2021 Low Bone Mineral Density Collaborators. The global, regional, and national burden attributable to 
low bone mineral density, 1990-2020: an analysis of a modifiable risk factor from the Global Burden of Disease 
Study 2021. Lancet Rheumatol. 2025;7:e873–94. Medline:40972625 doi:10.1016/S2665-9913(25)00105-5

21 Panahi N, Saeedi Moghaddam S, Fahimfar N, Rezaei N, Sanjari M, Rashidi MM, et al. Trend in global burden 
attributable to low bone mineral density in different WHO regions: 2000 and beyond, results from the Global 
Burden of Disease (GBD) study 2019. Endocr Connect. 2023;12:e230160. Medline:37578756 doi:10.1530/EC-23-
0160

22 Sun P, Yu C, Yin L, Chen Y, Sun Z, Zhang T, et al. Global, regional, and national burden of female cancers 
in women of child-bearing age, 1990-2021: analysis of data from the global burden of disease study 2021. 
EClinicalMedicine. 2024;74:102713. Medline:39050105 doi:10.1016/j.eclinm.2024.102713

23 Ballin M, Neovius M, Ortega FB, Henriksson P, Nordström A, Berglind D, et al. Genetic and Environmental 
Factors and Cardiovascular Disease Risk in Adolescents. JAMA Netw Open. 2023;6:e2343947. Medline:37976057 
doi:10.1001/jamanetworkopen.2023.43947

24 Luo Z, Shan S, Cao J, Zhou J, Zhou L, Jiang D, et al. Temporal trends in cross-country inequalities of stroke 
and subtypes burden from 1990 to 2021: a secondary analysis of the global burden of disease study 2021. 
EClinicalMedicine. 2024;76:102829. Medline:39309727 doi:10.1016/j.eclinm.2024.102829

25 Feng Y, Tuan TD, Shi J, Li Z, Maimaitiming M, Jin Y, et al. Progress towards health equity in Vietnam: evi-
dence from nationwide official health statistics, 2010-2020. BMJ Glob Health. 2024;9:e014739. Medline:38503427 
doi:10.1136/bmjgh-2023-014739

26 Bai Z, Han J, An J, Wang H, Du X, Yang Z, et al. The global, regional, and national patterns of change in the bur-
den of congenital birth defects, 1990-2021: an analysis of the global burden of disease study 2021 and forecast 
to 2040. EClinicalMedicine. 2024;77:102873. Medline:39416384 doi:10.1016/j.eclinm.2024.102873

27 Cleveland WS. Robust Locally Weighted Regression and Smoothing Scatterplots. J Am Stat Assoc. 1979;74:829–
36. doi:10.1080/01621459.1979.10481038

28 GBD 2021 Osteoarthritis Collaborators. Global, regional, and national burden of osteoarthritis, 1990-2020 and 
projections to 2050: a systematic analysis for the Global Burden of Disease Study 2021. Lancet Rheumatol. 
2023;5:e508–22. Medline:37675071 doi:10.1016/S2665-9913(23)00163-7

29 Delos Trinos JPC, Coffeng LE, Garcia F Jr, Belizario V Jr, Wiseman V, Watts C, et al. Cost and budget impact of 
mass drug administration compared to expanded school-based targeted preventive chemotherapy for soil-trans-
mitted helminth control in Zamboanga Peninsula, the Philippines. Lancet Reg Health West Pac. 2024;50:101162. 
Medline:39219627 doi:10.1016/j.lanwpc.2024.101162

30 Alvares D, van Niekerk J, Krainski ET, Rue H, Rustand D. Bayesian survival analysis with INLA. Stat Med. 
2024;43:3975–4010. Medline:38922936 doi:10.1002/sim.10160

31 United Nations, Department of Economic and Social Affairs, Population Division. World Population Prospects 
2022: Summary of Results. New York, USA: United Nations; 2022. Available: https://www.un.org/development/
desa/pd/content/World-Population-Prospects-2022. Accessed: 1 June 2026.

32 Raftery AE, Li N, Ševčíková H, Gerland P, Heilig GK. Bayesian probabilistic population projections for all coun-
tries. Proc Natl Acad Sci U S A. 2012;109:13915–21. Medline:22908249 doi:10.1073/pnas.1211452109

33 Foreman KJ, Marquez N, Dolgert A, Fukutaki K, Fullman N, McGaughey M, et al. Forecasting life expectancy, 
years of life lost, and all-cause and cause-specific mortality for 250 causes of death: reference and alternative 
scenarios for 2016-40 for 195 countries and territories. Lancet. 2018;392:2052–90. Medline:30340847 doi:10.1016/
S0140-6736(18)31694-5

34 Vollset SE, Goren E, Yuan CW, Cao J, Smith AE, Hsiao T, et al. Fertility, mortality, migration, and population 
scenarios for 195 countries and territories from 2017 to 2100: a forecasting analysis for the Global Burden of 
Disease Study. Lancet. 2020;396:1285–306. Medline:32679112 doi:10.1016/S0140-6736(20)30677-2

