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Cardiovascular risk factors
mediating the protective
effect of education on cervical
spondylosis risk

Yang Sun?, Mangqiu Jin?, Tiecheng Yu? & Jiting Zhang'**

The causal association between education and cervical spondylosis may be mediated partly through
risk factors of cardiovascular disease. The identification of the protective effect of education and the
evaluation of risk factors will help to optimize disease prevention at both clinical and public health
levels. In this study, we applied several different Mendelian randomization (MR) methods to identify
which cardiovascular factors underlie the clustering of cervical spondylosis with cardiovascular
disease, and the degree to which these mediate an effect of education. Univariable MR analyses
provided evidence supporting a protective effect of genetically predicted education on cervical
spondylosis risk, and MVMR further identified the direct effect of education level. Our results also
provided evidence supporting the detrimental effects of BMI and smoking on cervical spondylosis risk,
with evidence that the effect of education is mediated through BMI and smoking. The proportions of
the effect of education mediated through BMI and smoking were 12% and 3%, respectively. These
findings highlight education, obesity, and smoking as common mechanisms underlying the clustering
of cervical spondylosis with risk factors of cardiovascular disease, which might represent clinical and
public health targets for reducing multi-morbidity and the burden of these common conditions.

Cervical spondylosis is a chronic, developing deterioration of osseocartilaginous components of the cervical spine
that is most commonly associated with aging, and disease-modifying agents are not currently available'. Accord-
ing to population-based research, by the age of 50, approximately 80-90% of people have disk degeneration**. A
survey of the global burden of low back and neck pain reported that in 2015, more than a third of a billion people
worldwide suffered from mechanical neck pain for at least 3 months*, indicating the global health implications
of degenerative cervical spondylosis®. During the last years, close relationship was observed between cervical
spondylosis and cardiovascular diseases such as acute coronary syndrome, arrhythmia, and hypertension, which
had attracted more and more close attention®®. An elevated rate of cardiovascular disease is observed in cervical
spondylosis”®!°. A total of 744 acute coronary syndrome events were identified among the 27,948 patients with
cervical spondylosis’. The overall incidence of acute coronary syndrome was 4.27 per 1000 person-years in the
cervical spondylosis cohort and 3.90 per 1000 person-years in the non-CS cohort’. It is also found that lower
educational levels are linked to higher rates of cardiovascular disease!'2. There is, however, a lack of understand-
ing of the underlying mechanisms. The causal association between education and cervical spondylosis may be
mediated partly through risk factors of cardiovascular disease'""'%. The identification of the protective effect of
education and the evaluation of risk factors will help to optimize disease prevention at both clinical and public
health levels.

Mendelian randomization (MR)'® has proven to be a reliable method for overcoming the limitations of
observational studies and assessing causality. As genes are randomly assigned at conception, their association
with the outcome is less influenced by external confounders. Given that certain exposures are correlated and
pleiotropic, we further leveraged multivariable MR (MVMR) methods developed in recent years' to adjust for
potential pleiotropy. Recently, MR methods have been used to investigate mediating pathways'>!°. This method
retains the advantages of using genetic variants for causal inference, such as reducing bias caused by confounders,
while allowing for estimation of the different effects required for mediation analysis.

Our study sought to evaluate the effects of education and cardiovascular risk factors on the risk of cervical
spondylosis by using the MR framework. For cardiovascular risk factors that showed a causal effect on cervical
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spondylosis risk, we further performed the MR mediation analyses to estimate the extent to which these factors
might be mediating the effects of education.

Methods

Overall study design. In this study, we have extracted instrumental variables (IVs) for education (includ-
ing educational duration, educational level, and intelligence) from publicly available summary statistics, and
assessed the causal effects of education on the risk of cervical spondylosis by applying univariable and multivari-
able MR analyses. Additionally, we also evaluated the effects of common risk factors of cardiovascular disease,
including blood pressure (BP), low-density lipoprotein cholesterol (LDL-C), body mass index (BMI), and smok-
ing on cervical spondylosis. For cardiovascular risk factors for which there was MR evidence of an unfavorable
effect of their genetically predicted levels on cervical spondylosis risk, we further conducted a mediation analysis
to estimate the proportion of education’s effect on cervical spondylosis mediated through considered cardio-
vascular risk factors. The schematic was shown in Fig. 1. Since no primary data were used in this study, ethical
approval was not required.

