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Abstract: This investigation employed Mendelian randomization (MR) analysis to explore the
causal associations of arterial stiffness with bone loss or osteoporosis. Genetic instruments for
arterial stiffness index (ASI) were identified in previous genome-wide association studies, with
single-nucleotide polymorphisms (SNPs) subjected to rigorous selection criteria. The causal
links between ASI and osteoporosis and bone mineral density (BMD) (femoral neck, forearm,
lumbar spine) were examined using the inverse variance weighted (IVW) method. Leave-one-
out (for SNPs) and reverse MR analyses were also performed. An increased ASI was causally
related to a decreased forearm BMD risk (IVW method; odds ratio [OR] = 0.593, 95%
confidence interval [CI]: 0.408—0.862); no other causal links were identified. The multivariate
MR analyses confirmed persistent links between ASI and forearm BMD after adjusting for
body mass index (OR = 0.551, 95% CI: 0.309-0.983) or type 2 diabetes mellitus (OR = 0.690,
95% CI: 0.547-0.872). The reverse MR analysis identified no significant effects of BMD or
osteoporosis on ASI. Overall, increased ASI was causally associated with reduced forearm
BMD.

Keywords: causal association; arterial stiffness; bone mineral density; osteoporosis;
Mendelian randomization

Introduction

The prevalence of osteoporosis and cardiovascular disease (CVD) is escalating,
posing significant challenges to global public health [1]. As the population ages, the
social burden of osteoporosis and CVD increases [1]. Osteoporosis and CVD share
several common risk factors, potentially suggesting a causal link [1,2].
Arteriosclerosis manifests through functional and structural alterations in the vascular
media, primarily driving arterial stiffening in large elastic arteries [3]. Arterial stiffness
reflects the functional characteristics of the arteries and is a parameter used in
estimating cardiovascular risk [4]. Arterial stiffness is considered an autonomous
predictor of vascular aging and CVD, serving as a subclinical indicator for
cardiovascular health [5].

The arterial stiffness index (ASI) represents a clinically practical and non-
invasive assessment technique that rapidly measures arterial stiffness through infra-
red finger sensors (photoplethysmography); higher ASIs indicate greater arterial
stiffness and a higher atherosclerosis risk [6]. Previous cohort studies reported a
positive link between ASI and the occurrence of CVD and its related risk factors [7,8].
Moreover, a causal association between ASI and ischemic stroke has been confirmed
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[6]. However, whether a causal association exists between arterial stiffness and
osteoporosis is not known. Additionally, multiple cross-sectional studies have
consistently demonstrated an inverse correlation of arterial stiffness with bone mass
[9,10]. A recent Chinese cohort study revealed a correlation between arterial stiffness
and incident fragility fractures [11]. However, a European cohort study found no
substantial correlation of arterial stiffness with bone mineral density (BMD) changes
in individuals with hyperhomocysteinemia [12]. Therefore, the correlation of arterial
stiffness with bone health remains controversial. Furthermore, conventional
observational studies face inherent limitations in establishing causality due to residual
confounding and potential reverse causation.

Mendelian randomization (MR) methodology overcomes these constraints by
employing genetic variants as instrumental variables [13], and it reduces bias due to
confounding factors relative to traditional observational epidemiological studies [14].
MR analyses are also less susceptible to bias caused by reverse causality, as the genetic
code is not affected by preclinical diseases or environmental factors [15]. Therefore,
this investigation conducted a two-sample MR analysis utilizing genome-wide
association studies (GWAS) datasets to evaluate causal links between arterial stiffness
and bone loss or osteoporosis.

Methods

Study design

Two-sample MR infers causal link of exposure phenotypes with clinical
outcomes via instrumental variables of genetic variation. This study leveraged publicly
available, large-scale GWAS datasets to evaluate the link between ASI (exposure)
with osteoporosis or BMD (outcomes) via two-sample MR analysis, addressing
limitations commonly associated with observational studies. The concept map of the
study design is depicted in Figure 1.
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Figure 1. The concept map of the Mendelian randomization (MR) analysis of a
causal link between arterial stiffness and bone loss or osteoporosis.

Data sources
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The summary GWAS statistics of ASI were examined in an analysis of 127,121
European-ancestry subjects in the UK Biobank [16]. The summary GWAS statistics
of BMD (forearm, femoral neck, lumbar spine) were primarily analyzed in 32,965
participants of European ancestry from nine cohorts using three genotyping methods:
whole-exome sequencing, whole-genome sequencing, and genome-wide genotyping
with imputation to the UK10K/1000Genomes Reference Panel [17]. The summary
GWAS data of osteoporosis was extracted from the FinnGen. All dataset were sourced
from publicly accessible repositories including the GWAS Catalog (ebi.ac.uk), IEU
OpenGWAS project (mrcieu.ac.uk), and Access results in FinnGen websites
(Supplementary Table S1).

