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Results: Seventy-five imaging-derived phenotypes showed evidence of association with osteoporosis, and 16
remained supported after validation with bone mineral density traits. BrainSegVol-to-eTIV (estimated total
intracranial volume) and left thalamic volume CL (central lateral nucleus) showed the most consistent signals across
osteoporosis and bone mineral density outcomes. Seven imaging-derived phenotypes showed significant genetic
correlation with osteoporosis by linkage disequilibrium score regression. Forty pleiotropic loci were detected at
genome-wide significance, and six had colocalization support. HLA-DRB1 (human leukocyte antigen - DRB1) showed
evidence consistent with partial mediation of the association between BrainSegVol-to-eTIV and osteoporosis, with
an estimated mediation proportion of 41.8% and a 95% confidence interval of 19.90% to 63.70%.

Conclusion: Genome-wide cross-trait analyses support shared genetic architecture between selected
imaging-derived phenotypes and osteoporosis. BrainSegVol-to-eTIV, left thalamic volume CL, and HLA-DRB1
emerged as prioritized statistical signals, although replication and functional validation remain necessary before any
mechanistic brain-bone pathway can be inferred.

INTRODUCTION

Osteoporosis (OP) is characterized by increased bone turnover, decreased bone mass, and skeletal fragility,
which increases fracture risk. OP is a major public health problem, and more than 9 million fragility fractures
occur globally each year!?. Experimental and clinical evidence suggests that the central nervous system can
modulate bone metabolism through neuroendocrine and autonomic pathways!>*. Neurodegenerative
disorders such as Alzheimer’s disease and Parkinson’s disease are also associated with higher osteoporosis
prevalence'®®. Recent genome-wide association studies (GWAS) have further suggested that loci associated
with bone density and brain structure may partially overlap!”. These observations support a systematic
assessment of the shared genetic basis between osteoporosis and brain anatomy.

Magnetic resonance imaging (MRI) is an efficient, noninvasive technique for examining the brain"®'. Brain
imaging holds significant potential for early disease prediction. Dual-energy X-ray absorptiometry is a widely
used diagnostic technique that assesses bone mineral density (BMD) at specific skeletal sites in children and
older adults. The most commonly examined bone locations for diagnosing OP are the forearm, lumbar
spine, and femoral neck”. Heel loci have recently been used to measure OP, and whole-body BMD
examinations are a practical approach to objectively assessing BMD!"". Establishing the causal association
between brain anatomy and OP is important for understanding disease biology. Nonetheless, observational
clinical studies may be confounded, complicating the establishment of a causal link between brain outcomes
and OP. Randomized controlled trials (RCTs), regarded as the most dependable approach for determining
cause-and-effect relationships, are constrained by ethical considerations or the substantial expenses of such
research!""). Mendelian randomization (MR) is a widely used epidemiological method for causal inference
about the relationship between an exposure and an outcome. The potential bias from residual confounding
and reverse causation in traditional observational research is reduced because genetic tools are independent
of environmental variables. The disease process is not altered because alleles are randomly distributed during
meiosis""?. Generalized summary-data-based Mendelian randomization (GSMR) jointly models linkage
disequilibrium (LD) among instruments and applies Heterogeneity in Dependent Instruments (HEIDI)
testing to filter pleiotropic outliers"”. To further assess genetic associations between brain anatomy and OP,
the predominant method for genetic correlation analysis is linkage disequilibrium score regression
(LDSC)""*. Cross-trait studies that use GWAS signal correlations to examine polyvalent genetic variation or
loci across multiple phenotypes have been shown to effectively identify common loci across traits or
illnesses"">'*\. Interventions targeting these pleiotropic loci may simultaneously prevent or treat multiple
diseases. Using a level-a intersection-union test (IUT), a new methodology, termed “PLACO7, has been
developed to identify pleiotropy at the single-nucleotide polymorphism (SNP) level"”. Consequently,
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examining the common genetic etiology or identifying specific genetic variants or loci underlying
genome-wide associations is essential. Additionally, two-step MR may be used to elucidate the effect of
exposure on outcomes via mediation studies that use mediating variables""®. We used these complementary
methods to characterize shared genetic signals between brain architecture and osteoporosis.

