
Vol.:(0123456789)

Osteoporosis International (2025) 36:627–636 
https://doi.org/10.1007/s00198-025-07403-6

ORIGINAL ARTICLE

Association between vertebral fractures and brain volume: insights 
from a community cohort study

Koji Nakajima1 · Chiaki Horii1 · Hiroyasu Kodama1,2 · Tomohiko Shirokoshi1,2 · Akitoshi Ogawa2 · Takahiro Osada2 · 
Seiki Konishi2 · Yasushi Oshima1 · Toshiko Iidaka3 · Shigeyuki Muraki3 · Hiroyuki Oka4 · Hiroshi Kawaguchi5 · 
Toru Akune6 · Hiroshi Hashizume7 · Hiroshi Yamada7 · Munehito Yoshida7 · Kozo Nakamura8 · Masaaki Shojima9 · 
Sakae Tanaka1 · Noriko Yoshimura3 

Received: 22 August 2024 / Accepted: 18 January 2025 / Published online: 5 February 2025 
© The Author(s) 2025

Abstract
Summary  Investigating vertebral fractures and brain structure, we found significant gray matter volume reductions in the 
right hippocampus, amygdala, and parahippocampal gyrus, especially in males. These findings emphasize the importance 
of integrating skeletal and neural health in osteoporosis management.
Purpose  Vertebral fractures (VF) due to osteoporosis impact morbidity and quality of life in the elderly. The relationship 
between VF and changes in brain structure remains underexplored. This study aimed to investigate the association between 
VF and gray matter volume (GMV) reductions in specific brain regions and to explore potential sex differences.
Methods  Data from 1,751 participants (571 males, 1,180 females; mean age 64.9, range 18–97) in the fourth survey of the 
population-based Research on Osteoarthritis/Osteoporosis Against Disability study (2015–2016) were used. Participants 
were classified into those with and without VF (VF + and VF − groups) based on Genant’s semiquantitative method, assessed 
by spine radiographs. Voxel-based morphometry was applied to MRI images to measure GMV, and a general linear model 
analysis was performed to compare GMV between groups, adjusting for age, sex, total brain volume, and Mini-Mental State 
Examination scores as covariates. Additionally, a two-way analysis of variance was conducted on the significant GMV cluster, 
with sex and VF presence as independent variables, to explore interaction effects.
Results  The VF+ group consisted of 113 participants, while the VF− group included 1,638 participants. The analysis identi-
fied a significant cluster with reduced GMV in the VF + group compared to the VF − group. This cluster included the right 
hippocampus, right amygdala, and right parahippocampal gyrus. Further analysis revealed that males in the VF + group 
exhibited more pronounced GMV reductions in the significant cluster compared to females.
Conclusion  These findings suggest that VF is associated with significant reductions in brain regions critical for memory, 
emotional processing, and visuospatial memory, with more severe effects observed in males.

Keywords  Brain volume · Gray matter volume · Magnetic resonance imaging · Vertebral fracture · Voxel-based 
morphometry

Introduction

Vertebral fractures (VF) are a prevalent consequence of osteo-
porosis, contributing significantly to morbidity and reduced 
quality of life among the elderly [1–5]. The global increase 
in life expectancy has led to a rising number of individuals at 
risk for osteoporosis and associated complications, including 
VF [6, 7]. These fractures not only cause chronic pain and dis-
ability but also increase the likelihood of subsequent fractures, 

posing a substantial burden on healthcare systems worldwide 
[1, 8–10]. Compared to other osteoporotic fractures, such as 
those in the distal radius or proximal femur, vertebral frac-
tures are more likely to go undiagnosed and untreated, which 
exacerbates their impact on patients’ health outcomes [11].

Emerging research suggests a possible link between skeletal 
health and brain structure, particularly in the context of aging. 
Studies have shown that reduced bone mineral density (BMD) 
is associated with decreased brain volume and poorer cognitive 
performance [12, 13]. Despite these findings, the specific rela-
tionship between VF and changes in brain structure remains 
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underexplored. Understanding this connection is crucial, as 
it may reveal important insights into the broader impacts of 
osteoporosis on overall health, including cognitive and emo-
tional functions.