35 Zheng HF, Forgetta V, Hsu YH, Estrada K, Rosello-Diez A, Leo PJ, et al. Whole-genome sequencing identifies 
EN1 as a determinant of bone density and fracture. Nature. 2015;526:112–7. Medline:26367794 doi:10.1038/
nature14878

36 Kurki MI, Karjalainen J, Palta P, Sipilä TP, Kristiansson K, Donner KM, et al. FinnGen provides genetic insights 
from a well-phenotyped isolated population. Nature. 2023;613:508–18. Medline:36653562 doi:10.1038/s41586-
022-05473-8

37 FinnGen. Endpoint definition: FALLS (falls/tendency to fall). Risteys (FinnGen). 2025. Available: https://risteys.
finngen.fi/endpoints/FALLS. Accessed: 21 February 2026.

38 FinnGen. Endpoint definition: ST19_FRACT_FEMUR (fracture of femur). Risteys (FinnGen). 2025. Available: 
https://risteys.finngen.fi/endpoints/ST19_FRACT_FEMUR. Accessed: 21 February 2026.

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/40972625
https://doi.org/10.1016/S2665-9913(25)00105-5
https://pubmed.ncbi.nlm.nih.gov/37578756
https://doi.org/10.1530/EC-23-0160
https://doi.org/10.1530/EC-23-0160
https://pubmed.ncbi.nlm.nih.gov/39050105
https://doi.org/10.1016/j.eclinm.2024.102713
https://pubmed.ncbi.nlm.nih.gov/37976057
https://doi.org/10.1001/jamanetworkopen.2023.43947
https://pubmed.ncbi.nlm.nih.gov/39309727
https://doi.org/10.1016/j.eclinm.2024.102829
https://pubmed.ncbi.nlm.nih.gov/38503427
https://doi.org/10.1136/bmjgh-2023-014739
https://pubmed.ncbi.nlm.nih.gov/39416384
https://doi.org/10.1016/j.eclinm.2024.102873
https://doi.org/10.1080/01621459.1979.10481038
https://pubmed.ncbi.nlm.nih.gov/37675071
https://doi.org/10.1016/S2665-9913(23)00163-7
https://pubmed.ncbi.nlm.nih.gov/39219627
https://pubmed.ncbi.nlm.nih.gov/39219627
https://doi.org/10.1016/j.lanwpc.2024.101162
https://pubmed.ncbi.nlm.nih.gov/38922936
https://doi.org/10.1002/sim.10160
https://www.un.org/development/desa/pd/content/World-Population-Prospects-2022
https://www.un.org/development/desa/pd/content/World-Population-Prospects-2022
https://pubmed.ncbi.nlm.nih.gov/22908249
https://doi.org/10.1073/pnas.1211452109
https://pubmed.ncbi.nlm.nih.gov/30340847
https://doi.org/10.1016/S0140-6736(18)31694-5
https://doi.org/10.1016/S0140-6736(18)31694-5
https://pubmed.ncbi.nlm.nih.gov/32679112
https://doi.org/10.1016/S0140-6736(20)30677-2
https://pubmed.ncbi.nlm.nih.gov/26367794
https://doi.org/10.1038/nature14878
https://doi.org/10.1038/nature14878
https://pubmed.ncbi.nlm.nih.gov/36653562
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1038/s41586-022-05473-8
https://risteys.finngen.fi/endpoints/FALLS
https://risteys.finngen.fi/endpoints/FALLS
https://risteys.finngen.fi/endpoints/ST19_FRACT_FEMUR


Fall-related injury burden in midlife women

PA
PE
R
S

www.jogh.org • doi: 10.7189/jogh.16.04180	 15	 2026  •  Vol. 16  •  04180

39 GBD 2021 Demographics Collaborators. Global age-sex-specific mortality, life expectancy, and population esti-
mates in 204 countries and territories and 811 subnational locations, 1950-2021, and the impact of the COVID-
19 pandemic: a comprehensive demographic analysis for the Global Burden of Disease Study 2021. Lancet. 
2024;403:1989–2056. Medline:38484753 doi:10.1016/S0140-6736(24)00476-8

40 Sing CW, Lin TC, Bartholomew S, Bell JS, Bennett C, Beyene K, et al. Global Epidemiology of Hip Fractures: 
Secular Trends in Incidence Rate, Post-Fracture Treatment, and All-Cause Mortality. J Bone Miner Res. 
2023;38:1064–75. Medline:37118993 doi:10.1002/jbmr.4821

41 Crandall CJ, Larson JC, Schousboe JT, Manson JE, Watts NB, Robbins JA, et al. Race and Ethnicity and Fracture 
Prediction Among Younger Postmenopausal Women in the Women’s Health Initiative Study. JAMA Intern Med. 
2023;183:696–704. Medline:37213092 doi:10.1001/jamainternmed.2023.1253