MR Assumptions

As secondary analysis using previous databases, our study was conducted
according to three MR assumptions: (1) genetic instruments are directly related to ASI
(relevance); (2) genetic instruments are not correlated to confounders (independence);
and (3) genetic instruments do not affect BMD or osteoporosis, except via ASI
(exclusion restriction) [18].

Selection of single-nucleotide polymorphisms (SNPs) associated with ASI,
osteoporosis or BMD

The GWAS database was queried to select SNPs based on the aforementioned
assumptions. The threshold for SNPs was set at P < 5 x 10™® to ensure relevance
(assumption 1). SNPs were subjected to clumping to mitigate the effects of linkage
disequilibrium using a stringent clump window (+* = 0.001 and kb = 10,000).
Palindromic SNPs were also dropped. Then, eligible SNPs were included and analyzed.
F-statistics were estimated to evaluate instrument strength and address sample overlap
concerns. F-values of < 10 indicated potential bias.

Horizontal pleiotropy analysis

Horizontal pleiotropy was systematically assessed through MR-Egger regression
analysis of SNP effects. The presence of correlated pleiotropy and uncorrelated
pleiotropy would violate assumptions 2 and 3, respectively [19]. SNPs directly related
to osteoporosis or BMD but not via ASI and SNPs related to confounders were
excluded.

Statistical analysis

The present study employed an MR analysis to measure whether ASI was
causally linked to osteoporosis or BMD, utilizing eligible SNPs. The primary
analytical approach, the inverse variance weighted (IVW) method, provided unbiased
estimates of exposures on outcomes through a multiplicative random-effects model
utilizing Wald ratio calculations [20]. Complementary validation was achieved
through Weighted median [21], MR-RAPS [22], weighted mode [23], and MR-
PRESSO [24] methods. Sensitivity analysis using a leave-one-out analysis was
conducted to measure individual SNPs associated with the ASI influencing the
observed outcomes, and the symmetry results indicate an absence of pleiotropy.
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Heterogeneity among SNPs was detected by Cochran’s Q-test, and a P-value of > 0.05
indicated no significant heterogeneity. Moreover, multivariable MR analyses were
employed to evaluate body mass index (BMI) and type 2 diabetes mellitus
confounders on BMD. Multivariable MR is a further extension of univariable MR to
analyze causal effects under the influence of multiple risk factors. Results of causal
links were reported as odds ratios (ORs) and 95% confidence intervals (95% Cls)
using R version 4.2.3 (2023-03-15ucrt) with specialized packages: MRPRESSO
(version 1.0), TwoSampleMR (version 0.5.7), MVMR (version 0.4), mr.raps (version
0.2), and MRInstruments (version 0.3.2).

Ethics statement

These analyses leveraged publicly accessible datasets that had received approval
from the appropriate ethics committees, thus obviating the need for additional ethical
approval and consent from participants.

Results

Selection of SNPs associated with ASI and results of pleiotropy analysis

In total, 92 SNPs linked to the ASI (with P < 5 x 10™®) were included. After
removing SNPs with linkage disequilibrium and palindromic SNPs in intermediate
allele frequencies, 4 SNPs were included as instrumental variables of the ASI for the
MR analysis. The MR-Egger analysis revealed no pleiotropic bias in the retained SNPs
(P > 0.05) (Table 1). The SNPs explained in the ASI variability was 0.1223%
(Supplementary Table S2). The power of the 4 SNPs was exhibited in Supplementary
Table S3, the power of SNPs related to ASI concerning BMD (femoral neck, forearm,
lumbar spine) was 1.00, and concerning osteoporosis was 0.07.

Table 1. The horizontal pleiotropy analysis of SNPs associated with ASI. ASI, arterial stiffness index; BMD, bone
mineral density; [IVW, inverse variance weighted; MR, Mendelian randomization; SNP, single nucleotide

polymorphism.
SNP ?efrt;(l)“vmg After Horizontal pleiotropic test Heterogeneity test Strength
. after P< . dropping
Variables ¢ linkage k .
5x10% S0 . palindromi geooer intercept P MR P VW - m o,
(n) disequilibriu ¢ SNP (1) g2 P Egger Q Q value (%)
m (n)
Femoral neck BMD 92 4 3 —-0.01 0.790 0.003 0.958 0.12 0.942 37 0.09
Forearm BMD 92 4 4 —0.03 0.755 0.933 0.627 1.06 0.787 39 0.12
Lumbar spine BMD 92 4 3 —-0.08 0.488 2.350 0.125 4.89 0.087 37 0.09
Osteoporosis 92 4 4 0.03 0.842 5.173 0.075 5.30 0.151 39 0.12