The Research on Osteoarthritis/Osteoporosis Against Dis-
ability (ROAD) study, initiated between 2005 and 2007, is a 
prospective cohort study aimed at exploring the genetic and 
environmental factors influencing bone and joint diseases 
[14–16]. It examines various risk factors, including clinical 
features, laboratory and radiographic findings, bone mass and 
geometry, lifestyle, nutrition, anthropometric measures, and 
fall propensity. The baseline survey involved 3,040 participants 
from urban, mountainous, and coastal communities. Subse-
quently, six follow-up surveys were conducted 3, 7, 10, 13, 
and 17 years after the baseline survey. In the third follow-up 
survey, conducted in 2012–2013, brain magnetic resonance 
imaging (MRI) was introduced in one region of the ROAD 
study protocol, followed by its introduction in two different 
regions (mountainous and coastal regions) in the fourth study. 
This inclusion marked a pivotal step in the investigation of age-
related cognitive disorders. Notably, acquiring brain MRI data 
from the general population, rather than solely from patients, 
is an invaluable asset in neuroimaging research.

In the present study, we utilized the MRI data obtained from 
the fourth survey of the population-based ROAD study to inves-
tigate the mean brain volume among community residents and 
the factors influencing it. The primary objective of this study 
is to investigate the association between VF and gray matter 
volume (GMV) reductions in the brain and find the clusters 
which are significantly different due to the presence of VF. 
Furthermore, we aim to determine whether the presence of VF 
correlates with significant volume changes in these clusters, 
and to explore potential sex differences in these associations.

To achieve these objectives, we conducted a cross-sec-
tional study using voxel-based morphometry (VBM) to 
measure GMV in a cohort of participants with and without 
VF. We performed a general linear model (GLM) analysis 
adjusted for potential confounders, including age, sex, TBV, 
and cognitive function, using mini-mental state examina-
tion (MMSE) scores as nuisance regressors. For the clusters 
identified as significantly different in the GLM analysis, we 
calculated the cluster volumes for each participant and per-
formed a two-way analysis of variance (ANOVA) with sex 
and the presence of VF as independent factors to examine 
the interaction effect between sex and the presence of VF.

Methods

Participants

The ROAD study is a prospective cohort study initiated 
in 2005 in three communities in Japan: an urban region 

in Itabashi, Tokyo, a mountainous region in Hidakagawa, 
Wakayama, and a coastal region in Taiji, Wakayama. Details 
of this study have been previously described [15, 16]. This 
cross-sectional observational study was performed using 
data from the mountainous and coastal regions of the fourth 
survey of the ROAD study.

The fourth survey of the ROAD study was conducted 
in 2015–2016. Invitation letters for the fourth survey were 
distributed to residents whose names had been listed in the 
previous three ROAD study surveys. This survey included 
people who were (1) able to walk to the clinic where the 
survey was conducted, (2) able to provide self-reported data, 
and (3) able to provide their written informed consent. No 
exclusion criteria were specified.

Questionnaire, interview, and anthropometric 
measurements

This study was approved by the Ethics Committees of the 
University of Tokyo (nos. 1264 and 1326) and the Tokyo 
Metropolitan Institute of Gerontology (no. 5). Written 
informed consent was obtained from all participants.

Participants completed a 400-item interviewer-adminis-
tered questionnaire that included various lifestyle charac-
teristics, such as occupation, smoking habits, alcohol con-
sumption, family history, medical history, physical activity, 
reproductive variables, and health-related quality of life. 
Current smokers were defined as those who smoked regard-
less of the number of pack-years, whereas never-smokers 
and former smokers were classified as nonsmokers. Current 
habitual alcohol consumption was defined as habitual alco-
hol consumption at least once a week regardless of quantity, 
whereas never-drinkers and former drinkers were classified 
as nondrinkers. Anthropometric measurements included 
height and weight, and the body mass index (BMI) was cal-
culated using the following formula: [weight (kg)/height2 
(m2)]. Medical information regarding the participants’ sys-
temic, local, and mental statuses was obtained by experi-
enced orthopedists.

Cognitive functioning was measured using the MMSE 
[17] – a 30-item cognitive screening test that measures 
orientation, registration, short-term memory, attention, 
concentration, language, and constructional capacity. The 
MMSE was primarily administered to participants aged 60 
and older. Summary scores from the MMSE were used to 
measure cognitive functioning. Mild cognitive impairment 
(MCI) was defined as MMSE scores of 24–27, and dementia 
was defined as scores ≤ 23 [18, 19].

