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Causal associations of brain structure with bone mineral
density: a large-scale genetic correlation study
Bin Guo1, Chao Wang 1, Yong Zhu 1, Zhi Liu1, Haitao Long1, Zhe Ruan1, Zhangyuan Lin1, Zhihua Fan2, Yusheng Li 1,3✉ and
Shushan Zhao1,3✉

In this study, we aimed to investigate the causal associations of brain structure with bone mineral density (BMD). Based on the
genome-wide association study (GWAS) summary statistics of 1 325 brain imaging-derived phenotypes (BIDPs) of brain structure
from the UK Biobank and GWAS summary datasets of 5 BMD locations, including the total body, femoral neck, lumbar spine,
forearm, and heel from the GEFOS Consortium, linkage disequilibrium score regression (LDSC) was conducted to determine the
genetic correlations, and Mendelian randomization (MR) was then performed to explore the causal relationship between the BIDPs
and BMD. Several sensitivity analyses were performed to verify the strength and stability of the present MR outcomes. To increase
confidence in our findings, we also performed confirmatory MR between BIDPs and osteoporosis. LDSC revealed that 1.93% of
BIDPs, with a false discovery rate (FDR) < 0.01, were genetically correlated with BMD. Additionally, we observed that 1.31% of BIDPs
exhibited a significant causal relationship with BMD (FDR < 0.01) through MR. Both the LDSC and MR results demonstrated that the
BIDPs “Volume of normalized brain,” “Volume of gray matter in Left Inferior Frontal Gyrus, pars opercularis,” “Volume of Estimated
Total Intra Cranial” and “Volume-ratio of brain segmentation/estimated total intracranial” had strong associations with BMD.
Interestingly, our results showed that more left BIDPs were causally associated with BMD, especially within and around the left
frontal region. In conclusion, a part of the brain structure causally influences BMD, which may provide important perspectives for
the prevention of osteoporosis and offer valuable insights for further research on the brain-bone axis.
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INTRODUCTION
Osteoporosis, which can affect individuals of all ethnicities, is
becoming more prevalent with the continuing aging of the
global population.1,2 The most typical manifestation of osteo-
porosis is a reduction in bone mineral density (BMD), which
elevates the risk of fractures in the spine, hip, distal radius,
proximal humerus and other locations.3 Bone mass changes are
caused by multiple factors, and the central nervous system can
directly regulate bone mass, thus affecting bone metabolism.4–6

Classical neurotransmitters and a variety of neuropeptides from
the brain and bone axis mediate the neural connection between
brain and bone.7,8 With the in-depth study of neurodegenera-
tive diseases such as Parkinson’s disease,9 spinal cord injury,10

amyotrophic lateral sclerosis,11 Alzheimer’s disease,12 postpolio
syndrome13 and multiple sclerosis,14 it was found that osteo-
porosis is more common in patients with each neurodegenera-
tive disease than in the general population. These
neurodegenerative diseases are often accompanied by changes
in brain structure. A recent GWAS has also shown that genetic
loci associated with brain structure also exhibit enrichment in
bone mineral density loci.5 An increasing number of studies
have implied that brain and regional size may affect bone
metabolism. Nevertheless, many uncertainties remain to be
explored.

Brain imaging holds great potential for early disease predic-
tion,15 and one of the best noninvasive tools to study the brain is
magnetic resonance imaging (MRI). The UK Biobank links
neuroimaging and genetics through an epidemiological study
containing 500 000 participants.16 To help convert the collected
raw imaging data into useful summary information, a fully
automated processing flow was developed to generate processed
images and brain image-derived phenotypes (BIDPs), which are
distinct measures of brain structure and function that are useful
for nonimaging experts.17

Despite the fact that randomized controlled trials are the gold
standard for causal inference, ethical constraints or the high cost
of trials limit their use.18 It is possible to overcome the limitations
of observational research with the help of robust causal inference
methods that have emerged over the last few decades. Linkage
disequilibrium score regression (LDSC), as one of the most
commonly used genetic correlation analysis methods,19 can be
used to evaluate the genetic correlation between brain structure
and BMD. Mendelian randomization (MR) analysis, which is less
susceptible to bias from confounding factors and reverse
causality,20 can be used to investigate the causal relationship
between exposure (brain structure) and outcome (BMD).
In this study, LDSC analysis based on genome-wide association

study (GWAS) summary statistical data was used to evaluate the
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genetic associations of brain regional and tissue volume and
cortical area and thickness with BMD as affected by heredity. To
determine the causal role of brain structure on BMD, MR
approaches were also conducted by using large GWAS summary
data, including BIDPs21 of each brain region measured by MRI and
BMD22 at different sites examined with dual energy X-ray (total
body, lumbar spine, femoral neck, and forearm), and by measuring
quantitative heel ultrasound (heel BMD).