Data source. The characteristics of each contributing study are presented in Table 1. The summary statistics
data on cervical spondylosis were retrieved from the FinnGen biobank, which included 171,956 Europeans
totaling around 16,380,237 single nucleotide polymorphisms (SNPs) with acceptable imputation quality. The
trait of this study was labelled "Cervical disc disorders" and the category of variable was binary. Genetic variants
associated with education were obtained from the UK Biobank. We identified 237 SNPs associated with edu-
cational level, 22 SNPs with educational duration, and 49 SNPs with intelligence at a genome-wide significance
level. The educational level was defined as "Qualifications: College or University degree" and its variable category
was binary; the educational duration was defined as "Age completed full time education" and its variable cat-
egory was categorical ordered; and the trait of intelligence was labelled "Fluid intelligence score", whose category
was categorical ordered. Summary statistics for BMI, LDL-C, and BP were acquired from the UK Biobank,
which were all measured as continuous. Genetic variants for smoking were retrieved from a genome-wide asso-
ciation studies (GWAS) of 607,291 Europeans in the GWAS & Sequencing Consortium of Alcohol and Nicotine
use (GSCAN). There are multiple stages of tobacco use (initiation, cessation, and heaviness). In this study, the
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Figure 1. Schematic representation of overall study design. (a) Schematic representation of univariable
Mendelian randomization analysis for education. (b) Schematic representation of multivariable Mendelian
randomization analysis for education. (c) Schematic representation of univariable Mendelian randomization
analysis for risk factors of cardiovascular disease. (d) Schematic representation of mediation analysis of the
mediation effect of considered cardiovascular risk factors on education-cervical spondylosis risk.
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Exposure

Consortium Sample size No. SNPs 2 F-statistics Intercept P value Q P value Population

Pleiotropy Heterogeneity

Educational duration

UK Biobank 307,897 22 8.927E-04 14.049 1.229E-02 0.518 30.675 0.060 European

Educational level

UK Biobank 458,079 237 7.216E-03 14.042 - 7.357E-03 0.261 261.957 0.109 European

Intelligence

UK Biobank 149,051 49 4.824E-03 14.741 2.299E-03 0.869 57.141 0.148 European

BMI

UK Biobank 461,460 660 2.780E-02 19.967 1.914E-04 0.939 755.199 0.005 European

LDL-C

UK Biobank 440,546 250 1.993E-02 35.821 - 2.677E-04 0.914 343.492 0.003 European

BP

UK Biobank 336,683 155 9.052E-03 19.833 - 5.716E-03 0.357 195.820 0.002 European

Smoking

GSCAN

607,291 155 5.018E-03 19.756 1.737E-02 0.127 190.689 0.018 European

Table 1. Details of the instruments used for exposures. No.SNPs number of single nucleotide polymorphism,
MRC-IEU medical research council-integrative epidemiology unit, BMI body mass index, LDL-C low density
lipoprotein-cholesterol, BP blood pressure, GSCAN GWAS and sequencing consortium of alcohol and nicotine
use.

smoking was defined as "smoking initiation". The smoking initiation phenotypes included age of initiation of
regular smoking and a binary phenotype indicating whether an individual had ever smoked regularly.

Statistical analysis. TwoSampleMR and MendelianRandomization R packages were used for all analyses.
All genetic variants reaching genome-wide significance (p <5 x 10e-8) and being independent (5000 kb pairs
apart and R*<0.01) were selected as instruments for the MR analysis. The exposure and outcome GWAS pro-
vided SNP effects and corresponding standard errors'’. We filtered out palindromic SNPs with intermediate
allele frequencies after harmonizing exposure and outcome data'®. We used the PhenoScanner V2 database
to detect potential pleiotropy among the SNPs included in this study'. Genetic variants that were found to be
related to potential confounding factors were excluded from the analyses. And F statistic was calculated to assess
the strength of the selected SNPs.