Radiographic assessment

Stand-up lateral radiographs of the whole spine were 
obtained for each participant by licensed radiography 
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technicians using a 40-inch film. All radiographs were evalu-
ated for the presence and severity of VF by a spine surgeon 
(C.H.) using Genant’s semiquantitative (SQ) method [2, 4, 
10, 20–22]. The intra-rater and inter-rater reliability were 
detailed in the previous report [21, 22]. All visible vertebrae 
from T4 to the most caudal vertebra were assessed for SQ, 
where each vertebra was graded from 0 to 3 (0, normal; 
1, mildly deformed; 2, moderately deformed; 3, severely 
deformed). Vertebrae with poor visibility or image quality 
were not graded and were excluded from the analysis. Par-
ticipants with at least one vertebra with an SQ grade of 2 or 
higher were defined as VF + , while those with all vertebrae 
with an SQ grade of 1 or lower were defined as VF − .

Brain MRI acquisition

MRI data were acquired using a Philips Achieva 
1.5 T-MRI scanner (Philips Medical Systems, Best, the 
Netherlands) in a mobile MRI implementation vehicle. 
T1-weighted structural images with contiguous sagittal 
slices were obtained using a protocol of magnetization-
prepared rapid acquisition with gradient echo (Repetition 
Time = 9.3 ms, Echo Time = 4.6 ms, flip angle = 10°, field of 

view = 240 × 240 × 180 mm3, resolution = 0.94 × 0.94 × 1.0 
mm3).

Processing and analysis of the brain MRI data

Image processing was performed using Statistical Parametric 
Mapping 12 (SPM12) software (http://​www.​fil.​ion.​ucl.​ac.​
uk/​spm) via MATLAB (version 2021b, MathWorks, Sher-
born, MA, USA) using the technique of VBM (Fig. 1). The 
structural images were segmented into gray matter (GM), 
white matter (WM), and cerebrospinal fluid images. These 
images were spatially normalized to the Montreal Neuro-
logical Institute (MNI) standard space using diffeomorphic 
anatomical registration through the exponentiated lie alge-
bra algorithm [23]. They were modulated to correct voxel 
signal intensity for volume displacement during normali-
zation and reflect brain volume. Modulation ensures that 
spatially normalized images preserve the total amount of 
signal from each region. Expanded areas during warping are 
correspondingly reduced in intensity, while contracted areas 
are increased in intensity. This adjustment allows the total 
volume of each tissue type to be conserved across the nor-
malization process, providing a more accurate comparison 

Fig. 1   Steps of image preproc-
essing. MNI; Montreal Neuro-
logical Institute

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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of local brain volume differences between groups. Moreover, 
the images were smoothed using an 8-mm full-width half 
maximum Gaussian kernel. The voxel size in the normal-
ized images was 1.5 × 1.5 × 1.5 mm3. The total brain volume 
(TBV) was calculated as the sum of the absolute volume 
of the GM (GMV) and volume of the WM (WMV). Par-
ticipants were excluded from the study if at least one of 
their TBV, GMV, or WMV was out of the range [median 
– 2.0 × interquartile value, median + 2.0 × interquartile 
value].

Statistical analysis

Statistical analyses were performed using IBM SPSS 
Statistics 28.0 (IBM Corporation, Armonk, NY, USA). 
Demographic data were compared between the VF − and 
VF + groups. The Student’s t-test was used to compare 
continuous variables, whereas Pearson’s chi-square test 
was used to compare categorical variables. A general lin-
ear model (GLM) was used to explore brain regions in 
which GMVs in the VF + group were less than those in the 
VF − group using SPM12. To exclude the effects of individ-
ual brain size, age, and sex, we treated TBV, age, and sex as 
nuisance regressors in the GLM (p < 0.001 for cluster identi-
fication without correction, p < 0.05 for cluster level signifi-
cance with family-wise error (FWE) correction). Moreover, 
MMSE scores were also treated as nuisance regressors in the 
GLM along with age, sex, and TBV to elucidate the effect 
of cognitive function. ‘Expected voxels per cluster’ calcu-
lated by SPM12 was used as the cluster size threshold in the 
GLM. We calculated the volume for each individual for the 
significant clusters from the GLM analysis. We conducted a 
two-way ANOVA with sex and the presence of VF as inde-
pendent variables. The cluster volumes were normalized by 
dividing by each individual's TBV to account for the influ-
ence of brain size. We examined the main effects of sex and 
the presence of VF, as well as their interaction.