RESULTS
Linkage disequilibrium score regression (LDSC)
Cross-BIDP/BMD LDSC was applied to measure the genetic
correlation between brain volume and BMD of different anatomi-
cal regions (Fig. 1 and Table S1). We used a P value less than 0.05
without adjustment as the threshold to screen the potential brain
volume that affects BMD. The LDSC results identified phenotypes
with potential genetic correlation as follows: 439 phenotypes with
total body BMD, 156 phenotypes with femoral neck BMD, 201
phenotypes with lumbar spine BMD, 32 phenotypes with forearm
BMD and 161 phenotypes with heel BMD (Table S1). Six BIDPs
showed potential genetic correlation with all five BMD regions in
our study (Fig. 1B), including (1) Volume-ratio of BrainSegVol-to-
eTIV in the whole brain (UKB ID: 26536); (2) Volume of Estimated
Total Intra Cranial in the whole brain (UKB ID: 26521); (3) Volume
of gray matter in Right IX Cerebellum (UKB ID: 26917); (4) Volume
of gray matter in Right VIIIb Cerebellum (UKB ID: 26914); (5)
Volume of gray matter in Right X Cerebellum (UKB ID: 26920) and
(6) Volume of gray matter in Left Inferior Temporal Gyrus (UKB ID:
25812).
Under false discovery rate (FDR) correction, the LDSC analyses

found phenotypes with significant genetic correlation as follows:
78 phenotypes with total body BMD, 13 phenotypes with femoral
neck BMD, 6 phenotypes with lumbar spine BMD, 1 phenotype
with forearm BMD, and 30 phenotypes with heel BMD (Table S1).
The BIDP of “Volume-ratio of BrainSegVol-to-eTIV” was also found
to be genetically correlated with the total body, femoral neck,
lumbar spine, forearm, and heel BMD.

Two-sample Mendelian randomization
Overview outlines of the BIDPs with BMD. We used 2 sMR to find
evidence for a potential causal relationship between BIDPs and
BMD (Fig. 2 and Table S2). A P value less than 0.05 without
adjustment was considered the threshold to screen the potential
brain volume that causally affected BMD. The primary MR results
identified 89 phenotypes with potential causal association with
total body BMD, 117 phenotypes with potential causal association
with femoral neck BMD, 106 phenotypes with potential causal
association with lumbar spine BMD, 70 phenotypes with potential
causal association with forearm BMD, and 148 phenotypes with
potential causal association with heel BMD. Four brain structures
were found to have a potential causal association with all five BMD
regions in the study (Fig. 2B.a), including (1) Volume-ratio of
BrainSegVol-to-eTIV in the whole brain (UKB ID:26536), (2) Volume
of Estimated Total Intra Cranial in the whole brain (UKB ID:26521),
(3) Volume of G+ S-cingul-Mid-Ant in the left hemisphere (UKB
ID:27483), and (4) Area of caudal anterior cingulate in the left
hemisphere (UKB ID:27143). Figure 2 also identified IDPs
associated with BMD in more than three regions. Notably, these
brain structures represented by identified IDPs were all located
near the left frontal lobe.
Under FDR correction, the MR analyses found significant causal

associations as follows: 8 phenotypes with total body BMD, 4
phenotypes with femoral neck BMD, 6 phenotypes with lumbar
spine BMD, 1 phenotype with forearm BMD and 66 phenotypes
with heel BMD (Table S2). The top 5 correlations of the BIDPs to
the BMD among each part are shown in Table 1. Meanwhile, we
found that more left BIDPs were associated with BMD (67.9%).

