
Frontiers in Neurology 01 frontiersin.org

Association between bone 
mineral density and stroke: a 
meta-analysis
Peng Zhao 1 and Huaxia Sun 2*
1 Department of Neurology, The Second Affiliated Hospital of Hebei North University, Zhangjiakou, 
Hebei Province, China, 2 Department of Neurology, Weifang Hospital of Traditional Chinese Medicine, 
Weifang, Shandong Province, China

Objective: The correlation between bone mineral density (BMD) and stroke 
remains inconsistent. This study aims to determine whether a reduction in BMD 
is associated with an increased risk of stroke.

Methods: We systematically searched Medline, Embase, and the Cochrane 
Database of Systematic Reviews through January 2025 to identify cohort studies 
with follow-up that reported the influence of a reduction in BMD or low BMD 
status on the risk of any type of stroke. Pooled analyses were performed using 
random-effects models.

Results: This study included 13 studies with 146,758 individuals. A 1 SD reduction 
in BMD was associated with an increased risk of stroke (eight studies; RR, 1.24; 
95% CI, 1.09–1.40; p < 0.001; I2 = 87%). Subgroup analysis showed that a per 
SD reduction in BMD was associated with incident stroke in female persons 
(eight studies; RR, 1.28; 95% CI, 1.09–1.51; p = 0.002; I2 = 87%), but not in male 
persons (four studies; RR, 1.04; 95% CI, 0.99–1.10; p = 0.15; I2 = 0%). People 
with osteoporosis or osteopenia had an increased risk of incident stroke (six 
studies; RR, 1.59; 95% CI, 1.22–2.08; p < 0.001; I2 = 92%), as well as male persons 
(two studies; RR, 3.16; 95% CI, 1.96–5.12; p < 0.001; I2 = 35%). Sensitivity analysis 
showed that the results were stable.

Conclusion: Reduction in BMD is associated with a significantly increased risk of 
stroke. Female individuals have a higher risk than male persons.
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Introduction

Stroke is the second leading cause of mortality and a leading cause of long-term disability 
across the world (1, 2). The financial burden associated with stroke treatment is enormous. 
There are approximately 4 million new stroke cases in China and 0.7 million in the 
United  States every year (3, 4). Identifying the underlying risk factors is essential for 
implementing effective prevention strategies to decrease the risk of stroke and mitigate the 
disease burden.

Low bone mineral density (BMD) is a significant public health problem, especially among 
women. It has been well-recognized that individuals with stroke have an increased risk of low 
BMD or hip fractures (5, 6). However, the role of BMD in stroke risk remains controversial. 
Myint et al. (7) reported that low BMD was a risk factor for subsequent stroke in the middle 
and older age healthy general population. In the same research, the meta-analysis of 4 studies 
found an inverse relationship between BMD and the risk of incident stroke (7). A recent study 
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with a large sample size found no evidence for the association between 
a decrease in BMD and incident stroke (8). Another meta-analysis 
reported that BMD was not associated with the risk of stroke mortality 
(9). Current conclusions are not consistent.

Hence, we conducted a systematic review and meta-analysis in the 
present study to synthesize available evidence. The primary objective 
was to determine whether low BMD is associated with an increased 
risk of stroke and evaluate the association for per standard deviation 
(SD) reduction in BMD and incidence of stroke.

Materials and methods

Data source and search strategy

This systematic review and meta-analysis were conducted 
following the Preferred Reporting Items for Systematic Reviews and 
Meta-analyses (PRISMA) guidelines. It was prospectively registered 
in the International Prospective Register of Systematic Reviews. Two 
investigators independently searched MEDLINE, Embase, and the 
Cochrane Database of Systematic Reviews (CDSR) from the inception 
through January 2025. The search strategy was established using a 
combination of standardized terms including, but not limited to, 
‘stroke’ or ‘intracranial hemorrhage’ or ‘cerebrovascular accident’ or 
‘transient ischemic attack’ and ‘bone mineral density’ or ‘bone density’ 
or ‘bone mineral content.’ The detailed search strategy is presented in 
Supplementary methods. We  then searched the reference lists of 
included articles and manually searched the reference lists of articles 
included in previous systematic reviews and meta-analyses to identify 
additional studies. No restrictions were imposed, and studies in all 
languages were eligible for inclusion, with translations performed 
as needed.