MATERIALS AND METHODS

GWAS summary statistics for osteoporosis and bone mineral density

The osteoporosis dataset included 1,011,300 participants from three public summary-statistics resources. The
GWAS Catalog contributed 456,348 participants, FinnGen Round 8 contributed 342,499 participants, and
the IEU Open GWAS project contributed 212,453 participants. A fixed-effects inverse-variance-weighted
meta-analysis was performed in METAL"\. Before meta-analysis, variants were harmonized by genomic
position, effect allele, non-effect allele, effect estimate, standard error, and, where available, allele frequency.
Palindromic variants with unresolved strand orientation or inconsistent allele frequencies were excluded.
Participant-level overlap across the contributing cohorts could not be quantified directly from the released
summary statistics and is therefore acknowledged as a potential source of residual bias. All three data sources
were restricted to European-ancestry samples. Summary statistics for total body bone mineral density,
femoral neck bone mineral density, lumbar spine bone mineral density, forearm bone mineral density, and
heel bone mineral density were obtained from the Genetic Factors for Osteoporosis consortium.

GWAS data sources for imaging-derived phenotypes

Summary statistics for the 3,935 UK Biobank imaging-derived phenotypes were obtained from the published
resource reported by Smith et al.*. The dataset integrates raw and processed imaging measures, along with
related non-imaging variables, released through the UK Biobank imaging pipeline. The present study used
publicly available summary statistics from the GWAS Catalog and related public repositories rather than
newly accessed individual-level UK Biobank data. Figure 1 summarizes the overall study workflow and is
cited here before the primary Mendelian randomization results. Supplementary Table 1 presents the
identifier-to-trait mapping and imaging-location characteristics for the 3,935 imaging-derived phenotypes.

Mendelian randomization analysis

Genetic variants were used as instrumental variables to evaluate genetically predicted associations between
imaging-derived phenotypes and osteoporosis”'. Three core assumptions were considered: relevance,
independence from major confounders, and the absence of direct paths from the instrumental variables to
the outcome outside the exposure®”. All 3,935 imaging-derived phenotypes were screened as exposures
against the meta-analyzed osteoporosis dataset. Generalized summary-data-based Mendelian randomization
was used as the primary screening method. Two-sample Mendelian randomization with inverse-variance
weighting was then applied to the prioritized imaging-derived phenotypes, followed by weighted median,
MR-Egger'”, and Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) as
sensitivity analyses. Cochran’s Q statistic was used to assess heterogeneity. Reverse Mendelian randomization
analyses were subsequently performed with osteoporosis as the exposure and the 16 validated
imaging-derived phenotypes as the outcomes. Because several imaging-derived phenotypes required relaxed
instrument thresholds and included variants with F statistics below 10, those findings were interpreted as
exploratory throughout the manuscript. The extent of sample overlap between UK Biobank-derived imaging
GWAS data and the public osteoporosis or bone mineral density datasets could not be quantified directly
from the available summary statistics and remains an acknowledged limitation of the MR framework used
here.
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Figure 1. Study workflow. Overview of the analytical pipeline used in this study, including large-scale screening of brain imaging-derived
phenotypes, Mendelian randomization analyses, genetic correlation analysis, pleiotropy screening, colocalization analysis, and mediation
analysis. The human tissue and imaging illustrations shown in this figure were created entirely by the authors using Adobe lllustrator. DP:
Imaging-derived phenotype; GWAS: genome-wide association studies; OP: osteoporosis; BMD: bone mineral density; LDSC: linkage
disequilibrium score regression; PLACO: pleiotropic analysis under composite null hypothesis; MR: Mendelian randomization. The human
tissue and imaging illustrations shown in this figure were created entirely by the authors using Adobe lllustrator.

Linkage disequilibrium score regression analysis

Linkage disequilibrium score regression was used to estimate genetic correlation from summary statistics.
For two traits with nonzero genetic correlation, the product of Z-scores across variants is regressed on
linkage-disequilibrium scores to estimate the genetic covariance component.

In linkage disequilibrium score regression, sample overlap is expected to affect the intercept more than the
slope, reducing but not eliminating concern about overlap-related bias. This property is specific to linkage
disequilibrium score regression and should not be extrapolated to Mendelian randomization analyses'**..
Therefore, potential overlap between UK Biobank-derived imaging data and osteoporosis or bone mineral
density datasets remains a recognized limitation of the Mendelian randomization framework used in this
study.