Phenotypes with shared causal pathways between BIDPs and
BMD. In Fig. 3, we identify phenotypes with shared causal
relationships between the BIDPs and BMD of different anatomical
regions (FDR P < 0.01). In the primary analyses, we found that the
BIDP “Volume-ratio of BrainSegVol-to-eTIV in the whole brain (UKB
ID: 26536)” showed significant associations with all five regional
BMDs. In addition, the BIDP regarding the volume of gray matter
in the left inferior frontal gyrus pars opercularis (UKB ID: 25792)
showed significant associations with total body, femoral neck, and
heel BMD.
In addition, a genetically raised region of the medial

orbitofrontal in the left hemisphere (UKB ID:26734) showed causal
associations with decreased BMD of the total body and heel. The
volume of G+ S-cingul-Ant in the left hemisphere (UKB ID:27482),
the volume of G+ S-cingul-Mid-Ant in the left hemisphere (UKB
ID:27483), and the area of caudal anterior cingulate in the left
hemisphere (UKB ID:27143) were positively associated with the
BMD of the total body and heel, and the mean thickness of S-oc-
temp-lat in the left hemisphere (UKB ID:27462) and the mean
thickness of S-temporal-inf in the left hemisphere (UKB ID:27474)
had a significant causal association with the BMD of the heel and
lumbar spine.

Sensitivity analysis. For each significant analysis in the primary
MR, we also examined the results from the MR‒Egger analysis and
the mode- and median-based methods to check consistency
(Table S3). Except for the BIDPs of “Volume of gray matter (UKB ID:
25005),” “Volume of lateral orbitofrontal in the right hemisphere
(UKB ID: 27307),” “Area of S-circular-insula-ant in the left
hemisphere (UKB ID: 27375),” and “Mean thickness of isthmus
cingulate in the right hemisphere (UKB ID: 26865),” consistent
results were obtained using MR sensitivity analysis methods
(weighted median, MR‒Egger, and weighted mode showed similar
size and direction to IVW).
Furthermore, Table S4 shows the heterogeneous and pleio-

tropic effects. For the identified BIDPs, Cochran’s Q-test
indicated that the MR findings of the BIDPs of “Volume of gray
matter (UKB ID:25005),” “Volume of normalized brain (UKB
ID:25009),” “Volume of Estimated Total Intra Cranial in the whole
brain (UKB ID:26521),” “Volume-ratio of BrainSegVol-to-eTIV in
the whole brain (UKB ID:26536),” “Volume of lateral orbitofrontal
in the right hemisphere (UKB ID:27307),” and “Area of S-orbital-
H-Shaped in the left hemisphere (UKB ID:27392)” were hetero-
geneous (P < 0.05). Thus, we performed random effect IVW, and
the results were consistent (Table S2). MR-PRESSO was used to
identify outliers and provide a corrected estimation. The
recalculated MR estimates showed findings consistent with
those above, and distortion tests had P > 0.05. According to the
MR‒Egger intercept test, horizontal pleiotropy was not observed
(P intercept > 0.05). Level pleiotropy and heterogeneity were
visually assessed using funnel and scatter plots (see Additional
File 1). Additionally, through MR Steiger, we did not find
evidence of reverse causality (Table S4).

Validation of the association of BIDPs and osteoporosis. To
enhance the credibility of our findings, we performed confirma-
tory 2 sMR between BIDPs and osteoporosis (Fig. 4 and Table S5).
Focusing on the 5.7% potential causal BIDPs, we obtained MR
results showing that the BIDP of “Volume-ratio of BrainSegVol-to-
eTIV (UKB ID:26536)” was significantly negatively correlated with
osteoporosis (OR= 0.45, FDR P= 2.28 × 10−5), indicating that each
1-SD increment in the volume-ratio of BrainSegVol-to-eTIV was
predicted to decrease the risk of osteoporosis by 0.45. Moreover,
the potential causal factors of brain volume that causally affect
femoral neck, lumbar and total body BMD were further confirmed
by the osteoporosis dataset (Table S5). Most of the BIDPs’
potentially causal associations with both BMD (mentioned above)
and osteoporosis demonstrated opposite directions, while only
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the two BIDPs of “area of fusiform in the right hemisphere (UKB
ID:26962)” and “area of BA2 in the left hemisphere (UKB ID:27060)”
showed consistent directions. These two BIDPs are controversial
and difficult to explain and will not be discussed in the remainder
of this paper.

DISCUSSION
With a deeper understanding of the neural regulation of bone
remodeling, researchers have identified a number of neural
pathways that regulate bone metabolism through the central
relay.23 Neurogenic control of bone metabolism was also
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numbering order, abscissa: - log10 P values). b (a) Venn diagram: all the primary MR results among which P < 0.05 in respective sets. b Brain
regions associated with BMD, labeled yellow, and overlaps labeled orange, intersection >3 elements in the Venn diagram

Brain structure and bone mineral density
B Guo et al.