Results

Characteristics of the participants

Of the 2,146 participants in the fourth study (the base-
line population), 1,762 had brain MRI data, and 7 of them 
were excluded due to abnormal TBV, GMV, or WMV. Of 
the 1,755 participants with brain MRIs, 4 did not have 
whole-spine radiographs. Thus, 1,751 participants (81.6% 
of baseline participants) (571 males and 1,180 females) 
were analyzed in this study. The VF+ group consisted of 
113 participants, while the VF− group included 1,638 par-
ticipants. The mean age of the VF + group was significantly 
higher than that of the VF − group (78.1 vs. 64.0 years, 

p < 0.001) (Table 1). Additionally, the VF + group had a 
higher proportion of females compared to the VF − group 
(83.2% vs. 66.3%, p < 0.001). The MMSE was conducted 
for 1,285 participants (73.4% of 1,751), of whom 1,171 
(91.1%) were aged 60 years or older. The mean MMSE score 
(± standard deviation) was 29.1 ± 1.6 for the VF − group and 
28.3 ± 2.1 for the VF + group, which was significantly dif-
ferent (p < 0.001). MCI was observed in 155 participants 
(13.4%) in the VF − group and 31 participants (28.7%) in the 
VF + group (p < 0.001). Dementia was identified in 15 par-
ticipants (1.3%) in the VF − group and 4 participants (3.6%) 
in the VF + group (p = 0.055).

VBM and GLM analysis

VBM was conducted using SPM12. The mean TBV was 
1059.4 ± 119.4 cm3 for males and 965.4 ± 98.8 cm3 for 
females. The expected voxels per cluster was 105, which 
was used as the cluster size threshold. GLM analysis with 
TBV and sex as nuisance regressors revealed that GMVs in 
the VF + group were less than those in the VF − group in the 
right hippocampus (t = 4.99 at the peak voxel), left hippocam-
pus (t = 4.08), right fusiform gyrus (t = 3.84), right inferior 
occipital gyrus (t = 3.81), right anterior cingulate (t = 3.77), 
and left amygdala (t = 3.56) (Table S1 and Fig. S1). We also 
conducted GLM analysis with MMSE scores as nuisance 
regressors along with TBV and sex. For participants who did 
not undergo MMSE, the total mean MMSE score of 29.0086 
was used. This analysis revealed that GMVs in the VF + group 
were less than those in the VF − group in the right hippocam-
pus (t = 4.43), right anterior cingulate (t = 3.89), and left 
amygdala (t = 3.70) (Table 2 and Fig. 2). The cluster with the 
right hippocampus showed significantly lower volumes in the 
VF + group compared to the VF − group (MNI coordinates: 
x = 30, y =  − 10, and z =  − 16; cluster size = 1821 voxels; 
p-FWE = 0.002). This cluster consisted of the right hippocam-
pus (40%), right amygdala (18%), right parahippocampal 
gyrus (18%), and right superior temporal pole (16%) (Fig. 3).

Two‑way ANOVA for the significant cluster

The mean volume of the cluster was 2.75 ± 0.40 cm3 for males 
and 2.54 ± 0.33 cm3 for females. A two-way ANOVA was per-
formed to analyze the effects of sex and the presence of VF on 
the cluster volume normalized by TBV. The analysis identified 
significant main effects for sex (F(1,1747) = 23.755, p < 0.001, 
η2 = 0.013), and the presence of VF (F(1,1747) = 94.664, 
p < 0.001, η2 = 0.051). Additionally, there was a signifi-
cant interaction effect between sex and the presence of VF 
(F(1,1747) = 11.090, p < 0.001, η2 = 0.006). Figure 4 illustrates 
the interaction effect, showing that the reduction in cluster vol-
ume in the VF + group is greater in males than females.
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To further validate these findings, a similar two-way 
ANOVA was conducted without normalizing the cluster 
volume by TBV, using TBV as a weighting variable in 
a weighted least squares analysis. The results were con-
sistent with the previous analysis, identifying signifi-
cant main effects for sex (F(1,1747) = 6.309, p < 0.012, 
η2 = 0.004), and the presence of VF (F(1,1747) = 103.806, 
p < 0.001, η2 = 0.056). The interaction effect between 
sex and the presence of VF also remained significant 
(F(1,1747) = 5.148, p = 0.023, η2 = 0.003) (Fig. S2).