Pleiotropy and colocalization analysis

Imaging-derived phenotypes with the strongest genetic correlation with osteoporosis were taken forward for
pleiotropy analysis under the composite null hypothesis. Single-nucleotide polymorphisms that met
genome-wide significance at P < 5 x 10 were classified as pleiotropic candidates. Functional mapping and
GWAS annotation were used to identify pleiotropic loci. Bayesian colocalization”” was then applied to
distinguish provisional pleiotropic signals from higher-confidence shared causal regions. The pooled
genome-wide association results for osteoporosis were annotated using FUMAP® with default settings.
Within each locus, the nearest gene and the top-ranked Polygenic Priority Score”®” gene within a 500-kb
window were recorded for interpretation. Colocalization support was defined as PP.H4 > 0.75.



Kuang et al. Sci Orthop. 2026;1:2 Page 5 of 14

Mediation analysis

Genes prioritized by pleiotropy analysis under the composite null hypothesis and colocalization were
evaluated as candidate mediators of the BrainSegVol-to-eTIV association with osteoporosis. Tissue-specific
cis-expression quantitative trait loci were obtained from the GTEx v8 resource. For the primary mediation
model, whole-blood cis-expression quantitative trait loci were selected a priori because the working
biological hypothesis centered on immune regulation relevant to systemic bone remodeling. Independent
whole-blood cis-expression quantitative trait loci that met a false discovery rate threshold of 0.05 or lower
were used as instruments in the primary mediation analysis. GTEx served here as the source of tissue-specific
instrument panels rather than as the basis for a formal genome-wide tissue-enrichment analysis. Steiger
filtering was applied as a directionality screen during instrument selection, whereas reverse-direction testing
was evaluated separately. Two-step Mendelian randomization was then used to estimate the effect of
BrainSegVol-to-eTIV on each mediator, the effect of each mediator on osteoporosis conditional on
BrainSegVol-to-eTIV, and the corresponding indirect effect and mediation proportion. The two-step
mediation workflow is shown in Supplementary Figure 1. Confidence intervals for the mediated effects were
derived with the delta method"*. Given the complexity of linkage disequilibrium and pleiotropy in the HLA
region, the mediation analysis was interpreted as evidence supporting a putative candidate mediator rather
than a confirmed biological mechanism.

Instrument selection

Instrument selection began at P < 5 x 10°°. When fewer than four variants were available for a given
imaging-derived phenotype, a secondary threshold of P < 1 x 10°° was used as an exploratory
instrument-retention strategy. Variants were clumped at * < 0.001 within a 10,000-kb window. Variants
absent from the outcome dataset, variants with unresolved strand ambiguity, and palindromic variants with
inconsistent allele information were excluded. The GWAS Catalog was queried to remove variants associated
with major confounders, including alcohol dependence, body fat percentage, body mass index, body height,
lean body mass, and body weight, as summarized in Supplementary Table 2. Instrument strength was
evaluated with F statistics greater than 10.

Statistical analysis

All analyses were conducted using TwoSampleMR, gsmr2, GenomicSEM, MRPRESSO, plinkbinr, ieugwasr,
dplyr, coloc, and base packages in R version 4.4.1. Multiple-testing control was applied in a staged manner
across the analytical pipeline. We conducted an initial discovery screen of imaging-derived phenotypes. We
retained traits that showed nominal significance, with concordant directions across generalized
summary-data-based Mendelian randomization and inverse-variance-weighted analyses. False discovery rate
correction” was then applied at the validation stage, and prioritized traits were required to retain support
across the osteoporosis and bone mineral density analyses. Pleiotropic loci were defined at the conventional
genome-wide significance threshold of P < 5 x 107, and colocalization required PP.H4 > 0.75. For reverse
Mendelian randomization, false discovery rate correction was applied across the 16 primary
inverse-variance-weighted tests.