4

Bone Research           (2023) 11:37 



confirmed in animal experiments, and a neural arm involved in
bone remodeling was discovered.24,25 In this study, we sought to
identify the genetic correlations and causal associations of brain
structure with BMD. As a first step, LDSC was used identify 46.2%
of BIDPs showing suggestive association signals with BMD
(P < 0.05). Following this, MR was used to find a possible causal
link between 5.7% of brain structure-related IDPs and BMD.
To date, the use of MR has succeeded in assessing causal

relationships in pioneering studies of BMD. However, studies on
the relationship between brain structure and bone are relatively
rare. Although previous studies have suggested that the central
nervous system is directly involved in bone health as a direct
result of actions orchestrated primarily by the hypothalamus,26,27

hypothalamic volume was not associated with BMD according to
our study. Here, as shown in Fig. 4, this study primarily focuses on
the discussion of the BIDPs that showed significant associations in
both the LDSC and MR results reported in this work.
Through further study, we found that the BIDP of “Volume of

gray matter in left inferior frontal gyrus (IFG), pars opercularis

(POP)” showed significant associations with total body, femoral
neck, and heel BMD. The posterior part of the IFG of the left
hemisphere is traditionally more often regarded as the classic
Broca area, which is closely related to some aspects of expressive
language processing.28 Studies have confirmed that the motion-
related part of Broca’s area is mainly located within the POP.29

Meanwhile, recent neuroimaging studies have demonstrated that
this area is of great significance for grasping, motor imagery,
motion sequence learning, observing and preparing actions and
imitation, and hierarchical organization of behavior controlling
action segment selection.30–35 One study found that there was an
increase in gray matter volume in Broca’s area, particularly on the
left side of the POP, among male orchestrators.29 Stefanidou et al.
found a link between BMD and verbal and visual memory.36 There
has been considerable evidence in the past that the volume of the
left IFG in neuropsychologically impaired patients is decreased.
For example, through voxel-based morphometry, Woodward
et al.37 found that there was a reduction in gray matter volume
of the left IFG among neuropsychologically impaired patients.

Table 1. Mendelian randomization results of the top 5 correlations of the BIDPs to BMD among each part (FDR P < 0.01)

No. UKBID IDP.short.name Category name Outcome Method SNP OR p FDR

187 26536 aseg_global_volume-
ratio_BrainSegVol-to-eTIV

aseg:global FN BMD IVW 15 1.50 7.35E-08 1.69E-06

172 26521 aseg_global_volume_
EstimatedTotalIntraCranial

aseg:global FN BMD IVW 7 1.42 1.92E-04 2.20E-03

36 25792 IDP_T1_FAST_ROIs_
L_inf_front_gyrus_parsop

IDP T1 FN BMD WR 1 1.96 2.33E-05 3.05E-03

9 25009 IDP_T1_SIENAX_
brain-normalized_volume

IDP T1:global FN BMD IVW 9 1.29 5.85E-04 7.73E-03

187 26536 aseg_global_volume-
ratio_BrainSegVol-to-eTIV

aseg:global Forearm BMD IVW 15 0.51 1.11E-08 2.55E-07

661 26734 aparc-Desikan_
lh_area_medialorbitofrontal

Desikan Atlas Heel BMD WR 1 0.61 1.45E-34 2.73E-32

36 25792 IDP_T1_FAST_ROIs_
L_inf_front_gyrus_parsop

IDP T1 Heel BMD WR 1 1.55 1.00E-28 1.31E-26

356 26801 aparc-Desikan_lh_
volume_medialorbitofrontal

Desikan Atlas Heel BMD WR 1 1.59 3.00E-28 3.51E-26

1 033 26768 aparc-Desikan_lh_
thickness_medialorbitofrontal

Desikan Atlas Heel BMD WR 1 0.66 9.89E-26 3.12E-24

1 038 26773 aparc-Desikan_lh_
thickness_parsorbitalis

Desikan Atlas Heel BMD WR 1 0.64 7.20E-26 3.12E-24

187 26536 aseg_global_v
olume-ratio_BrainSegVol-to-eTIV

aseg:global LS BMD IVW 15 0.59 4.52E-09 1.04E-07

1 028 26763 aparc-Desikan_lh_t
hickness_inferiortemporal

Desikan Atlas LS BMD IVW 4 0.64 1.61E-06 1.01E-04

1 214 27439 aparc-a2009s_lh_
thickness_G-temporal-inf

Destrieux Atlas LS BMD IVW 5 0.66 6.02E-05 7.34E-03

93 25849 IDP_T1_FAST_ROIs_R_
parahipp_gyrus_ant

IDP T1 LS BMD IVW 2 1.81 6.24E-05 8.17E-03

1 237 27462 aparc-a2009s_lh_
thickness_S-oc-temp-lat

Destrieux Atlas LS BMD WR 1 0.54 1.74E-04 8.51E-03

187 26536 aseg_global_volume-ratio_BrainSegVol-to-eTIV aseg:global TB BMD IVW 17 0.44 4.00E-28 9.20E-27