Discussion

Our study found that the VF + group exhibited signifi-
cantly lower GMV in a specific brain cluster compared to 
the VF − group. This cluster included the right hippocam-
pus, right amygdala, right parahippocampal gyrus, and 
right superior temporal pole. Additionally, a significant 
interaction effect between sex and the presence of VF was 
observed for the reduction in GMV in this specific cluster.

Table 1   Baseline characteristics 
of the participants

The number in the parentheses indicates the standard deviation. *** p-value < 0.001
VF; vertebral fracture, BMI; body mass index, MMSE; mini-mental state examination, MCI; mild cogni-
tive impairment. MCI defined as MMSE scores of 24–27, dementia as scores ≤ 23

VF- VF +  p

N 1638 113
Age strata (years)

–39 58 3.5% 0 0.0%
40–49 168 10.3% 1 0.9%
50–59 312 19.0% 0 0.0%
60–69 537 32.8% 14 12.4%
70–79 399 24.4% 46 40.7%
80– 164 10.0% 52 46.0%

Age 64.0 (12.5) 78.1 (8.4)  < 0.001 ***
Sex

Male 552 33.7% 19 16.8%  < 0.001 ***
Female 1086 66.3% 94 83.2%

Height (cm) 157.8 (9.1) 149.2 (8.8)  < 0.001 ***
Weight (kg) 57.0 (11.6) 50.3 (9.2)  < 0.001 ***
BMI 22.8 (3.5) 22.6 (3.4) 0.562
Smoking 155 9.5% 5 4.4% 0.072
Alcohol 720 44.0% 24 21.2%  < 0.001 ***
MMSE (N) 1173 112
Mean score 29.1 (1.6) 28.3 (2.1)  < 0.001 ***
MCI 155 13.4% 31 28.7%  < 0.001 ***
Dementia 15 1.3% 4 3.6% 0.055

Table 2   Clusters with reduced 
GMV in the VF + group 
compared to the VF − group

Nuisance regressors are age, sex, and mini-mental state examination score. Coordinates x, y, and z repre-
sent the local maximum in a cluster. Only regions with at least 105 voxels are listed. ** p-value < 0.01
GMV; gray matter volume, VF; vertebral fracture, MNI; Montreal Neurological Institute, p-FWE; p-value 
after family-wise error correction, R; right, ant; anterior

Region MNI coordinates of peak Peak t value Cluster

x y z Size p-FWE

R hippocampus 30 −10 −16 4.43 1821 0.002 **
R ant cingulate 6 34 21 3.89 352 0.318
R thalamus 8 −27 10 3.70 440 0.220
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Few studies have suggested a link between VF and brain 
atrophy [24]. Bae et al. investigated the relationship between 
osteoporotic vertebral compression fractures (OVCFs) and 
brain volume using MRI. They included 246 osteoporotic 
patients and analyzed their brain volume using semi-auto-
mated tools. They found a significant association between 
OVCFs and reduced brain parenchyma volume, alongside 
increased lateral ventricle volume. In line with their findings, 
our study also identified significant reductions in GMV in a 
specific brain cluster, including the right hippocampus, right 
amygdala, right parahippocampal gyrus, and right superior 
temporal pole in the VF + group. Both studies highlight the 
impact of vertebral fractures on brain structure, suggesting 
that these fractures may contribute to neurodegeneration. 
While Bae et al. focused on the overall brain parenchyma 
and lateral ventricles, our study provides a more detailed 
regional analysis, pinpointing specific areas of gray mat-
ter reduction. This complementary evidence reinforces the 
notion that vertebral fractures are not only a skeletal concern 

but also have significant implications for brain health, par-
ticularly in regions critical for cognitive and emotional 
processing.