Study eligibility and selection

Two authors independently assessed titles and abstracts to 
determine the eligibility of all studies identified in the literature search. 
Full-text articles were then assessed for inclusion. Discrepancies were 
resolved through consensus. Studies were included if they met the 
following criteria: (1) prospective or retrospective cohort designs; (2) 
the influencing factor of interest was BMD as a continuous variable or 
low BMD status as a categorical variable; (3) the outcome of interest 
was any type of stroke. Exclusion criteria included: (1) inability to 
extract outcomes of interest; (2) studies where participants had a 
history of stroke at baseline. This ensured that only studies assessing 
BMD as a predictor of new stroke events were included.

Data extraction and quality assessment

Two of us extracted data from each eligible study independently 
and checked them, with discrepancies resolved via consensus. For 
each included study, the following details were collected: year of 
publication, geographical region where the study was conducted, 
study design, details and demographic characteristics of 
participants, BMD measure methods, duration of follow-up length, 
outcome measure, and details of outcomes reported. A low BMD 

level was defined as a T score < −1, consistent with the World 
Health Organization (WHO) criteria for osteopenia (10). To assess 
both quantitative (per SD reduction) and categorical (low BMD 
status) associations with stroke risk, we  also accepted clinically 
diagnosed osteoporosis or osteoporotic fracture as proxies for low 
BMD status, as these conditions typically indicate T scores < −1 or 
lower. For studies using methods (e.g., broadband ultrasound 
attenuation, single-photon absorptiometry, or clinical diagnosis) 
other than dual-energy X-ray absorptiometry to measure BMD, 
we  also accepted these results as proxies for BMD status, 
acknowledging that their equivalence to dual-energy X-ray 
absorptiometry varies.

The Newcastle-Ottawa Scale (NOS) was used to assess the 
methodological quality of the evidence and the risk of bias in the 
included studies (11). The total scores ranged from 0 (worst) to 9 
(best) for cohort studies. A study is considered to have a low risk of 
bias if the total score is 7 or more. Any disagreements were resolved 
via discussion or, if needed, consultation with an external expert 
in biostatistics.

Data synthesis and analysis

Statistical analyses were completed using RevMan software 
(version 5.4; Cochrane Collaboration). The relative risks (RRs) were 
used to assess the association of BMD with the incidence of stroke 
across studies. For each study, we included the RR adjusted for the 
highest number of covariates. We used the summary RRs if they 
were reported categorically. Hazard ratios (HRs) were substituted 
with RRs when reported, justified by the low stroke incidence during 
follow-up in the included studies, where HRs closely approximate 
RRs (12). We used the inverse variance (I-V) method to combine 
the effect sizes. We assessed statistical heterogeneity using the Q 
statistic and the I2 statistic. I2 values of more than 50% were 
considered significant heterogeneity. The random effect models were 
used to combine the effect sizes. Subgroup analyses were performed 
by sex and World Health Organization geographical region. A 
post-hoc subgroup analysis was performed by BMD measurement 
techniques. We did not evaluate funnel plot asymmetry to assess for 
publication bias because fewer than 10 studies were included in each 
comparison (13). The threshold for statistical significance was set 
at 0.05.

Given that the direct substitution of HRs using RRs may influence 
the accuracy of estimates, we  performed a sensitivity analysis 
restricted to studies without substitution. To ensure robustness, a post-
hoc sensitivity analysis by removing studies of high risk of bias (NOS 
score < 7) was also performed.

Results

The literature search identified 1,136 unique potentially relevant 
references. Three additional studies were obtained from a manual 
search of citations. One study was excluded because it was unclear 
whether the stroke in the study participants occurred during the 
follow-up period (14). After eligibility screening, 13 studies were 
included in the qualitative synthesis and 12 in the final meta-analysis 
(7, 8, 15–25). Study selection is illustrated in Figure 1.
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Study characteristics