RESULTS

Mendelian randomization analyses

Using the meta-analyzed osteoporosis dataset as the outcome, discovery Mendelian randomization screening
identified 180 imaging-derived phenotypes with nominal evidence of association. The full GSMR screening
results are provided in Supplementary Table 3. Seventy-five imaging-derived phenotypes showed concordant
support across generalized summary-data-based Mendelian randomization and inverse-variance-weighted
analyses and were retained for validation, as summarized in Supplementary Table 4. After cross-validation
against five bone mineral density traits with false discovery rate control, 16 imaging-derived phenotypes
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Figure 2. Mendelian randomization screening and validation of imaging-derived phenotypes associated with osteoporosis and bone
mineral density. (A) Venn diagram summarizing significant findings after discovery and validation; (B) Panels a to f show effect estimates
for validated imaging-derived phenotypes across total body bone mineral density, forearm bone mineral density, femoral neck bone
mineral density, heel bone mineral density, lumbar spine bone mineral density, and osteoporosis. The imaging illustration was created
entirely by the authors using Adobe Illustrator. IDP: Imaging-derived phenotype; FDR: false discovery rate; BMD: bone mineral density.

remained supported, and the confirmatory MR results across the five bone mineral density traits are
presented in Supplementary Table 5. Seven imaging-derived phenotypes showed evidence of genetic
correlation with osteoporosis, as summarized in Supplementary Table 6. Detailed PLACO and colocalization
results are summarized in Supplementary Table 7. Instrument-strength assessment for the 16 validated
imaging-derived phenotypes (IDPs) is summarized in Supplementary Table 8, and SNP-level instrument
parameters are provided in Supplementary Table 9. Thirteen of the 16 validated IDPs showed low
weak-instrument risk, whereas three traits, specifically GCST 90006352, GCST90006346, and GCST90004325,
used the relaxed threshold and included at least one SNP with an F statistic below 10. We therefore treated
these findings as exploratory in the subsequent interpretation. Figure 2A summarizes the screening
workflow, and Figure 2B shows the outcome-specific effect estimates. Seven imaging-derived phenotypes
were validated in forearm bone mineral density, seven in femoral neck bone mineral density, seven in
lumbar spine bone mineral density, three in total body bone mineral density, and four in heel bone mineral
density. BrainSegVol-to-eTIV (GCST90002612) and ThalamNuclei lh volume CL (GCST90002729) showed
the most consistent pattern across osteoporosis and all five bone mineral density outcomes [Table 1].

Linkage disequilibrium score regression analyses

We used linkage disequilibrium score regression to evaluate genetic correlation between osteoporosis and the
16 validated imaging-derived phenotypes. A nominal significance level of P < 0.05 was used as the screening
threshold in this step. Seven imaging-derived phenotypes showed evidence of genetic correlation with
osteoporosis [Figure 3 and Supplementary Table 6], including ()) aseg global volume-ratio
BrainSegVol-to-eTIV (id: GCST90002612); (2) HippSubfield lh volume HATA (id: GCST90002686); (3)
ThalamNuclei lh volume CL (id: GCST90002729); (4) aparc-Desikan lh volume postcentral (id:
GCST90002789); (5) aparc-a2009s lh volume G-precentral (id: GCST90002953); (6) aparc-pial lh area
postcentral (id: GCST90003162); and (7) aparc-a2009s lh thickness S-precentral-inf-part (id:
GCST90003670).

Pleiotropic loci and colocalization results
BrainSegVol-to-eTIV showed convergent support in the Mendelian randomization and linkage
disequilibrium score regression analyses. We therefore conducted pleiotropy screening between this
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Table 1. Summary of MR results for the 16 IDPs as exposure with OP and BMD as outcomes