661 26734 aparc-Desikan_lh_
area_medialorbitofrontal

Desikan Atlas TB BMD WR 1 0.38 6.38E-14 1.20E-11

810 27143 aparc-DKTatlas_lh_
area_caudalanteriorcingulate

Desikan Atlas TB BMD WR 1 1.53 1.30E-05 1.22E-03

506 27483 aparc-a2009s_lh_
volume_G+ S-cingul-Mid-Ant

Destrieux Atlas TB BMD WR 1 1.66 1.30E-05 1.61E-03

505 27482 aparc-a2009s_lh_
volume_G+ S-cingul-Ant

Destrieux Atlas TB BMD WR 1 1.73 5.25E-05 3.26E-03

IVW inverse-variance weighted, WR Wald ratio, FN BMD femoral neck BMD, LS BMD lumbar spine BMD, TB BMD total body BMD
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Studies have also shown that certain psychiatric disorders, such as
Alzheimer’s disease, major depression, and bipolar disorder (BD),
are associated with low BMD.38–41 However, in these previous
studies, the possible role of medication or other related

confounding factors has been difficult to accurately determine,
thus indicating the limitations of those observational studies.
Regional homogeneity (ReHo) is related to the pathophysiology of
mental disorders as a data-driven method. A study42 focused on

Exposure & Outcome
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Fig. 3 Effects of BIDPs on BMD. The results from MR analyses showing the phenotypes with shared causal relationships between the BIDPs
and BMD of different anatomical regions (FDR P < 0.01)
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40 drug-naive patients with BD and found that the patients with
BD had a significant increase in ReHo values in the left IFG.
Although this study did not find a link between abnormal ReHo
and BMD (P > 0.05), the result may in part be explicable by a small
sample size. Other studies have shown that patients with BD tend
to have relatively low BMD, increasing their risk of fracture.43,44

These results indirectly suggest that there may be a potential
causality between IFG and BMD. The results of our MR analysis
rejected the interference of confounding factors, suggesting that
the genetically predicted volume of gray matter in the left IFG and
pars opercularis was positively correlated with BMD in the total
body, femoral neck, and heel. This may result from the
discrepancy in the IFG volume of gray matter leading to changes
in regional activities, thus playing a partial role in the neural
mechanism of BMD.
The BIDPs of “Volume of normalized brain (UKB ID: 25009)” and

“Volume of Estimated Total Intra Cranial in the whole brain (UKB
ID: 26521)” showed a significant positive correlation with femoral
neck BMD according to LDSC and MR findings. The BIDP of
“Volume-ratio of BrainSegVol-to-eTIV in the whole brain” showed a
significant positive correlation with BMD in all five regions.
Furthermore, FDR correction also showed a significant negative
association with osteoporosis. The volume ratio of brain segmen-
tation volume/estimated total intracranial volume (BrainSegVol-to-
eTIV), which is the actual brain volume in the total intracranial
volume was generated by subcortical volumetric segmentation. In
this brain imaging-derived phenotype, 47 696 items of data are
available, covering 43 173 participants. After removal of extreme
values, the volume ratio of BrainSegVol-to-eTIV ranged from
0.665 102 to 0.892 374, and the median was 0.778 738. This ratio is
the actual volume of brain-containing ventricles relative to the
entire intracranial volume. During normal development, both
intracranial volume (ICV) and total brain volume (TBV) increase
rapidly and in tandem during early childhood but diverge during
early adolescence. Over time, TBV declines gradually, while ICV
remains stable into adulthood.45,46 Therefore, the difference
between TBV and ICV is an indicator of normal age-related
atrophy and later onset of pathological processes.47 Osteoporotic
vertebral compression fracture (OVCF) is a prevalent complication
of osteoporosis. A study48 using brain MRI to explore the
relationship between brain volume and OVCFs in patients with
osteoporosis found that after adjusting for confounding factors,
the percentage of brain parenchymal volume (BPV/ICV) in OVCF
patients was significantly decreased; this was consistent with our
findings. A previous study49 on the relationship between BMD and
brain atrophy in early AD patients found that higher BMD was
associated with larger brain volume. Due to the inherent defect of
traditional observational studies, the previous report might be a
false-positive. In our study, the BIDP (UKB ID 25009), representing
brain-normalized volume, showed a positive correlation with
femoral neck BMD. In addition, according to our research results,
we should pay more attention to the volume ratio rather than the
simple volume of the brain.
Bae et al.50 found a linear relationship between BMD and brain