In total, 146,758 individuals with 8,277 stroke cases were included 
in the 13 studies (7, 8, 15–25). There were 115,931 women, 25,123 
men, and 5,704 persons with unreported sex. Of the included studies, 
six were from the Americas (15, 16, 19, 20, 22, 23), 3 from European 
(7, 8, 21), and 4 from the Western Pacific region (17, 18, 24, 25). There 
were 10 studies that reported outcomes with adjustment for at least 
three confounders (7, 8, 16–21, 23–25), consistently including age and 
sex, and variably adjusting for cardiovascular risk factors, lifestyle 
factors, and comorbidities (Table  1). In most studies (53.8%), 
measurements of BMD were conducted using single or dual-energy 
X-ray absorptiometry (8, 15, 16, 19–21, 23, 25). In another study, 
BMD was assessed using broadband ultrasound attenuation and 
velocity of sound (7). For the analysis of low BMD status and incident 
stroke, we also included two studies identifying low BMD by clinical 
diagnosis from medical records (18, 24) and one using a diagnosis of 
osteoporotic fracture (17), as these conditions typically reflect T scores 
< −1 or lower. Detailed information on the characteristics of the 
included studies is provided in Table 1.

Quality assessment

The risk of bias assessment was conducted for each included 
study. Twelve studies (92.3%) were considered at low risk of bias 
and labeled as high quality (7, 8, 16–25). The primary source of 
bias was the “representativeness of the exposed cohort.” One study 
was considered at high risk of bias due to low “comparability” (15). 
The detailed quality assessment is presented in 
Supplementary Table 1.

Per SD reduction in BMD and incident 
stroke

Nine studies with 69,731 participants and 3,272 stroke cases were 
included in the analysis of incident stroke for per SD reduction in 
BMD (7, 8, 15, 16, 19–21, 23, 25). Seven studies (7, 8, 15, 16, 21, 23, 
25) reported that a reduction in BMD was associated with an increased 
risk of new-onset stroke during follow-up, with 6 of them at low risk 
of bias.

FIGURE 1

Flow diagram of studies selection.
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TABLE 1 Characteristics of the included studies for data synthesis.

Source Geographical 
region

Study 
design

Number of 
participants

Characteristic 
of participants

BMD 
measurement

Measure 
of effect

Adjustment

Bhatta (8) European Prospective 

cohort.

22,857 Adults from the 

second and third 

surveys of the HUNT 

Study, without history 

of cardiovascular 

diseases.

Single or dual-

energy X-ray 

absorptiometry in 

the non-dominant 

distal forearm.

HR of stroke 

for each SD 

decrease in 

BMD.

Age, age-squared, BMI, 

physical activity, smoking 

status, alcohol use, and 

education level.

Browner 

(16)

Americas Prospective 

cohort.

9,704 Women aged 65 years 

or older.

Single-photon 

absorptiometry in 

the distal radius, 

proximal radius, and 

calcaneus.

RR of stroke 

for each SD 

decrease in 

BMD.

Age, previous stroke, 

hypertension, diabetes 

mellitus, pack-years of 

cigarette smoking, and years 

of postmenopausal estrogen 

replacement.

Browner 

(15)

Americas Prospective 

cohort.

4,024 Ambulatory women 

aged 65 years or older, 

without previous hip 

fractures or stroke.

Single-photon 

absorptiometry in 

the distal radius, 

proximal radius, and 

calcaneus.

HR of stroke 

for each SD 

decrease in 

BMD.

Age.

Chen (17) Western Pacific Population-

based 

cohort.

4,175 Representative of 

general population, 

without previous 

stroke.

Low BMD: 

osteoporotic 

vertebral fracture.

HR of stroke 

in patients 

with 

osteoporosis.

Age, sex, comorbidities 

(including hypertension, 

diabetes, arrhythmia, and 

coronary heart disease), and 

exposure to medications 

(including aspirin, 

anticoagulants, lipid-

lowering drugs and 

nitrates).

Lin (18) Western Pacific Population-

based 

cohort.

15,480 Persons aged 50 years 

or older.

NR. HR of stroke 

in patients 

with 

osteoporosis.

Sex, age, urbanization level, 

geographic region, 

hypertension, 

hyperlipidemia, diabetes, 

and hormone replacement 

therapy.

Mussolino 

(20)

Americas Prospective 

cohort.

3,402 White and black 

persons aged 45 to 

74 years.

Radiographic 

absorptiometry in 

the left hand.

RR of stroke 

for each SD 

decrease in 

BMD.

Age, smoking status, alcohol 

consumption, history of 

diabetes, history of heart 

disease, education, body 

mass index, recreational 

physical activity, and blood 

pressure medication.

Mussolino 

(19)

Americas Prospective 

cohort.