GSMR (Main analysis) Inverse variance weighted

Exposure
ID/trait Outcome
/trai beta pval OR(95%CI) beta pval OR(95%CI) FDR
GCST90003162 OP -0.16 0.01 0.84(0.73,0.97) -0.15 0.03 0.86(0.74,0.99) 0.02
aparc-pial Ih area
postcentral Forearm BMD -0.42 0.03 0.65(0.43,0.98) 0.02
GCST90003158 OP 0.23 0.01 1.26(1.05,1.5T) 0.23 0.0007 1.27(1.11,1.46) 0.03
aparc-pial Ih area
parsopercularis Forearm BMD -0.40 0.04 0.67(0.45,0.99) 0.03
OP 0.22 0.001 1.25(1.09,1.44) 017 0.009  1.19(1.04,1.35) 0.04
GCSTO0003361 Forearm BMD -0.28 0.02 0.75(0.58,0.96) 0.02
aparc-a2009s |h area
S-parieto-occipital i
P P Lumbar spine -0.29 001  0.74(0.59,0.94) 0.02
BMD
OP 0.28 0.001 1.34(1.12,1.59) 0.29 0.0006 1.35(1.13,1.60) 0.02
Forearm BMD -0.45 0.003 0.63(0.47,0.86) 0.02
GCST90006352
QC SWi-to-T1 linear Femoral neck -0.24 0.001  0.78(0.68,0.91) 0.02
alignment discrepancy BMD
Lumbar spine -0.23 0.008 0.79(0.67,0.94) 0.02
BMD
OP -0.18 0.008 0.83(0.71,0.97) -0.16 0.01 0.85(0.74,0.97) 0.02
Forearm BMD 0.36 0.03 1.44(1.03,2.02) 0.02
E‘?\%"a' neck 0.17 0.04 1190101141  0.02
GCST90002729
ThalamNuclei Ih volume CL :
Lumbar spine 0.22 0.04  125(1.01156)  0.02
BMD
Total body BMD 0.14 0.01 1.16(1.03,1.30) 0.03
Heel BMD 0.03 0.03 1.04(1.00,1.07) 0.03
OP -0.17 1.3E-07 0.84(0.73,0.97) -0.14 0.001 0.87(0.76,0.99) 0.02
Forearm BMD 0.51 0.01 1.67(1.10,2.53) 0.03
Femoral neck
GCST90002612 VD 016 003  118(101137)  0.03
aseg global volume-ratio )
BrainSegVol-to-eTIV g‘;AmS’ar spine 0.29 0.01  135(1.06171)  0.03
Total body BMD 0.13 0.03 1.14(1.00,1.30) 0.03
Heel BMD 0.05 0.04 1.05(1.00,1.10) 0.02
GCST90003764 OP -0.18 0.01 0.83(0.73,0.96) -0.16 0.02 0.84(0.73,0.98) 0.03
aseg |h intensity
Lateral-Ventricle Total body BMD 0.21 0.04 1.23(1.01,1.51) 0.04
GCSTO0003122 opP 015 004  117(100,136) 0.7 0008 119105135  0.02
aparc-Desikan rh area
parahippocampal E‘?\%"a' neck -0.30 001 0.74(0.58,095) 0.02
GCST90003883 oP -018 002  0.83(0.71,097) -019 002  0.83(0.70,0.98) 0.02
IDP dMRI TBSS FA
Femoral neck
Corticospinal tract R BMD 0.26 0.008 1.31(1.07,1.59) 0.04
GCSTO0006346 opP 020 0.0005 122(1.09137)  0.20 0.0007 123(1.091.39)  0.02
QC T1-to-standard nonlinear Femoral neck
alignment discrepancy BMD -0.17 0.008 0.84(0.74,0.96) 0.02
GCST90003670 oP -017 003  0.84(0.71,0.99) -0.20 0.007 0.81(0.70,0.95) 0.03
aparc-a2009s |h thickness Femoral neck
S-precentral-inf-part BMD -0.21 0.02 0.80(0.66,0.97) 0.04
GCSTO0002686 opP -018 001  0.83(0.71,0.97) -0.12 0.008  0.89(0.80,0.98) 0.02
HippSubfield Ih volume :
HATA Lumbar spine -0.24 003  0.78(0.62,098) 0.02

BMD
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OP -0.17 0.004 0.84(0.75,0.95) -0.12 0.02 0.88(0.79,0.98) 0.02

GCST90004325 )

IDP dMRI ProbtrackX L3 unc I;!J\/\mear spine -0.23 0.03 0.79(0.64,0.98) 0.02

GCSTO0004235 op -036 0.007 0.69(0.53,0.91) -0.26 003  0.77(0.60,0.98) 0.02

IDP dMRI ProbtrackX MD :

mep Eﬁ/\m;’ar spine -0.22 001 0.79(0.66,096) 0.02

GCST90002953 OP -012 0.04 0.88(0.78,1.00) -0.10 0.04 0.90(0.82,1.00) 0.02

aparc-a2009s |h volume

G-precentral Heel BMD 0.05 0.02 1.06(1.01,1.11) 0.02

GCST90002789 OP -0.15 0.01 0.86(0.75,0.97) -0.13 0.01 0.87(0.79,0.97) 0.02

aparc-Desikan |h volume

postcentral Heel BMD 0.06 0.007 1.07(1.02,1.12) 0.06 0.006 1.07(1.02,1.12)

