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Abstract

Background Vertebral fractures are linked to significant disability and mortality risks. Yet, existing studies on their
global burden are outdated and lack predictive foresight.

Methods Public data from the 2021 GBD study were analyzed to assess the global burden and epidemiological
trends of vertebral fractures. The annual percentage change (EAPC) was calculated to represent temporal trends
from 1990 to 2021. Machine learning was used to predict the global burden of vertebral fractures over the next 30
years.

Results From 1990 to 2021, the global burden of vertebral fractures significantly decreased. The age-standardized
incidence rates (ASIR) showed the largest decline in Eastern Sub-Saharan Africa (EAPC: -1.5;95% Cl:-2.0 to -1.0),
while North Africa and the Middle East were the only regions to report an increase (EAPC: 0.3; 95% Cl: 0.1 to 0.5).

For age-standardized prevalence rates (ASPR), High-income Asia Pacific saw the steepest decline (EAPC: -1.4; 95% Cl:
-1.5t0-1.2), while the Caribbean experienced the largest increase (EAPC: 0.8; 95% Cl: 0.4 to 1.3). Similarly, in terms

of age-standardized years lived with disability rates (ASYR), the most substantial reduction occurred in High-income
Asia Pacific (EAPC: -1.4;95% Cl:-1.5 to -1.3), with the Caribbean again showing the greatest rise (EAPC: 0.8;95% Cl: 0.3
to 1.2). Males generally exhibited higher age-standardized rates (ASRs) than females, although females aged 65-70
years old surpassed males. Predictive models suggest continued declines in global ASIR, ASPR, and ASYR by 2050.

Conclusions Our study shows a steady reduction in the global burden of vertebral fractures from 1990 to 2021. Nev-
ertheless, disparities remain across regions, with a positive correlation between ASRs with SDI.

Key points

1.1n 2021, there were approximately 7.5 million incidence cases, 5.4 million prevalence cases, and 0.55 million YLD
cases globally. ASPR, ASIR, and ASYR all showed a downward trend.

2. From 1990 to 2021, incidence, prevalence, and YLDs increased with time. The gap between males and females
gradually narrowed, with males consistently exhibiting higher ASRs.

3. SDlis positively correlated with ASIR, ASPR, and ASYR.
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Introduction

Spinal injuries refer to disruptions in the continuity,
integrity, and stability of the spinal structure, primar-
ily caused by motor vehicle accidents, falls, violence,
and sports injuries [1]. Severe cases may result in spi-
nal cord damage, leading to neurological dysfunction
[2]. Vertebral fractures are the most common type
of spinal injury, often overlooked during the clinical
latency period until chronic back pain or impaired daily
activities arise [3]. Studies show that vertebral fracture
patients may experience reduced quality of life due to
immobility, depression, and social isolation [4]. Moreo-
ver, these fractures are associated with increased mor-
tality, highlighting their significance as a public health
concern [5, 6].

From 1990 to 2019, global prevalence, incidence, and
years lived with disability (YLDs) due to vertebral frac-
tures declined [3]. From the perspective of the socio-
demographic index (SDI), high-SDI countries exhibited
lower age-standardized incidence rate (ASIR), preva-
lence rate (ASPR), and YLD rate (ASYR) than low-
SDI countries, underscoring the link between spinal
injuries and socioeconomic factors [3]. Generally, the
incidence of vertebral fractures rose with age and was
initially higher in men. However, postmenopausal oste-
oporosis significantly elevated fracture risk in elderly
women, leading to a higher prevalence and YLD bur-
den compared to men in later life [3, 7]. There is still a
lack of recent studies on the global burden of vertebral
fractures, and predictive analyses in this field remain
unreported.

This study utilized Global Burden of Disease (GBD)
2021 data to analyze global prevalence, incidence, and
YLDs of vertebral fractures from 1990 to 2021 across
204 countries and 21 regions. We dissected the con-
tributions of population growth, aging, and epidemio-
logical change to the disease burden and examined
30-year trends by age, gender, and SDI. Using ARIMA
modeling, we projected the disease burden to 2050,
providing insights to guide preventive strategies and
healthcare resource allocation.