For univariable MR analysis, the inverse variance-weighted (IVW) method was identified as the primary MR
analysis. Weighted median and MR-Egger-based regression methods were incorporated to ensure the conclu-
sions were reliable since the IVW method provides consistent estimates only when all genetic variants are valid
IVs!1720 'When 100% genetic variants are invalid IVs, the MR-Egger regression provides reliable estimates; in
contrast, the weighted median requires that 50% of the weight come from valid IVs. In terms of efficiency, how-
ever, weighted median estimates are typically almost as accurate as IVW estimates; both are significantly more
accurate than MR-Egger estimates, with MR-Egger regression estimates being especially inaccurate when all IVs
are associated with exposure to similar magnitudes®'. To assess potential IV pleiotropy, we also conducted the MR
pleiotropy residual sum and outlier (MR-PRESSO) test??, MR-Egger intercept test?’, and Cochran Q heterogene-
ity test*. The "leave-one-out" sensitivity analyses were also performed to detect potentially influential SNPs?.

Multivariable MR (MVMR) is a novel extension to MR that incorporates genetic variants associated with
multiple, potentially correlated exposures to calculate the effect of each exposure on a single outcome®. For this
approach, the genetic variants do not have to be exclusively linked to a single exposure, but with a set of measured
exposures, although it still needs to meet equivalent instrumental-variable assumptions'*. The method gives a
direct causal estimation for each exposure, taking into account the association between that exposure and the
IVs with the other exposures in the analysis.

MVMR permits for equivalent analysis to mediation within the MR framework and therefore could also
be applied to quantify mediation effects®. To investigate the potential mechanisms for the effect of education
on cervical spondylosis, we estimated the causal associations between cardiovascular risk factors and cervical
spondylosis. Summary level statistics of the potential mediators were extracted from GWAS based on subjects
not overlapping with the outcome. Table 1 provides detailed information on their data sources. With MVMR,
the direct effects of education on cervical spondylosis were estimated after adjusting for risk factors”. Then, we
calculated the indirect effect and estimated the proportion of education’s effect on cervical spondylosis mediated
through considered cardiovascular risk factors.

Results

All IVs analyzed in the univariable and MVMR analyses are presented in Supplementary Tables S1-S13 and
visualized in Supplementary Figs. S1-S7. The intercept of the MR-Egger regression indicated that there was no
directional pleiotropy among the SNPs associated with exposures (Table 1). The F-statistics of IVs ranged between
14.042 and 35.821, all > 10, indicating no evidence of weak instrument bias (Table 1).

The univariable MR provided evidence of a protective effect of education on cervical spondylosis risk in the
primary IVW analyses (educational duration: OR 0.563, 95% CI 0.272-1.166, P =0.122; educational level: OR
0.337,95% CI 0.223-0.511, P=2.97E-07; intelligence: OR 0.944, 95% CI 0.839-1.062, P =0.339), with consist-
ent findings in sensitivity analyses (Fig. 2). The “leave-one-out analysis” plots were presented in Supplementary
Figs. S8-S10. After adjusting for the exposures by MVMR, we found the exposure mainly associated with cervi-
cal spondylosis was educational level (educational level: OR 0.261, 95% CI 0.112-0.608, P=1.85E-03) (Fig. 3).

In the univariable MR, there was evidence of a detrimental effect of BMI and smoking on cervical spondylosis
risk in the primary IVW analyses (BMI: OR 1.166, 95% CI 1.052-1.292, P =0.003; smoking: OR 1.625, 95% CI
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Exposure Method Odds ratio  95%CI P-value
Educational duration Inverse variance weighted 0.563 (0.272,1.166) +—l—1— 0.122
MR Egger 0.262 (0.024,2.888) it 1+ 0.287
Weighted median 0.554 (0.241,1.272) +——71— 0.164
MR-PRESSO 0.527 (0.268,1.036) +—— 0.076

Educational level Inverse variance weighted 0.337 (0.223,0.511) +HE~ 2.97E-07
MR Egger 0.567 (0.148,1.327) +——1— 0.272

Weighted median 0.328 (0.185,0.583) +HE— 1.47E-04

MR-PRESSO 0.302 (0.206,0.444) HmH 3.73E-09
Intelligence Inverse variance weighted 0.944 (0.839,1.062) 0.339
MR Egger 0.906 (0.546,1.501) 0.703
Weighted median 0.968 (0.828,1.131) 0.68
MR-PRESSO 0.938 (0.844,1.043) 0.242

r T 1
0 145 29
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Figure 2. Forest plot for the univariable MR analyses of the causal effect of education on cervical spondylosis.
The education-related traits include educational duration, educational level, and intelligence. MR Mendelian
randomization, CI confidence interval.