5,272 White, black, and 

Mexican-American 

persons aged 50 years 

or older

Dual energy x-ray 

absorptiometry in 

the proximal 

femoral.

RR of stroke 

for each SD 

decrease in 

BMD.

Age at interview, gender, 

race-ethnicity, body mass 

index, calcium 

consumption, alcohol 

consumption, smoking 

status, physical activity, 

selfreported health status, 

hypertension, and history of 

diabetes.

(Continued)
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Overall, a 1 SD reduction in BMD was associated with an increased 
risk of stroke (eight studies; RR, 1.24; 95% CI, 1.09–1.40; p < 0.001; 
I2 = 87%). The result is illustrated in Figure 2. Sensitivity analysis did not 
show significant differences (Supplementary Tables 2, 3). However, 
there was high statistical heterogeneity in these meta-analyses.

Subgroup analysis by sex (Supplementary Figure 1) showed a high 
level of heterogeneity which was mainly caused by studies of females. 

Per SD reduction in BMD was not associated with incident stroke in 
the male group (four studies; RR, 1.04; 95% CI, 0.99–1.10; p = 0.15; 
I2 = 0%), with a low level of heterogeneity. In the female group, the 
pooled RR increased without change in heterogeneity level (seven 
studies; RR, 1.28; 95% CI, 1.09–1.51; p = 0.002; I2 = 87%). In the 
mixed group (female + male), reduction in BMD was not associated 
with incident stroke (two studies; RR, 1.19; 95% CI, 0.72–1.97; 

TABLE 1 (Continued)

Source Geographical 
region

Study 
design

Number of 
participants

Characteristic 
of participants

BMD 
measurement

Measure 
of effect

Adjustment

Myint (7) European Prospective 

cohort.

14,290 Persons aged 40 to 

79 years.

Broadband 

ultrasound 

attenuation and 

velocity of sound in 

bliteral calcaneum

RR of stroke 

for each SD 

decrease in 

BMD.

Age, sex, systolic blood 

pressure, cholesterol, 

smoking status, physical 

activity, body mass index, 

education level, social class, 

prevalent diabetes mellitus, 

prevalent myocardial 

infarction, use of lipid 

modifying and 

antihypertensives.

Nordström 

(21)

European Prospective 

cohort.

4,302 Persons aged 40 to 

75 years.

Dual-energy X-ray 

absorptiometry in 

femoral neck.

HR of stroke 

in patients 

with 

osteoporosis; 

HR of stroke 

for each SD 

decrease in 

BMD.

Age, sex, BMI, diabetes, 

current smoking and 

treatment for hypertension 

and hyperlipidemia.

O’Malley 

(22)

Americas Retrospective 

cohort.

44,828 Women aged 55 to 

89 years.

NR HR of stroke 

in patients 

with 

osteoporosis.

None.

Szulc (23) Americas Prospective 

cohort.

743 Men aged 50 to 

85 years.

Dual-energy X-ray 

absorptiometry in 

the lumbar spine, 

right hip, and whole 

Body.

NR. Age, weight, height, 

smoking, occupational 

physical activity, education 

level, ischemic heart disease, 

hypertension, diabetes, 

25(OH)D concentrations, 

and vitamin K–inhibiting 

anticoagulants and thiazides 

treatment.

Yu (24) Western Pacific Retrospective 

cohort.

12,535 Patients with end-

stage renal disease 

undergoing incident 

dialysis.

NR HR of stroke 

in patients 

with 

osteoporosis.

Age, sex, and comorbidities 

of diabetes, hypertension, 

hyperlipidemia, mental 

disorders, hepatitis B 

infection, and hepatitis C 

infection.

Zhou (25) Western Pacific Prospective 

cohort.

5,136 Postmenopausal 

women aged 50 years 

or older.

Dual energy X-ray 

absorptiometry in 

the femoral neck.

HR of stroke 

in patients 

with 

osteoporosis; 

HR of stroke 

for each SD 

decrease in 

BMD.

Age, BMI, current smokers, 

daily drinking, 

hypertension, diabetes 

mellitus, 

hypercholesterolemia.
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p = 0.49; I2 = 84%). Subgroup analysis by geographical region 
(Supplementary Figure 2) showed that the study from the Western 
Pacific region mainly drove the increased risk (25). Post-hoc subgroup 
analysis by BMD measurement techniques (Supplementary Figure 3) 
showed that absorptiometry methods (dual-energy X-ray 
absorptiometry and single-photon absorptiometry) mainly drove 
the heterogeneity.