Method

Data source and injury definition

The incidence, prevalence, and attributable burden
of vertebral fractures were estimated using GBD 2021
data (https://vizhub.healthdata.org/gbd-results/). Ver-
tebral fractures encompassed various etiologies, with

the definition anchored in the International Classifica-
tion of Diseases (ICD) codes (ICD-9 and ICD-10).

Measurements

We examined the incidence, prevalence, and age-stand-
ardized burden rates of vertebral fractures, including
ASIR, ASPR, and ASYR, between 1990 and 2021, disag-
gregated by gender, age, and SDI.

Incidence refers to the number of new cases within a
specific population and timeframe, while prevalence
indicates the proportion affected within a given period
and region. YLD measures years lived with disability due
to vertebral fractures. SDI reflects socio-economic condi-
tions impacting health outcomes, integrating mean edu-
cational attainment (age 15+), total fertility rate (under
25), and lag-distributed per capita income, modeled after
the United Nations’ Human Development Index.

The estimation for incidence, prevalence, and YLD

The methodology for estimating the injury burden in
GBD 2021 has been well-documented [8, 9]. It relies pri-
marily on data from hospital records, insurance claims,
and civil registries. Given the temporal span of these
datasets, variations in ICD coding may introduce bias,
necessitating prior adjustments [10]. After correcting
coding discrepancies, injury incidence was estimated
using the Bayesian tool DisMod-MR 2.1. Injuries are cat-
egorized by external causes (e.g., falls, road traffic acci-
dents) and nature of injury (e.g., vertebral fractures).
Incidence, prevalence, and YLDs are estimated based on
the nature of injury. Short-term disability prevalence is
calculated as the product of incidence and injury dura-
tion, while long-term disability is adjusted by DisMod-
MR 2.1 to account for temporal variations. Ultimately,
prevalence estimates are integrated with disability
weights to quantify YLDs, as detailed in relevant litera-
ture [11, 12]. Final estimates (means with 95% uncer-
tainty intervals (Uls)) were derived from 500 draws from
the estimate’s distribution, with 95% Uls defined as the
2.5 th to 97.5 th percentile range of outcomes [8, 9].

Statistical analysis

In this study, we estimated the incidence, prevalence,
and YLDs of vertebral fractures, along with their 95%
UL, using the Bayesian-based DisMod-MR 2.1 tool.
After obtaining annual estimates, temporal trends were
assessed by calculating the estimated annual percentage
change (EAPC) in ASIR, ASPR, and ASYR from 1990 to
2021. The EAPC was modeled via least squares linear
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regression on log-transformed rates: In(y)=a+px+e,
where y represents the age-standardized rate (ASR),
x denotes the year, and P is the regression coefficient
[3]. The EAPC was derived as (exp(p)—1)x100%, with
its 95% confidence interval (95% CI) obtained by apply-
ing this same formula to the lower and upper bounds
of P's 95% CI (B+£1.96XSE). Specifically, the EAPC’s
95% CI was calculated as [(exp(p—1.96XSE)—1)x100%,
(exp(B+1.96XSE)—1)x100%]. A significant increas-
ing ASR trend was defined when the EAPC’s 95%
CI entirely exceeded zero (lower bound>0), while a
decreasing trend required the upper bound<O; other-
wise, trends were considered stable. Regression analy-
ses were implemented using the broom package in R.

Global maps were generated using the ggmap, maps,
and dplyr packages in R to visualize and compare the
disease burden across the world and 21 regions. Age-
and sex-stratified analyses were conducted by con-
structing dual-axis, dual-panel, and line charts using
ggplot2, reshape2, and dplyr to depict the distribution
of disease burden across population groups. The associ-
ation between the Socio-demographic Index (SDI) and
vertebral fracture burden was further explored, with
SDI categories (low, low-middle, middle, high-middle,
and high) used to compare burdens across different
socioeconomic strata [13]. Data processing and visu-
alization were performed using reshape, ggrepel, and
ggplot2 packages.