parenchymal atrophy in a retrospective study. However, this
retrospective study had certain limitations, such as the inability to
determine the causal relationship and the inconsistent interval
between DXA and brain MRI for all participants. Through LDSC and
MR studies, we first confirmed the genetic correlation and causal
relationship between brain parenchymal volume, total intracranial
volume, and BMD. According to reports, type 1 collagen is an
important component of bone matrix protein as well as arachnoid
trabeculae and granules.51 Research has shown that osteoporosis
is closely related to the genetic components of type 1 collagen,
such as COL1A1 and COL1A2.52 Meanwhile, a previous study found
that brain atrophy in Alzheimer’s disease patients had a certain
correlation with morphological changes in microvessels,53 while
vascular smooth muscle is also composed of type 1 collagen to

varying degrees. Therefore, we hypothesize that the decrease in
BMD caused by brain atrophy (i.e., small volume ratio of
BrainSegVol-to-eTIV) may be related to the decrease in the
expression of genes such as COL1A1 and COL1A2. In addition,
several potential biological mechanisms may underlie the causal
association between brain structure and BMD. One possible
explanation is the shared genetic factors between brain and bone
development, as both are influenced by a complex interplay of
genetic and environmental factors. For example, Adams and his
colleagues reported a GWAS about the novel genetic loci
underlying human intracranial volume. This study found that the
genetic loci associated with intracranial volume provided intri-
guing links between maximal brain size and various processes,
including bone mineralization (CENPW), growth signaling (IGF1,
HMGA2), DNA replication (GMNC) and rRNA maturation (PDCD).5

Another possible mechanism is the influence of hormonal factors,
particularly estrogen, which has been shown to impact both brain
development and bone metabolism.54 However, further research
is needed to fully understand the underlying biological mechan-
isms of the association.
Interestingly, our results showed that more left BIDPs were

associated with BMD. In addition, as shown in Fig. 2, significant
associations of brain structure with BMD were found, especially
within and around the left frontal region (area of left caudal
anterior cingulate, volume of sulcus and gyrus of left middle
anterior cingulate, volume of gray matter in left IFG, POP, volume
of left medial orbitofrontal, cortical thickness of left inferior
temporal, and area of left caudal middle frontal). Long believed to
be mainly regulated by hormones, bone remodeling also responds
to local mechanical stimulations. However, a continuing increase
in recent evidence suggests that the central nervous system exerts
a direct regulatory effect on bone homeostasis through efferent
neural connections.55 Studies using various animal models and
pharmacological approaches have shown that a variety of
neurons, including leptin-responsive and neuropeptide Y-ergic
neurons, are involved in the bone regulation of central signal-
ing.24,56,57 We speculate that changes in the number of particular
excitatory/inhibitory neurons caused by brain structure changes
may affect the brain-bone regulatory axis, resulting in changes in
BMD. Meanwhile, the difference in our study results may be
attributed to the lateralization of brain function. Studies of
lateralization in species such as fish, birds, and amphibians have
shed light on key developmental events of the structure and
function of the central nervous system.58–60 Lateralization of adult
brain functions is well described in the aspects of language,
visuospatial cognition, and hand-motor control.61,62 Recently, one
of the meta-analyses of genome-wide association studies
detected that structural lateralization in and around the planum
temporale (the part of the brain responsible for language
processing) is dimorphic (differing between males and females)
in humans and associated with genes involved in steroid hormone
biology.63 This suggests that the effects of the development of
structural asymmetries in the brain associated with language
processing may play a role in hormonal secretion. The other study
focused on caudate asymmetry and found no significantly
associated genetic polymorphisms.64 However, due to strict
practical and ethical limitations on human research, lateralization
remains largely mysterious despite its importance to many aspects
of human function, such as cognition. Our findings may help
identify subtle molecular variations between homologous left and
right regions of the brain that may control fine-tuning of neuronal
circuits for specific kinds of information processing. Contrasting
the left regions at the genetic level against the right regions of
natural control homology may help to understand some proper-
ties of cerebral cortical regions.
This study has several strengths. Neuroimaging measures can