MR: Mendelian randomization; IDP: imaging-derived phenotype; OP: osteoporosis; BMD: bone mineral density; GSMR: generalized
summary-data-based Mendelian randomization; OR: odds ratio; FDR: false discovery rate; CL: central lateral nucleus; MRI: magnetic resonance

imaging.
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Figure 3. LDSC genetic correlation results between brain structure and OP. rg represents the degree of correlation, and rg_p < 0.05
indicates a genetic correlation. LDSC: linkage disequilibrium score regression; OP: osteoporosis.

phenotype and osteoporosis. The quantile-quantile plot showed no early deviation from the null distribution
[Supplementary Figure 2]. Pleiotropy analysis under the composite null hypothesis identified 40 loci at P < 5
x 10 [Figure 4]. Six loci showed strong colocalization support with PP.H4 > 0.75, as illustrated in Figure
5A-F. The pleiotropic loci and prioritized genes are summarized in Table 2. Detailed PLACO and
colocalization results are summarized in Supplementary Table 7. The remaining loci showed weaker
evidence and require cautious interpretation.

Mediation analysis

We next evaluated whether the pleiotropic genes prioritized by pleiotropy analysis under the composite null
hypothesis and colocalization contributed to the association between BrainSegVol-to-eTIV and osteoporosis.
Six genes were evaluated in the mediation framework: IL12RB2, HLA-DRB1, ESR1, PPP6R3, PLEKHG1, and
NCAM1. Gene-specific Mendelian randomization results for these pleiotropic candidates are shown in
Supplementary Figure 3. Among them, using whole-blood cis-expression quantitative trait loci derived from
GTEx v8, HLA-DRB1 showed evidence of partial mediation, with an estimated mediation proportion of
41.8% and a 95% confidence interval of 19.90% to 63.70%. The corresponding Mendelian randomization
diagnostics are shown in Figure 6 A-C; the colocalization result is shown in Figure 6D; and the indirect-effect
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estimate is summarized in Figure 6E.
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Table 2. Determination of pleiotropic loci and genes for volume-ratio BrainSegVol-to-eTIV and OP

rsiD Chr Pos Nearest gene PoPs gene Pops_score PP.H4.abf adjusted_P-values
rs2566752 1 68191014 IL12RB2 IL12RB2 0.877 0.763 3.73E-13
rs2894381 6 32714451 HLA-DRB1 HLA-DRB1 0.805 0.874 3.50E-13
rs3020333 6 151689119 ESR1 ESR1 0.254 0.839 6.06E-10
rs35989399 1l 68622433 PPP6R3 PPP6R3 0.313 0.897 3.75E-13
rs4869741 6 151585158 PLEKHG1 PLEKHG1 0.586 0.806 3.69E-12
rs7125263 1l 112564656 NCAM1 NCAM1 0.277 0.790 9.02E-17

OP: Osteoporosis.

Reverse Mendelian randomization and sensitivity analyses
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Reverse Mendelian randomization analyses with osteoporosis as the exposure and the 16 validated IDPs as
the outcomes are summarized in Supplementary Table 10. None of the reverse analyses remained significant
after false discovery rate correction. Nominal inverse variance weighted associations were observed for QC
SWI-to-T1 linear alignment discrepancy, aseg lh intensity Lateral-Ventricle, QC T1-to-standard nonlinear
alignment discrepancy, and HippSubfield lh volume HATA, but none survived multiple-testing correction.
Detailed sensitivity diagnostics for the 16 primary IDP-to-osteoporosis analyses are summarized in
Supplementary Table 11 and Supplementary Figures 4-48. MR-Egger intercept tests and HEIDI tests did not
indicate material directional pleiotropy or marked heterogeneity across the 16 analyses. Fourteen analyses
were judged robust, whereas the two QC-related traits GCST90006352 and GCST90006346 showed minor
heterogeneity. In both cases, the listed candidate outlier variants did not yield significant MR-PRESSO
distortion tests, and post-removal Cochran’s Q statistics were attenuated.

DISCUSSION

Current analyses support shared genetic architecture between selected brain imaging-derived phenotypes
and osteoporosis. BrainSegVol-to-eTIV and left thalamic volume CL remained the most consistent statistical
signals across the discovery and validation stages. Linkage disequilibrium score regression and pleiotropy
analysis, under the composite null hypothesis, provided convergent support at the genome-wide level.
However, the evidence was not uniform across all stages of the pipeline, and the present results do not
establish a mechanistic brain-bone axis.