Decomposition analysis, stratified by sex and SDI,
quantified the contributions of population ageing,
growth, and epidemiological changes to the variation in
vertebral fracture burden from 1990 to 2021. Each fac-
tor’s contribution is depicted by black dots, with posi-
tive values indicating an increase and negative values a
decrease in disease burden [14].

Future trends were projected using autoregressive
integrated moving average (ARIMA), Extreme Gradi-
ent Boosting (XGBoost), and Long Short-Term Memory
(LSTM) models. ARIMA, an established time-series
method, predicted baseline values through the equation:
Y= Yo+ PYip+ oo+ GpYip+ & -01g - - Oe
where ¢ and 0 are autoregressive and moving average
parameters, Y, is the differenced series, and ¢, denotes
stochastic error at period t [15]. Optimal ARIMA param-
eters were selected via"auto.arima()". Residuals were
refined using XGBoost to capture nonlinearities, fol-
lowed by LSTM for long-range dependencies. The final
forecast combined ARIMA predictions, XGBoost refine-
ments, and LSTM corrections.

All analyses were performed in R (version 4.3.2), with
statistical significance set at p<0.05.
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Result

Global and regional burden of vertebral fractures

In 2021, the global prevalence of vertebral fractures was
estimated at 5.4 (95% UI: 4.7—6.2) million, with an annual
incidence of 7.5 (95% UL: 5.8-9.7) million equally affect-
ing males and females (Table 1). The YLDs attributed
to these fractures totaled 0.5 (95% UL 0.4—0.8) million.
ASRs were recorded at 65.2 (95% UL: 56.9-75.3) cases per
100,000 population for ASPR, 92.8 (95% UI: 72.1-120.0)
cases per 100,000 population for ASIR, and 6.6 (95% UI:
4.4-9.2) cases per 100,000 population for ASYR. Among
21 global regions, Australasia exhibited the highest ASRs,
with an ASIR of 232.2 (95% UL: 174.3-303.6) cases per
100,000 population, ASPR of 182.3 (95% UI: 158.1-208.9)
cases per 100,000 population, and ASYR of 18.6 (95% UI:
12.5-25.8) cases per 100,000 population. Between 1990
and 2021, all global vertebral fracture metrics demon-
strated negative EAPC, signaling a worldwide decline.
For ASIR trends, North Africa and the Middle East dem-
onstrated a slight increase (EAPC: 0.3; 95% CI: 0.1 to 0.5),
while Southeast Asia (EAPC: 0.1; 95% CI: —0.4 to 0.6) and
the Caribbean (EAPC: 0.4; 95% CI: —0.4 to 1.2) showed
stable trends. In contrast, other regions exhibited declin-
ing ASIRs, with Eastern Sub-Saharan Africa experiencing
the steepest decrease (EAPC: —1.5; 95% CI: —2.0 to —1.0).
Regional ASPR trends varied, with the Caribbean expe-
riencing the largest increase (EAPC: 0.8; 95% CI: 0.4 to
1.3), whereas High-income Asia Pacific saw the sharpest
decline (EAPC: —1.4; 95% CI: —1.5 to —1.2). ASYR trends
followed a similar pattern, with the Caribbean recording
the most pronounced rise and High-income Asia Pacific
the most significant reduction. Across different SDI
regions, ASRs generally declined, except in Middle SDI
and Low SDI regions, where ASPR and ASYR remained
stable. The High-middle SDI group experienced the
sharpest decline, while High SDI regions had the highest
ASRs and Low SDI regions the lowest.

The dual-axis plots of temporal trends in global disease
burden

Figure 1 illustrates the GBD and ASRs of vertebral frac-
tures in males and females from 1990 to 2021. The ASIR,
ASPR, and ASYR exhibited a downward trend in both
sexes, with the gender gap narrowing and reaching its
lowest point in 2021. In contrast, incidence, prevalence,
and YLDs in both sexes increased over time, with males
consistently experiencing higher rates than females.