Low BMD and incident stroke

Six studies (17, 18, 21, 22, 24, 25) with 86,456 participants and 
5,292 stroke cases reported the association between osteoporosis 
(T score < −2.5) or osteopenia (T score < −1.0 and ≥ −2.5) and 
risk of incident stroke. Of the included six studies, five showed 
that low BMD was associated with an increased risk of incident 
stroke, with RR ranging from 1.13 (95%CI, 1.02–1.26) to 4.67 
(95%CI, 2.13–10.23). All the included studies were at low risk 
of bias.

Overall, low BMD status was associated with an increased risk of 
incident stroke, with pooled RR of 1.59 (six studies; 95% CI, 1.22–
2.08; p < 0.001; I2 = 92%). The result is illustrated in Figure  3. 
Sensitivity analysis restricted to studies with results as HRs also 
showed an increased risk of incident stroke for low BMD status 
(Supplementary Table 2), with high statistical heterogeneity.

Subgroup analysis by sex (Supplementary Figure 4) reduced the 
level of heterogeneity and showed that low BMD was associated with 
an increased risk of incident stroke in the male group (two studies; 
RR, 1.27; 95% CI, 1.10–1.45; p < 0.001; I2 = 0%) and mixed group (two 
studies; RR, 3.16; 95% CI, 1.96–5.12; p < 0.001; I2 = 35%). While the 
association was not significant in the female group (four studies; RR, 
1.20; 95% CI, 0.96–1.50; p = 0.11; I2 = 87%). Studies from the Western 
Pacific region showed an increased risk of stroke for individuals with 
osteoporosis or osteopenia (four studies; RR, 1.67; 95% CI, 1.22–2.29; 
p = 0.001; I2 = 91%), as well as study from European region (one study; 
RR, 4.67; 95%CI, 2.13–10.23; p  < 0.001). Subgroup analysis by 
geographic region is illustrated in Supplementary Figure 5. Post-hoc 
subgroup analysis by BMD measurement techniques 
(Supplementary Figure  6) showed that studies without clear 
measurement techniques mainly drove the heterogeneity.

Discussion

This systematic review and meta-analysis show that lower BMD 
is associated with a higher risk of incident stroke. The per SD 
reduction in BMD is associated with a 24% increase in the risk of 
stroke later in life. People with osteoporosis or osteopenia have a 59% 
increase in the risk of developing stroke. A 1 SD reduction in BMD is 
associated with a significantly increased risk of incident stroke (RR, 
1.28; 95% CI, 1.09–1.51) among female persons but not among male 
persons (RR, 1.04; 95% CI, 0.99–1.10). Despite the sex and regional 
differences in effect sizes, the findings highlight the critical aspects of 
the relationship between bone health and stroke.

The relationship between BMD and incident stroke has been 
investigated for decades. As early as 1991, Browner et al. found a 70% 
increase in stroke mortality for each SD decrease in BMD at the 
proximal radius in a prospective cohort of more than 9,000 persons 
(16). Two years later, Browner et al. investigated the association between 
low bone density and the risk of stroke in 4,024 women aged 65 years 
or older (15). The risk of developing stroke was increased by 31% for 
each SD decrease in BMD at the calcaneus. However, the authors do not 
believe that low BMD causes stroke directly. They suggested that there 
could be factors related to the integrity of the intracerebral vascular that 
link BMD with stroke. Notably, although the authors were aware that 
potential factors could confound the association, they did not adjust 
possible confounders when reporting the results. In recent years, the 
possible mechanisms are still being investigated (26, 27).

In 2014, a prospective cohort and meta-analysis study by Myint 
et al. reported that low BMD was an independent factor for the risk of 
incident stroke in the middle and older general population. The meta-
analysis section included three additional studies and found an inverse 
relationship between BMD and risk of incident stroke (RR, 1.12; 
95%CI, 1.04–1.22) (7). However, the number of included studies was 
small. A meta-analysis by Qu et al. reported that low BMD was not 
associated with the risk of stroke mortality (HR 1.08; 95% CI, 0.89–
1.28) (9). The small number of studies and participants also limited 
the strength of conclusions. Although our conclusions are similar to 
previous studies, the strength of our results and new findings are 
significant. Although one study was assessed as having a high risk of 
bias due to limited comparability, its inclusion did not substantially 
alter the meta-analysis results (15).