be considered endophenotypes as quantitative indicators of brain
structure or function, indicating genetic responsibility.65 To the
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best of our knowledge, this study is the first to represent the
initial assessment of the genetic links and causal connections
between brain structure and BMD using LDSC and MR
methodologies. The use of MR analysis minimizes the potential

for confounding factors and reverse causation, as genetic variants
are determined randomly at conception and therefore remain
unaltered by environmental factors or illness. Our study is based
on recent large-scale GWAS summary statistics data. The large
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Fig. 5 Flow chart of the study
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sample sizes of GWAS could minimize the bias arising from the
winner’s curse or weak instruments and lead to higher levels of
statistical power.66 These advantages are beyond the reach of
traditional observational studies. At the same time, we used a
large sample set of osteoporosis data from the FinnGen
Consortium to validate our results, further enhancing the
credibility of the study.
Comprehending the correlation between brain structure and

BMD is crucial for advancing future research and clinical practice.
This relationship implies that interventions aiming to improve
brain health may also benefit bone health. Furthermore, this
highlights the necessity of a more integrated health care approach
where multiple organ systems are treated collectively instead of
separately. Investigating the underlying mechanisms connecting
brain and bone health could also lead to the development of
novel therapeutic targets for osteoporosis and related diseases.
However, there were still some limitations in this study. The

ability to apply these findings to other populations is restricted
due to the limited range of the study’s participants, who were
solely of European descent. Therefore, it is essential to corroborate
these findings in other populations. Further studies focused on the
underlying mechanisms are required to verify this biological
rationale, as the outcomes of both LDSC and MR analyses only
suggest potential genetic connections and causal relationships at
the genetic level.
In conclusion, our comprehensive large-scale correlational study

provides evidence of causal associations of brain regional and
tissue volume and cortical area and thickness with BMD. These
results were directly or indirectly supported by many previously
published studies. We believe that changes in brain structure
could affect bone metabolism through certain pathways. How-
ever, to improve the prediction and prevention of osteoporosis,
the specific mechanism needs to be further studied. We hope that
this study can lay a foundation for research on the genetic
mechanism of the bone-brain axis.

MATERIALS AND METHODS
Study population and genetic data
Ethical approval and consent to participate were obtained for the
original publications. Figure 5 provides an overview of the study
design.

Brain structure data estimates from MRI. The brain regional and
tissue volume and cortical area and thickness data were obtained
from the UK Biobank. Researchers worldwide can access the raw
and processed imaging data, BIDPs, and nonimaging measures in
the UK Biobank by following a data access application procedure.
The original data can be downloaded through the following
website: https://open.win.ox.ac.uk/ukbiobank/big40/.
We selected 1 325 IDPs from the multimodal brain imaging

dataset of European ancestry in the UK Biobank, which included
647 MRI phenotypes of brain regional and tissue volume, 372 MRI
phenotypes of cortical area and 306 MRI phenotypes of cortical
thickness.67 The UKB IDs and descriptions of the IDPs are shown in
Table S6. This open data server contains results from GWAS of
thousands of BIDPs, all single nucleotide polymorphisms (SNPs)
tested, with a discovery sample of thousands of individuals (Fig. 5).

Bone mineral density. Summary statistics of BMD were obtained
from the IEU GWAS database of MRC Comprehensive Epidemiol-
ogy Institute of University of Bristol. The GEFOS Consortium
(http://www.gefos.org) measured BMD data, and these data were
collected in the IEU open GWAS database. The original data can be
downloaded through the following website: https://
gwas.mrcieu.ac.uk/.
We selected 5 BMD GWAS datasets of European ancestry,

including total body BMD (n= 56 284), lumbar spine BMD

(n= 28 498), femoral neck BMD (n= 32 735), forearm BMD
(n= 8 143), and heel BMD (n= 426 824) (Fig. 5).

Osteoporosis. Based on a large meta-analysis of GWAS from the
FinnGen Consortium, the data on osteoporosis included 309 154
males and females of European ancestry. The original data can be
searched and downloaded through the following website:
FinnGen https://www.finngen.fi.

Linkage disequilibrium score regression (LDSC)
The determination of whether distinct traits share common
genetic foundations can be achieved by quantifying the
contribution of each element through an examination of the
relationship between test statistics and LDSC.68 As a powerful
approach for estimating heritability and genetic correlation from
GWAS summary statistics, LDSC can be used to differentiate
between real polygenicities and mixed biases (such as population
stratification and implicit association).69 In this study, the initial
stage involved estimating the genetic correlation using the cross-
trait LDSC method, which was implemented through LDHub70

(https://github.com/bulik/ldsc). FDR correction was utilized with a
significance level of P= 0.01 for multiple comparison correction.