MR analysis for a causal link between ASI and BMD or osteoporosis

The IVW-based results revealed that increased ASI values were causally
correlated with decreased forearm BMD risk (OR = 0.593, 95% CI: 0.408-0.862).
Causal links between the ASI and femoral neck BMD, lumbar spine BMD, and
osteoporosis were not identified (all P > 0.05) (Table 2). The weighted mode,
weighted median, MR-RAPS, and MR-PRESSO analyses produced similar findings
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to those of the IVW analysis. Supplementary Table S4 and Figure 2 present detailed
estimates of the causal links between ASI and BMD or osteoporosis in these models.
The multivariate MR analyses confirmed persistent links between ASI and forearm
BMD after adjusting for body mass index (OR = 0.551, 95% CI: 0.309—-0.983) or type
2 diabetes mellitus (OR = 0.690, 95% CI: 0.547-0.872) (Table 3).

Variable nSNPs Methods OR (95%C1) r
Femoral neck BMD 3 IVW 0.954 (0.874-1.041) 0.291 -

3 Weighted median 0.943 (0.632-1.406) 0.772 —_—

3 Weighted mode 0.906 (0.569-1.443) 0.718 —_—

3 MR-Raps 0.954 (0.657-1.384) 0.803 —_—
________________ 20 Reverse MR 0991(0951-1.032) 0647 &
Forearm BMD 4 IVW 0.593 (0.408-0.862) 0.006 —_—

4 Weighted median 0.655 (0.306-1.399) 0.274

4 Weighted mode 0.718(0.273-1.889) 0.550

4 MR-Raps 0.591 (0.306-1.141) 0.117 —_—

4 MR-PRESSO 0.593 (0.408-0.862) 0.006 —_—
__________________ 3 ReverseMR __L016(0973-1060) 0481 &
Lumbar spine BMD 3 IVW 1.126 (0.589-2.151) 0.719 - >

3 Weighted median 1.424 (0.837-2.424) 0.192 >

3 Weighted mode 1.515(0.793-2.895) 0.335 >

3 MR-Raps 1.132 (0.742-1.727) 0.565 —_—

22 Reverse MR 0.991 (0.960-1.023) 0.571 -
Osteoporosis 4 IVW 1.130(0.591-2.162) 0.712 = >

4 Weighted median 1.237 (0.546-2.801) 0.610 - >

4 Weighted mode 1.920 (0.431-8.558) 0.455 )

4 MR-Raps 1.135 (0.584-2.203) 0.709 >

4 MR-PRESSO  1.130(0.477-2.677) 0.799 >

7 Reverse MR 1.000 (0.969-1.032) 0.992 -

! T T
1.5 2

1
Odds Ratio

Figure 2. Mendelian randomization Pleiotrophy RESidual Sum and Outlier (MR-
PRESSO), weighted mode, weighted median, MR robust adjusted profile score (MR-
RAPS), and reverse MR analysis results.

Table 1 further summarizes instrumental variables’ strength/heterogeneity
statistical evaluations. Pleiotropic bias in the SNPs was not identified based on the
MR-Egger analysis. There were strong associations of ASI-associated SNPs with the
femoral neck BMD (F = 37), forearm BMD (F = 39), lumbar spine BMD (F = 37),
and osteoporosis (F' = 39).

Table 2. The MR analysis results of the relationships between ASI and BMD and
osteoporosis based on the IVW method. ASI, arterial stiffness index; BMD, bone
mineral density; CIL, confidence interval; IVW, inverse variance weighted; OR, odds
ratio; SNP, single nucleotide polymorphism.

VW
Outcome nSNPs

OR (95%CI) P
Femoral neck BMD 3 0.954 (0.874-1.041) 0.291
Forearm BMD 4 0.593 (0.408-0.862) 0.006
Lumbar spine BMD 3 1.126 (0.589-2.151) 0.719
Osteoporosis 4 1.130 (0.477-2.677) 0.781

Table 3. The multivariable MR analysis results of the relationships between ASI and
BMD and osteoporosis. ASI, arterial stiffness index; BMD, bone mineral density;
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BMI, body mass index; CI, confidence interval; IVW, inverse variance weighted;
MVMR, multivariable Mendelian randomization; OR, odds ratio; SNP, single
nucleotide polymorphism; T2DM, type 2 diabetes mellitus.

Variable Outcome MVMR OR (95%CI) P
Adjusted BMI Forearm BMD IVvw 0.551 (0.309-0.983) 0.043
Adjusted T2DM Forearm BMD IVvw 0.690 (0.547-0.872) 0.002

Sensitivity analysis
None of the SNPs significantly influenced the causal link between the ASI and

forearm BMD based on the leave-one-out analysis results (Figure 3), suggesting that
the results are reliable.

rs1930290 A —
rs7331212 1 o
1510840457 o
rs1006923 4 o
All - =
T T T )
09 06  -03 0.0

MR leave-one-out sensitivity analysis for arterial
stiffness index on forearm bone mineral density

Figure 3. Sensitivity analysis using the leave-one-out method.