BrainSegVol-to-eTIV reflects whole-brain volume relative to total intracranial volume and represents a
broad structural marker of relative brain atrophy or preservation’. The phenotype is inherently nonspecific
and may capture aging-related or systemic processes rather than a direct neurobiological pathway
influencing bone metabolism. Experimental and clinical work has implicated central neural pathways in
bone remodeling, particularly hypothalamic and sympathetic regulation of osteoblast and osteoclast
activity”*?. Taken together, the present genetic findings are consistent with shared biological influences
between brain structure and osteoporosis, but they do not demonstrate direct mechanistic causality.

Among the candidate mediators, HLA-DRB1 showed the strongest statistical evidence in this dataset.
Previous studies have reported associations between HLA-DRB1 alleles and brain volume in multiple
sclerosis® and protective effects against age-related gray matter reduction". Because HLA-DRB1 encodes a
major histocompatibility complex class II molecule involved in antigen presentation, immune activation may
shift the receptor activator of nuclear factor kappa B ligand-to-osteoprotegerin balance toward
osteoclastogenesis and bone resorption. Chronic neuroinflammatory states associated with reduced brain
volume may also alter systemic immune profiles. The HLA region is characterized by complex linkage
disequilibrium and extensive pleiotropy, so the present evidence supports HLA-DRB1 as a putative or
candidate mediator rather than as a confirmed biological mediator. Whole-blood cis-eQTLs should also be
interpreted cautiously in the context of a proposed brain-related mechanism.

Interpretation of the broader set of imaging-derived phenotypes requires caution. Several traits showed
non-uniform patterns across osteoporosis and individual bone mineral density outcomes, possibly due to
trait-specific biology, limited instrument precision, or residual pleiotropy. In particular, GCST90006352,
GCST90006346, and GCST90004325 relied on the relaxed instrument threshold, and each included at least
one SNP with an F statistic below 10 in the validated instrument-strength assessment. Given the polygenic
and low-effect-size nature of many imaging phenotypes, these findings should be regarded as exploratory. In
two-sample Mendelian randomization, weak-instrument bias is expected to attenuate estimates toward the
null. In contrast, overlap between exposure and outcome samples can shift inverse-variance-weighted
estimates toward the observational association. The corresponding effect sizes should therefore be
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interpreted cautiously rather than as confirmed causal magnitudes.

Although pleiotropy analysis under the composite null hypothesis identified 40 loci at genome-wide
significance, only 6 loci reached the colocalization threshold of PP.H4 > 0.75. The remaining 34 loci should
therefore be interpreted as provisional pleiotropic signals that currently lack strong evidence for a shared
causal variant. This discrepancy is compatible with the possibility that overlapping association signals may
arise from linkage disequilibrium between distinct causal variants rather than from a single shared variant.
Additional fine-mapping and functional follow-up will be required before these provisional loci can be
prioritized with confidence.

Ancestry restriction remains a major limitation. All genome-wide association resources used in this study
were derived from European-ancestry populations. Allele frequencies and linkage disequilibrium structure,
particularly in the human leukocyte antigen region, differ across populations and could alter both
colocalization and mediation results. Participant overlap between the UK Biobank imaging resource and the
public osteoporosis or bone mineral density datasets also could not be quantified directly from the released
summary statistics. Although the Methods section notes that linkage disequilibrium score regression
intercept properties cannot fully rule out overlap bias in Mendelian randomization, the cross-trait linkage
disequilibrium score regression intercept for osteoporosis versus BrainSegVol-to-eTIV was 5 x 10* with a
standard error of 0.0049. The estimate argues against marked systematic inflation in the summary statistics,
but overlap-related bias cannot be ruled out, and causal interpretation should therefore remain cautious.
Functional validation is also lacking, and the present evidence should be followed by immune-cell, bone-cell,
and multi-ethnic replication studies.

In summary, genome-wide cross-trait analyses suggest shared genetic architecture between selected brain
imaging-derived phenotypes and osteoporosis. BrainSegVol-to-eTIV, left thalamic volume CL, and
HLA-DRB1 emerged as prioritized statistical signals. These findings provide a basis for future mechanistic
studies, but by themselves do not establish a direct brain-bone pathway.
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