The global disease burden across different age groups

Figure 2 illustrated the prevalence, incidence, and YLD
of vertebral fractures across age groups in 2021 (Fig. 2
a, ¢, e), along with their ASRs (Fig. 2 b, d, f). Overall, the
number of individuals with vertebral fracture-related
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disabilities increased with age. Among males, preva-
lence peaked between 15 and 50 years old, whereas in
females, incidence and disability rose sharply between
50 and 80 years old. In individuals under 65 years old,
the ASIR was higher in males than in females, but the
trend reversed between 65 and 70 years. A similar trend
was observed in incidence and YLD. Among individuals
under 75 years old, males exhibited higher ASPR and
ASYR than females, whereas in those over 75 years old,
females surpassed males in both metrics.

Causes of vertebral fractures

Multiple factors contributed to the ASIR, ASPR, and
ASYR of vertebral fractures in GBD 2021 (Fig. 3). Glob-
ally, falls were the leading cause, with an ASIR of 57.9
(95% UL 38.2-84.5) per 100,000, an ASPR of 44.7 (95%
UL: 37.4-53.1) per 100,000, and an ASYR of 4.5 (95%
UL: 2.9-6.3) per 100,000. Road injuries and mechanical
forces also exhibited relatively high risk rates.
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The global map of 204 countries and the relationship
between the burden of vertebral fractures and the SDI
Figure 4 displayed the ASIR, ASPR, and ASYR of ver-
tebral fractures in 2021 at the national level. Geospa-
tially, high ASIR was mainly seen in developed regions.
Andorra had the highest ASIR of 264.3 (95% UI: 189.7—
367.1) per 100,000, followed by New Zealand and Finland
(Fig. 4A). Similarly, Andorra exhibited the highest ASPR
of 240.6 (95% UL 207.3-276.9) per 100,000, with other
developed nations, including Belgium and Finland, also
reporting elevated rates (Fig. 4B). The ASYR distribution
mirrored that of ASPR, with Andorra again recording the
highest ASYR of 24.3 (95% UL 16.0-33.7) per 100,000
(Fig. 4C).

Fig. 5 depicted the global and regional variations in
ASRs of vertebral fractures relative to the SDI. Glob-
ally, when SDI was below 0.8, the ASIR rose sharply with
increasing SDI, but beyond this threshold, it declined.
A similar trend was observed for the ASPR and ASYR,
which peaked at the SDI of 0.8 before decreasing.
Between 1990 and 2021, the most pronounced reduc-
tions in ASRs occurred in High-income Asia Pacific,
followed by Western Europe, while other regions experi-
enced more gradual declines.

Results of the decomposition analysis for vertebral
fractures

The decomposition analysis revealed consistent global
patterns in how population growth, aging, and epide-
miological changes had influenced the disease burden
of vertebral fractures (Fig. 6). Population growth and
aging contributed to higher prevalence, incidence, and
YLD, while epidemiological changes partially offset these
increases. In men, population growth was the dominant
factor behind rising prevalence, incidence, and YLD.
Whereas, in women, aging primarily fuelled the increase
in incidence and YLD, and population growth contrib-
uted most to prevalence. Across SDI regions, aging was
the principal driver of rising ASPR and ASYR, followed
by population growth. However, in Low, High-middle,
and High SDI regions, population growth was the pri-
mary determinant of increasing ASIR. The epidemiologi-
cal changes had led to a decline in ASYR in High-Middle
and High SDI regions, alongside reductions in ASPR
across High-Middle, High, and Low-Middle SDI regions,
and a decrease in ASIR in Low, Low-Middle, High-Mid-
dle, and High SDI regions. In contrast, other SDI regions
had experienced a rising disease burden as a consequence
of this shift.