42 Dong Y, Kang H, Peng R, Song K, Guo Q, Guan H, et al. Global, Regional, and National Burden of Low Bone 
Mineral Density From 1990 to 2019: Results From the Global Burden of Disease Study 2019. Front Endocrinol 
(Lausanne). 2022;13:870905. Medline:35685212 doi:10.3389/fendo.2022.870905

43 Cauley JA. Osteoporosis: fracture epidemiology update 2016. Curr Opin Rheumatol. 2017;29:150–6. 
Medline:28072591 doi:10.1097/BOR.0000000000000365

44 NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in underweight and obesity from 1990 to 2022: a 
pooled analysis of 3663 population-representative studies with 222 million children, adolescents, and adults. 
Lancet. 2024;403:1027–50. Medline:38432237 doi:10.1016/S0140-6736(23)02750-2

45 GBD 2021 Diabetes Collaborators. Global, regional, and national burden of diabetes from 1990 to 2021, with 
projections of prevalence to 2050: a systematic analysis for the Global Burden of Disease Study 2021. Lancet. 
2023;402:203–34. Medline:37356446 doi:10.1016/S0140-6736(23)01301-6

46 Martiniakova M, Biro R, Penzes N, Sarocka A, Kovacova V, Mondockova V, et al. Links among Obesity, Type 2 
Diabetes Mellitus, and Osteoporosis: Bone as a Target. Int J Mol Sci. 2024;25:4827. Medline:38732046 doi:10.3390/
ijms25094827

47 Davies NM, Holmes MV, Davey Smith G. Reading Mendelian randomisation studies: a guide, glossary, and 
checklist for clinicians. BMJ. 2018;362:k601. Medline:30002074 doi:10.1136/bmj.k601

48 Nethander M, Coward E, Reimann E, Grahnemo L, Gabrielsen ME, Wibom C, et al. Assessment of the genetic 
and clinical determinants of hip fracture risk: Genome-wide association and Mendelian randomization study. 
Cell Rep Med. 2022;3:100776. Medline:36260985 doi:10.1016/j.xcrm.2022.100776

49 Nicholson WK, Silverstein M, Wong JB, Barry MJ, Chelmow D, Coker TR, et al. Interventions to Prevent Falls 
in Community-Dwelling Older Adults: US Preventive Services Task Force Recommendation Statement. JAMA. 
2024;332:51–7. Medline:38833246 doi:10.1001/jama.2024.8481

50 Sherrington C, Fairhall NJ, Wallbank GK, Tiedemann A, Michaleff ZA, Howard K, et al. Exercise for preventing 
falls in older people living in the community. Cochrane Database Syst Rev. 2019;1:CD012424. Medline:30703272 
doi:10.1002/14651858.CD012424.pub2

51 Wang BY, Sherrington C, Fairhall N, Kwok WS, Michaleff ZA, Tiedemann A, et al. Exercise for fall prevention 
in community-dwelling people aged 60+: more effective in trials with higher fall rates in control groups. J Clin 
Epidemiol. 2023;159:116–27. Medline:37156341 doi:10.1016/j.jclinepi.2023.05.003

R
EF
ER

EN
CE
S

https://pubmed.ncbi.nlm.nih.gov/38484753
https://doi.org/10.1016/S0140-6736(24)00476-8
https://pubmed.ncbi.nlm.nih.gov/37118993
https://doi.org/10.1002/jbmr.4821
https://pubmed.ncbi.nlm.nih.gov/37213092
https://doi.org/10.1001/jamainternmed.2023.1253
https://pubmed.ncbi.nlm.nih.gov/35685212
https://doi.org/10.3389/fendo.2022.870905
https://pubmed.ncbi.nlm.nih.gov/28072591
https://pubmed.ncbi.nlm.nih.gov/28072591
https://doi.org/10.1097/BOR.0000000000000365
https://pubmed.ncbi.nlm.nih.gov/38432237
https://doi.org/10.1016/S0140-6736(23)02750-2
https://pubmed.ncbi.nlm.nih.gov/37356446
https://doi.org/10.1016/S0140-6736(23)01301-6
https://pubmed.ncbi.nlm.nih.gov/38732046
https://doi.org/10.3390/ijms25094827
https://doi.org/10.3390/ijms25094827
https://pubmed.ncbi.nlm.nih.gov/30002074
https://doi.org/10.1136/bmj.k601
https://pubmed.ncbi.nlm.nih.gov/36260985
https://doi.org/10.1016/j.xcrm.2022.100776
https://pubmed.ncbi.nlm.nih.gov/38833246
https://doi.org/10.1001/jama.2024.8481
https://pubmed.ncbi.nlm.nih.gov/30703272
https://doi.org/10.1002/14651858.CD012424.pub2
https://pubmed.ncbi.nlm.nih.gov/37156341
https://doi.org/10.1016/j.jclinepi.2023.05.003