There were some reports about the relationship between 
brain structure and BMD [12, 13]. Loskutova et al. examined 
BMD in early Alzheimer's disease (AD) and its relation-
ship to brain structure and cognition [12]. They found that 
BMD was lower in patients with early AD compared to non-
demented controls and that lower BMD was associated with 
reduced whole brain volume and poorer cognitive perfor-
mance, particularly in memory tasks. Zhang et al. conducted 
a mediation analysis investigating the associations among 

Fig. 2   Brain area with reduced GMV in the VF + group compared to 
the VF − group. A significant cluster was observed in the right hip-
pocampus. Nuisance regressors are age, sex, and mini-mental state 

examination score. GMV; gray matter volume, VF; vertebral fracture, 
P; posterior, A; anterior, L; left, R; right, ant; anterior

Fig. 3   Brain regions included in the significant cluster involving the 
right hippocampus. The cluster mainly belongs to the limbic system. 
R; right, sup; superior

Fig. 4   Results of the two-way ANOVA for the significant cluster. The 
results showed that the reduction in cluster volume in the VF + group 
is greater in males than females. Sex and the presence of VF were 
used as independent variables. The cluster volumes for each par-
ticipant were adjusted by dividing by the total brain volume (TBV). 
Error bars represent standard errors. M; male, F; female, VF; verte-
bral fracture, ANOVA; analysis of variance
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BMD, brain atrophy, and gait variability (the stride-to-stride 
fluctuations in walking) [13]. They found that lower BMD, 
particularly in the lumbar spine, was associated with higher 
gait variability, and that brain atrophy in regions such as the 
primary motor cortex and sensorimotor cortex mediated this 
relationship. These studies highlight the systemic nature of 
bone loss and its association with global brain atrophy. How-
ever, VF differ from BMD loss alone, as they may reflect 
specific factors beyond systemic bone metabolism.

In our study, the observed GMV reductions in the 
VF + group were localized to the hippocampus, amygdala, 
and parahippocampal gyrus, regions known to be function-
ally specialized for memory, emotional processing, and visu-
ospatial cognition. Unlike systemic BMD loss, which has 
been hypothesized to be associated with global brain volume 
reductions, the observed localization of GMV loss aligns 
with the concept that brain regions exhibit functional spe-
cialization. This specific association suggests that vertebral 
fractures may reflect not only systemic metabolic bone loss 
but also meaningful processes such as chronic pain, reduced 
physical activity, or functional mobility limitations caused 
by the fractures. These physical and functional consequences 
could be related to localized brain structure changes, high-
lighting the distinct nature of VF beyond being a simple 
surrogate marker for BMD.These studies indicate a broader 
connection between bone health and brain structure, extend-
ing beyond specific conditions like VF. The integration of 
these findings highlights the importance of considering both 
skeletal and neural health in managing conditions such as 
osteoporosis and neurodegenerative diseases. In our study, 
we found a significant association between the reduction in 
specific brain clusters and the presence of VF, even after 
adjusting for MMSE scores. This suggests that the reduction 
in brain regions responsible for cognition may be associated 
with VF; however, due to the cross-sectional design of this 
study, we cannot determine causality. It is equally possible 
that VF could lead to reduced mobility and physical activity, 
which in turn impacts brain structure by decreasing environ-
mental interactions and stimulation.

The cluster identified in our study includes brain regions 
such as the right hippocampus, right amygdala, and right 
parahippocampal gyrus, which are crucial for memory and 
emotional processing. The limbic system, comprising the 
hippocampus and amygdala, is integral to cognitive and 
emotional functions [25, 26]. The hippocampus is essential 
for memory formation and spatial navigation [27, 28]. Age-
related changes in the hippocampus are linked to declines in 
memory and increased susceptibility to psychosocial stress 
and mental health issues [29]. The amygdala is involved in 
emotional processing and memory, with age-related changes 
affecting emotional regulation [30, 31]. The parahippocam-
pal gyrus, part of the medial temporal lobe memory system, 
is crucial in maintaining and updating memories [32]. It is 

involved in visuospatial processing, particularly in extracting 
scene layout information [33], and is essential for visuospa-
tial memory functions and contextual associations [34–36]. 
Bohbot et al. showed that patients with lesions that included 
the right parahippocampal cortex were severely impaired 
on a task that required learning the spatial configuration 
of objects on a computer screen; these patients, however, 
were not impaired at learning the identity of objects [35]. 
The association between VF and reductions in the parahip-
pocampal gyrus volume may suggest a bidirectional rela-
tionship. VF can lead to decreased mobility and physical 
activity, potentially contributing to decreased visuospatial 
memory function due to reduced environmental interaction. 
Conversely, impaired visuospatial memory function might 
increase the risk of falls and subsequent VF. Although this 
remains a hypothesis, the relationship suggests that interven-
tions aimed at improving both physical mobility and cog-
nitive functions, particularly visuospatial memory, could 
benefit individuals at risk of VF.