Forecast analysis results for vertebral fractures
Predictive analytics indicated that by 2050, the global
ASPR of vertebral fractures would decline to 49.3 (95%
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CI: 45.9-53.8) per 100,000 (Fig. 7a), while the ASIR and
ASYR would drop to 68.5 (95% CI: 62.2-78.3) and 4.9
(95% CI: 4.6-5.4) per 100,000 (Fig. 7d, g). Gender-spe-
cific projections suggested a decrease in ASPR to 53.0
(95% CI: 46.8-59.6) per 100,000 in men and 46.7 (95%
CI: 43.2-51.5) per 100,000 in women (Fig. 7b, c). Cor-
respondingly, ASIR was expected to reach 78.7 (95% CI:
68.3-92.0) per 100,000 in men and 60.4 (95% CI: 51.6—
70.2) in women (Fig. 7e, f), while ASYR would decline to
5.4 (95% CI: 4.8-6.0) per 100,000 in men and 4.7 (95% CL:
4.3-5.2) per 100,000 in women (Fig. 7h, i).

Discussion

This study analyzed the global prevalence, incidence, and
YLDs of vertebral fractures from 1990 to 2021, along with
their temporal trends. For the first time, we also provided
projections extending from 2022 to 2050. Although ASRs
declined over the study period, the absolute number of
affected individuals rose from 5.9 (95% UI: 4.6—7.4) mil-
lion in 1990 to 7.5 (95% UL 5.8-9.7) million in 2021.
Age-stratified analyses revealed that ASRs increased
with advancing age, with male rates exceeding female
rates until women surpassed men between the ages of
60 and 70. A decomposition analysis identified popula-
tion growth and aging as primary drivers of the rising
burden, whereas epidemiological changes mitigated its
impact. Falls emerged as the predominant cause across
all age groups, followed by road injuries. Looking ahead,
our projections indicated a global decline in vertebral
fracture burden for both sexes by 2050, highlighting the
efficacy of current preventive measures.

Vertebral fractures are a global health concern, con-
tributing significantly to disability and mortality. Ver-
tebral fractures are more frequently observed in young
and middle-aged men compared to women, largely
attributable to their broader participation in high-
energy physical activities and lifestyles encompassing
behavioral risk factors such as smoking [16, 17]. More-
over, the screening rate for osteoporosis is significantly
higher among women than men [18], potentially lead-
ing to underdiagnosis of fractures in the male popula-
tion. Intriguingly, a reversal in age-standardized rates
(ASRs) is observed among women aged 65-70 years,
highlighting the complexity of sex-specific differ-
ences—a finding consistent with previous studies [3].
Decomposition analyses in the present study further
indicate that population ageing serves as a principal
driver of the increased incidence and years lived with
disability (YLD) among women. This may be attributed
to the precipitous decline in estrogen levels following
menopause, which accelerates bone loss through an
elevated annual rate of bone mineral density reduc-
tion, thereby heightening the risk of osteoporosis and
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Fig. 5. SDI analysis results. a Incidence across 21 regions; (b) Prevalence across 21 regions; (c) YLDs across 21 regions. YLD, years lived with disability.
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fracture susceptibility [19]. In China, women over the
age of 40 are four to five times more likely to develop
osteoporosis than their male counterparts, with post-
menopausal women constituting the primary demo-
graphic affected by osteoporotic fractures [20-22].
Furthermore, the risk of sports-related injuries during
recreational activities rises with age among women,
with vertebral fractures frequently associated with such
injuries. A study on recreational fractures in the U.S.
(2003-2022) found that horseback riding accounted
for 44.4% of cervical and 74.7% of thoracic vertebral
fractures in females [1]. The axial loading and com-
pression forces inherent in these activities likely exac-
erbated fracture risk [23-25]. Overall, amid aging and
sports-related injuries, robust preventive strategies
were essential to reduce vertebral fractures and their
disabling consequences in postmenopausal women.
Moreover, GBD studies reported a notable incidence
of vertebral fractures among children and adolescents,
particularly in high-SDI countries (e.g., North America,
Australia, Central and Eastern Europe) [3]. This might
stem from higher participation in physically demanding
activities and risk-prone behaviors, elevating fracture
susceptibility in younger populations.