FIGURE 2

Forest plot of relative risk of incident stroke for per SD reduction in BMD.
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During literature screening, we noticed that many studies focused 
on the risk of osteoporosis or reduction in BMD in patients with 
stroke. Patients experience accelerated bone loss after stroke, most 
pronounced in the paretic limbs (28). Jorgensen et al. observed an up 
to 24% loss of BMD in the paretic proximal humerus in patients 1 year 
after stroke (29). The loss of BMD in the acute post-stroke period is 
associated with poor functional outcomes (30). Immobilization 
resulting from a stroke can lead to decreased mechanical loading on 
the bones, further resulting in bone loss. These can contribute to 
increased fracture risk and mortality in stroke patients (31). A multi-
center study of 23,751 stroke patients and 23,751 age−/sex-matched 
controls showed that the 2-year rate of low-trauma fractures was 5.7% 
in those with stroke, significantly higher than the controls (adjusted 
HR, 1.47; 95% CI 1.35–1.60) (32). From above, the condition of stroke 
and low BMD are aggravated by each other. All the studies included 
in the meta-analysis excluded patients with stroke at baseline or 
precluded them in risk assessment, which is essential to eliminate the 
confounding of the previous stroke.

Growing evidence suggests that low BMD or osteoporosis is 
associated with an increased risk of stroke. However, the underlying 
mechanisms are not fully understood. Several possibilities have been 
proposed to explain this association, including shared risk factors, 
common pathophysiological pathways, and genetic factors (7, 28, 33, 
34). Low BMD and osteoporosis share several risk factors with stroke, 
including age, female gender, physical inactivity, and low estrogen 
level (35, 36). These factors have been reported to contribute to the 
development of osteoporosis and stroke, which may partially explain 
the observed association between low BMD and stroke. Several 
genetic variants have been identified to increase the risk of both BMD 
and stroke, suggesting a potential genetic overlap between the two 
conditions. The vitamin D receptor (VDR) gene plays a critical role in 
bone metabolism and has also been linked to stroke risk (37, 38). In 
addition, the estrogen receptor alpha (ESR1) gene is involved in the 
regulation of bone metabolism and has also been linked to stroke risk 
(39, 40). The reported polymorphisms in the ESR1 gene included the 
PvuII polymorphism and the XbaI polymorphism. Another study by 
Frost et  al. implies that alterations in osteoprotegerin-mediated 
signaling in the vascular may be involved in the pathophysiology of 
hemorrhagic stroke, further supporting a shared genetic basis for 
these conditions (33).

The remaining possibilities underlying the association may be due 
to chance or bias. However, given the statistical significance of the 

results in most studies included and the significance of low BMD in 
cardiovascular disease, the chance is an unlikely explanation. There 
may be selection bias and publication bias in the present study. Given 
that the test power of publication bias assessment is usually too low in 
the meta-analysis with fewer than 10 studies, we did not evaluate 
funnel plot asymmetry to assess for publication bias.

The observed association between reduction in BMD and stroke 
has important management implications. First, stroke patients should 
be evaluated for osteoporosis, particularly those with risk factors such 
as female gender, advanced age, and prolonged immobilization (41). 
BMD testing and appropriate interventions, such as lifestyle 
modifications, pharmacologic therapy, and fall prevention measures, 
should be considered to reduce this population’s risk of osteoporotic 
fractures. Second, osteoporosis patients should be evaluated for stroke 
risk factors and managed accordingly, including control of 
hypertension, diabetes, and dyslipidemia, as well as lifestyle 
modifications to reduce the risk of stroke or stroke recurrence (42, 43). 
Third, future studies should investigate the mechanisms underlying 
the association and evaluate the effectiveness of treatment against 
bone loss in reducing the incidence of stroke.