Mendelian randomization (MR)
Design. The MR approach employs genetic variants as IVs to
deduce the potential causality of an exposure on an outcome. The
heredity of genetic variation is not influenced by environmental
factors or disease processes as it is determined randomly at the
time of conception; hence, MR is less prone to bias caused by
confounding factors and reverse causality.20 MR must meet the
following three conditional assumptions: (1) IVs must be directly
associated with BIDPs; (2) IVs are not associated with any
confounding factor known to obscure the connection between
BIDPs and BMD; (3) IVs should only be associated with BMD
through BIDPs.71

In this study, brain regional and tissue volume and cortical area
and thickness were used as exposure factors. SNPs significantly
related to brain volume estimated from BIDPs were the IVs, and
the outcome variable was BMD. Meanwhile, we used the
osteoporosis dataset to verify our results.

Selection of genetic IVs. We utilized a genome-wide P value
threshold of 5 × 10−8 to choose SNPs linked with BIDPs as IVs.
PhenoScanner V272 was used to evaluate the associations of IVs
with potential confounding factors and exclude potential cases of
pleiotropy. The confounding factors included alcohol intake
frequency, fat mass, basal metabolic rate, body fat percentage,
body mass index, height, hip circumference, lean body mass, waist
circumference, weight, etc. (Table S7). IV intensity was measured
using the F statistic of SNPs. Any IV with an F statistic < 10 was
deemed weak and, therefore, removed from consideration. To
perform a standard 2 sMR analysis, it was necessary to verify that
the IVs were independent of each other (i.e., there is no significant
linkage disequilibrium (LD)). The OpenGWAS API stores LD data
from five populations (EUR, SAS, EAS, AFR, AMR); we selected
European populations for the study. In reference to the entire
genome of a thousand people, the aggregation and brain volume
had unquestionable significance. To avoid interference from linkage
disequilibrium (LD), a threshold value of 0.001 was established for
the parameter R2, and a kilobase pair (KB) of 10 000 was applied. To
compensate for missing SNPs, those with strong LD (R2 > 0.8) were
utilized. However, SNPs that did not have alternative sites were
removed from the analysis.

Primary and sensitivity MR analyses. We utilized several MR
methods to investigate potential causal associations between
BIDPs and BMD. We employed the Wald ratio and inverse-variance
weighted (IVW) methods to calculate the primary MR estimates. In
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cases where only a single SNP was accessible, the Wald ratio
method was utilized, taking into account that a modification in the
outcome could be attributed to a unit change in the exposure.73 If
multiple genetic variants were linked with the exposure variable
under investigation, the IVW method was employed as the
primary analysis since it provides the most precise estimation
when all IVs are effective.74 To carry out sensitivity analyses, we
employed several methods, including MR‒Egger regression,
simple mode, weighted median, and weighted mode.
We conducted additional statistical tests to evaluate the

presence of potential heterogeneity and pleiotropic effects.
Cochran’s Q test was mainly used to test the differences between
different IVs. If significant heterogeneity was identified (P of
Cochran’s Q < 0.05), we employed the random-effect IVW method;
otherwise, we used the fixed-effect IVW method. The pleiotropy
test mainly determines whether multiple IVs have horizontal
pleiotropy, and it is usually expressed by the intercept term of the
MR–Egger method. If the intercept term is very different from 0,
horizontal pleiotropy exists.75 Additionally, MR-PRESSO was used
to evaluate pleiotropy, including tests for global, distortions, and
outliers. In the meantime, we conducted the MR Steiger test to
assess the possible presence of reverse causality.76

Statistical analysis
To mitigate the risk of a type I error that arises with multiple
hypothesis testing, it was crucial to uphold the original level of
significance as closely as possible.77 We chose FDR correction to
adjust probability P values so that we could make conservative
conclusions.78

The following criteria were used to define causal effects: with
FDR correction applied, IVW’s MR results met the multiple
comparison adjusted P value criteria; the remaining MR methods
showed similar size and direction to IVW; and there was no
evidence of heterogeneity or gene-level pleiotropy after exclusion
of potential outliers.
The statistical analyses were performed using R version 4.2.1

and several software packages, including knitr, plyr, two-sam-
pleMR, and MRPRESSO. Statistical significance was determined by
bilateral P values, and a P value less than 0.05 was considered
suggestive, whereas highly reliable findings were survival values
with an FDR threshold of 0.01 (LDSC and primary MR analysis).
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