Vertebral fractures arise from various causes, includ-
ing traumatic, pathological, and iatrogenic factors [26—
28]. In younger individuals, high-energy injuries are the
primary cause, while in the elderly, low-energy trauma,
particularly falls, predominates [29-31]. Our study con-
firmed falls as the leading cause, aligning with prior GBD
findings [28]. The risk of falling is significantly increased
in the elderly due to physiological decline and the influ-
ence of drugs [32, 33]. Therefore, preventive measures
should be strengthened, including calcium and vitamin D
supplementation, physical exercise, and nursing support
for patients with severe injuries [34, 35]. Additionally,
improved osteoporosis management is crucial to lower-
ing fracture-related disability and mortality [36].

In high-SDI regions such as Australia, Western
Europe, and high-income North America, ASPR signifi-
cantly exceeds that of low-SDI regions like Sub-Saharan
Africa. From 1990 to 2021, ASRs generally declined
with fluctuations. By 2021, a clear inverse relationship
between ASPR and SDI emerged: High SDI regions
had the highest ASPR of 131.7 (95% UI: 114.8-149.2)
per 100,000, while Low SDI regions had the lowest at
33.5 (95% UI: 27.7-41.4) per 100,000. ASIR and ASYP
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trends mirrored those of ASPR, supporting the 2019
GBD report, which highlighted the positive correlation
between SDI and both ASIR and ASYP. This phenom-
enon may be explained, in part, by the widespread pro-
motion of sports culture in high-Socio-Demographic
Index (SDI) regions, which has led to a surge in partici-
pation in energy-intensive activities, thereby elevating
the risk of sports-related fractures [37]. Additionally,
high-SDI regions may experience a latent structural
imbalance in healthcare resource allocation, charac-
terized by disproportionate investment in treatment
relative to prevention. Although this mismatch may be
temporarily obscured by economic growth, it poses a
potential long-term public health threat by exacerbat-
ing the burden of chronic diseases. It is recommended
that sports-related safety education be strengthened in
high-Socio-Demographic Index (SDI) regions, along-
side enhanced fall prevention and management pro-
grams in hospitals and long-term care facilities.

This study has several limitations. First, restricted
access to original data is a key constraint. In some coun-
tries, incomplete disease records necessitate the use of
predictive models, which may introduce bias due to data
quality issues. Additionally, regional variations in diag-
nostic practices and screening accuracy could further
bias the final dataset. Nonetheless, GBD 2021 adopts
more advanced methodologies and a larger data pool
compared to previous iterations, enhancing the precision
and relevance of disease burden assessments.

Conclusions

As global populations expand and age, vertebral frac-
tures—particularly among the elderly—have emerged as
a growing health burden, with falls identified as the pri-
mary risk factor. Over the past three decades, the inci-
dence, prevalence, and YLDs associated with vertebral
fractures have risen, even as ASRs declined between
1990 and 2021. This paradox of"falling rates yet rising
counts"highlights the need for a comprehensive response:
(1) Prevention: Expand community-based fall-prevention
initiatives, such as age-friendly home modifications, pri-
oritizing high-risk regions with limited healthcare access;
(2) Clinical management: Establish multidisciplinary col-
laborations among orthopaedics, geriatrics, and rehabili-
tation services to standardize osteoporosis screening and
treatment pathways; (3) Policy support: Develop tiered
healthcare financing mechanisms to alleviate the burden
on low-income populations, and enhance bone health
surveillance systems to monitor regional disparities. Only
through an integrated approach can the escalating bur-
den driven by demographic shifts be effectively mitigated.
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ASR age-standardized rate

ASIR age-standardized incidence rate
ASPR age-standardized prevalence rate
YLD years lived with disability

GBD Global Burden of Disease

EAPC Estimated annual percentage change
ul uncertainty interval

a confidence interval

ASYR age standardized YLD rate

SDI socio-demographic index

ARIMA Autoregressive Integrated Moving Average

XG-Boost  Extreme Gradient Boosting

LSTM Long Short-Term Memory

ICD International Classification of Diseases
AR Autoregressive

| Integrated

MA Moving Average
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