The stronger link between reduced BMD and stroke risk in 
females versus males suggests sex-specific mechanisms. In females, 
postmenopausal estrogen decline accelerates BMD loss (44). This 
decline also reduces endothelial protection and increases 
inflammation which are associated with the risk of stroke (45). 
Estrogen supports bone density and vascular health by boosting 
nitric oxide and lowering oxidative stress (46). The effects lost after 
menopause, heightening stroke risk as BMD drops. Males maintain 
higher BMD and testosterone that may protect vascular integrity 
and lessen stroke risk despite BMD reduction (47). In addition, 
females’ longer lifespan also extends their exposure to low BMD, 
worsening vascular damage over time. Future studies could test if 
estrogen loss drives this link in females or if prolonged low BMD 
amplifies their stroke risk.

The rationale for conducting subgroup analyses by sex and 
geographical region stems from their established roles in BMD and 
stroke epidemiology. Women experience accelerated BMD decline 
post-menopause due to estrogen loss, a known risk factor for both 
osteoporosis and cardiovascular events, including stroke (25, 36). This 
aligns with our findings of a stronger association in females compared 
to males for per SD BMD reduction. Geographical region was chosen 
to explore regional variations in stroke incidence and BMD-related 

FIGURE 3

Forest plot of relative risk of incident stroke for osteoporosis or osteopenia.
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factors, such as dietary calcium intake, physical activity, and genetic 
predispositions (48).

The high statistical heterogeneity observed in our meta-
analysis likely stems from several sources, as evidenced by 
subgroup analysis. For the low BMD status analysis, studies lacking 
clear measurement technique descriptions were the main source of 
heterogeneity, suggesting potential inconsistencies in diagnostic 
criteria or unreported methods. Participant demographics also 
played a role. For the per SD reduction in BMD analysis, the female 
subgroup exhibited persistently high heterogeneity, while male and 
mixed groups showed lower variability. Although meta-regression 
could quantify these contributions, the small number of studies per 
comparison prevented its application. In addition, the current 
study included studies using clinical diagnoses of osteoporosis or 
osteoporotic fracture as proxies for low BMD status (T score < −1), 
as these conditions indicate significant bone loss. Variability in 
BMD assessment methods may contribute to high heterogeneity 
and affect effect sizes. Specifically, dual-energy X-ray 
absorptiometry offers higher precision for central skeletal sites, 
while single-photon absorptiometry and ultrasound measure 
peripheral sites with varying sensitivity, potentially 
underestimating or overestimating stroke risk associations (49). 
These findings underscore the need for standardized BMD 
assessment and detailed reporting in future research to reduce 
heterogeneity and enhance comparability.

This systematic review and meta-analysis have several 
limitations. First, there was significant methodological 
heterogeneity among selected studies in terms of measurement of 
BMD, characteristics of participants, and confirmation of stroke. 
Despite subgroup analyses, most results with positive findings were 
accompanied by high statistical heterogeneity. Second, the 
measurement of BMD was conducted at baseline (the beginning of 
each study).No studies checked the BMD levels during follow-up. 
Without serial measurements, studies may not fully capture 
dynamic changes in bone health influencing stroke incidence, 
which may overestimate the real impact of BMD on incident 
stroke. Future studies should incorporate longitudinal BMD 
monitoring to better assess its temporal relationship with stroke 
risk. Third, although 10 studies adjusted for key confounders such 
as age, sex, and cardiovascular risk factor, residual confounding 
from unmeasured genetic factors (e.g., VDR and ESR1 
polymorphisms) and laboratory indicators (e.g., vitamin D levels, 
inflammatory markers) may persist. These unadjusted variables 
linked to both bone metabolism and stroke risk, potentially 
influencing the BMD-stroke association (35, 38). Fourth, we did 
not formally test for publication bias due to limited studies per 
comparison. This raises the possibility that small-study effects or 
selective reporting could bias our pooled estimates. Additionally, 
BMD measurement methods varied across studies, with most using 
dual-energy X-ray absorptiometry, while others employed 
broadband ultrasound, single-photon absorptiometry, clinical 
diagnosis, or not reported. Although ultrasound has shown a 
meaningful correlation with DXA in assessing bone density (50), 
and clinical diagnoses reflect real-world practice, these differences 
may introduce heterogeneity and affect comparability, potentially 
overestimating or underestimating the true association with 
stroke risk.

Conclusion

Reduction in BMD is associated with a significantly increased risk 
of developing stroke. Female persons have a higher risk than male 
persons. People with osteoporosis or osteopenia have an increased risk 
of incident stroke. The findings highlight the critical relationship 
between bone health and stroke.
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