Our study also revealed a significant interaction between 
sex and VF status, showing that males in the VF + group 
exhibited more pronounced reductions in the specific brain 
cluster compared to females in the VF + group. This novel 
finding suggests that while postmenopausal women may 
experience more significant bone density loss relative to 
brain volume reduction due to the effects of osteoporosis, 
men may experience concurrent reductions in both brain 
volume and bone density. This indicates that the neurode-
generative and osteoporotic processes might occur simul-
taneously in men. Therefore, the integrated approach to 
patient care should consider these sex-specific differences. 
For females, particularly postmenopausal women, inter-
ventions might need to prioritize bone health to mitigate 
extensive bone density loss, whereas for males, strategies 
should focus on both maintaining bone health and preventing 
brain atrophy. This personalized approach could potentially 
improve patient outcomes by addressing both skeletal and 
neural aspects of health.

One of the strengths of our study is the use of VBM, 
which allows for precise measurement of gray matter vol-
umes across the entire brain. Additionally, the large sample 
size of 1,751 participants enhances the generalizability of 
our findings. The inclusion of both male and female partici-
pants and the examination of sex-specific effects add further 
depth to our analysis. Furthermore, the adjustment for cog-
nitive function using MMSE scores strengthens the validity 
of our findings.

However, there are several limitations in the present 
study. First, the participants were recruited from only two 
regions (coastal and mountainous), which may limit the 
generalizability of our findings to the broader population. 
However, we compared anthropometric measurements and 
the prevalence of smoking and alcohol consumption between 
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our participants and the general Japanese population and 
found minimal significant differences [15, 37]. This sug-
gests that our study sample may be somewhat representa-
tive of the general population. Second, the cross-sectional 
design of this study makes it challenging to establish causal 
relationships between vertebral fractures and brain volume 
reductions. Longitudinal studies are generally required to 
confirm causality. Given the long-term follow-ups involved 
in our study, we plan to analyze the results from longitudinal 
surveys in future research to better understand these relation-
ships. Third, this study focused on simple brain volume com-
parisons and did not include advanced imaging techniques 
such as diffusion-weighted tractography or functional MRI 
analyses. Given that MRI scans were performed as part of 
health check-ups for 1,755 local residents, it was impractical 
to conduct more detailed MRI investigations due to cost and 
human resource constraints. Fourth, when we limited the 
analysis to participants aged 60 years and older (n = 1,212), 
statistical significance in some results was lost, likely due 
to the reduced sample size in this subgroup. Even with age 
included as a nuisance regressor in the analysis, the results 
may still have been influenced by the presence of younger 
participants in the full dataset. Fifth, only 1,285 partici-
pants (66.9%) completed the MMSE, primarily because the 
MMSE was administered mainly to participants aged 60 and 
over, which limits the comprehensiveness of our cognitive 
assessments. Sixth, there were several bone-related limi-
tations: we lacked bone density information, which could 
provide further insights into the relationship between bone 
health and brain structure; we did not have information on 
whether the vertebral fractures were new or old, or whether 
they were traumatic or non-traumatic (pathological frac-
tures); and information on the use of osteoporosis medica-
tions (such as antiresorptive agents, anabolic agents, vita-
min D supplements, etc.) was also not available. This lack 
of detailed fracture and treatment information might affect 
the interpretation of our results. Despite these limitations, 
our study provides important insights into the relationship 
between vertebral fractures and brain structure, highlighting 
the need for integrated approaches to managing skeletal and 
neural health.

Conclusion

In conclusion, our study demonstrates a significant associ-
ation between VF and reductions in specific brain regions, 
particularly in the right hippocampus, right amygdala, and 
right parahippocampal gyrus. These findings suggest that 
VF may have broader implications for brain health, affect-
ing areas crucial for memory and emotional processing. 

The observed interaction between sex and VF status, with 
more pronounced brain volume reductions in males, indi-
cates that neurodegenerative and osteoporotic processes 
may occur simultaneously in men. These results under-
score the importance of early detection and intervention 
targeting both skeletal and neural health to mitigate cog-
nitive decline and reduce the risk of VF. Future research 
should continue to explore these relationships through 
longitudinal studies and advanced imaging techniques to 
develop comprehensive strategies for managing osteopo-
rosis and associated neurodegenerative conditions.
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