Reverse MR analysis

A reverse MR analysis was executed using the same procedure as the above MR
analysis to assess the reverse causality. Significant results would indicate reverse
causality from BMD or osteoporosis (as exposures) to ASI (as an outcome). However,
causal associations of BMD or osteoporosis with ASI were not identified
(Supplementary Table S5, Figure 2).

Discussion

The investigation examined the causal correlations of arterial stiffness with bone
loss or osteoporosis through an MR analysis utilizing GWAS data, finding that an
increased ASI had a causal link with decreased forearm BMD risk. A reverse causal
association of BMD or osteoporosis with ASI was not found. The multivariate MR
analysis illustrated that the causal link between ASI and forearm BMD remained
statistically significant after adjusting for BMI or type 2 diabetes mellitus. These
findings provide a new insight for managing bone health in the general population.
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Arterial stiffness, a clinical marker reflecting diminished vascular compliance,
represents pathological remodeling of medial arterial layers and biomechanical
dysfunction [25]. High levels of arterial stiffness have been correlated to elevated
atherosclerotic disease risk, which has been validated in various contexts [7]. The ASI
measures large artery stiffness based on the pulse waveform contour, which
propagates and reflects in the arterial tree. A higher ASI value indicates augmented
arterial stiffness and is linked to unfavorable ischemic cardiovascular outcomes.
Conversely, a lower ASI value suggests improved arterial compliance and vascular
health [26]. CVD correlates with elevated vascular calcification and arterial stiffness
risk, both of which exhibit an inverse correlation with BMD [27]. Evidence from a
UK Biobank study reported a correlation between poor bone quality and greater
arterial stiffness [9]. Kim et al. also reported a significant inverse link of pulse wave
velocity with femur neck and lumbar BMDs, suggesting a relationship between total
femur arterial stiffness and BMD in females [28]. This study confirmed that increased
ASI values were causally related to decreased forearm BMD. Previously, a causal
association between mechanistic target-of-rapamycin (mTOR)-dependent EIF-4E
circulating protein and forearm BMD was identified [29], and the mTOR pathway was
identified to be related to large elastic artery stiffening [30]. Notably, diagnostic
challenges arise in the elderly population with cardiovascular comorbidities, as
degenerative spinal changes may increase lumbar spine BMD measurements,
potentially compromising the sensitivity of osteoporosis detection, thus forearm BMD
might be a more reliable biomarker for the bone health in this population [31]. Also,
forearm BMD assessment emerges as a more reliable diagnostic parameter due to its
composite cortical-trabecular bone composition, which demonstrates superior
responsiveness to anti-osteoporosis therapies compared to other skeletal sites [32].
These might help explain the observed positive correlation of ASI with forearm BMD.
BMD of forearm measurements via peripheral dual-energy x-ray absorptiometry
devices provides an inexpensive, time-saving method for osteoporosis evaluation
[33,34].

Inflammation, impaired glucose metabolism, and hormonal dysregulation may
contribute to the link of arterial stiffness with bone loss [35]. In addition, arterial
stiffness can cause blood flow disorders and tissue hypoperfusion, which might
accelerate bone loss [36]. Improving glucose and calcium phosphate metabolism and
suppressing oxidative stress have shown promising results for decreasing vascular
calcification and enhancing bone mineralization [37]. In atherosclerosis, Runx2
upregulation is induced by increased levels of oxidized lipids and high calcium and
phosphate conditions, regulated by activating various signaling pathways, such as the
BMP, MAPK, Msx2/Wnt, and AKT pathways. Notably, in bone cells, some of these
pathways exhibit distinct functionalities due to inhibition induced by hyperglycemia,
oxidative stress, and elevated phosphate levels in osteoblasts, reducing bone
mineralization [37].

Study limitations include that the data were primarily from people of European
descent; thus, they should be validated before they can be generalized to other
ethnicities. Second, associations between the ASI and BMD at other sites were not
analyzed because of the lack of data. Third, the small sample size of the analyzed
instrumental variables necessitated further validation in future studies. Fourth, some
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detailed information such as how often aortic calcification or arch calcification was
presented in subjects whose SNPs affected arterial stiffness was unclear. Nonetheless,
this investigation establishes a causal link of ASI with BMD and osteoporosis by
bidirectional MR and multivariate MR, which provides evidence for the future
exploring the etiology of bone disease including osteoporosis. Moreover, the MR
analysis mitigated confounding bias and reverse causality, and the sensitivity analysis
ensured robust results.

Conclusion

This investigation examined the causal links of arterial stiffness with bone loss
or osteoporosis via two-sample MR analysis, finding that increased ASI values were
causally associated with reduced forearm BMD, presenting a novel insight into bone
health management.
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