Exposure Odds ratio  95%CI P-value
Educational duration 0.831 (0.380,1.736) —— (0.592
Educational level 0.261 (0.112,0.608) +@— 0.002
Intelligence 1.112 (0.948,1.304) il 0.194

L) L) L) L) )
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Figure 3. Forest plot for the MVMR analyses of the causal effect of education on cervical spondylosis. The
education-related traits include educational duration, educational level, and intelligence. MV MR multivariable
Mendelian randomization, CI confidence interval.

1.085-2.436, P=0.019) (Fig. 4). The “leave-one-out analysis” plots were presented in Supplementary Figs. S11
and S14. However, MR estimates gave little support to a possible causal effect of LDL-C and BP on cervical
spondylosis (LDL-C: OR 0.914, 95% CI 0.832-1.004, P =0.060; BP: OR 1.445, 95% CI 0.944-2.212, P=0.091),
with consistent findings in sensitivity analyses (Fig. 4). The “leave-one-out analysis” plots were presented in
Supplementary Figs. S12 and S13.

Given the identified effects of higher genetically predicted BMI and higher genetically predicted smoking
on increasing cervical spondylosis risk, MVMR mediation analyses were conducted to evaluate the extent to
which these factors were mediating the effect of genetically predicted education (educational level) on cervical
spondylosis risk. The protective effect of genetically predicted education (educational level) on cervical spondy-
losis risk attenuated from OR of 0.299 (95% CI 0.202-0.442) in IVW univariable analysis to OR of 0.326 (95%
CI 0.208-0.512) after adjusting for smoking in MVMR analysis, and to OR of 0.379 (95% CI 0.227-0.633) after
adjusting for BMI in MVMR analysis (Fig. 5). The proportion of the effect of genetically predicted education
mediated through BMI and smoking was estimated as 12% (95% CI 2-22%) and 3% (95% CI 1-7%), respectively.

Discussion

This study utilizes large-scale GWAS statistics to evaluate the causal effects of genetically predicted education
and cardiovascular risk factors on cervical spondylosis in an MR framework and demonstrates the protective
effects of education and the adverse effects of smoking and BMI. Our results provide new insight into the causal
mechanisms underlying cervical spondylosis, its clustering with the risk factors of cardiovascular disease, and
disparities related to educational attainment.

The findings are consistent with earlier observational studies that found smoking and BMI had a detrimental
impact on the risk of cervical spondylosis***°. However, our present study takes a further step to uncover a cau-
sality between genetically predicted education and risk for cervical spondylosis, as well as to quantify how much
genetically predicted BMI and smoking mediate this association. Our results show relevance in both clinical
and public health aspects. In addition to cardiovascular disease, smoking and obesity have widespread effects on
human health. Obesity is a major risk factor for diabetes, while smoking is associated with chronic lung disease
and many cancers®. Targeting these risk factors not only interrupts the course of many common diseases but
also reduces the burden of multi-morbidity on individuals and healthcare systems®. The identification of obesity
and smoking as downstream mediators of education confirms that policies to improve educational levels should
proceed'®*! It is known that educational attainment is heritable, and by applying IV's closely related to this trait,
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Exposure Method Odds ratio  95%CI P-value
BMI Inverse variance weighted 1.166 (1.052,1.292) il 0.003
MR Egger 1.154 (0.865,1.539) +—r—l— 0.332
Weighted median 1.136 (0.963,1.340) il 0.130

MR-PRESSO 1.183 (1.081,1.294) il 2.62E-04
LDL-C Inverse variance weighted 0.914 (0.832,1.004) +Hil 0.060
MR Egger 0.920 (0.792,1.070) + 0.240
Weighted median 0.976 (0.831,1.147) +—il— 0.280
MR-PRESSO 0.923 (0.842,1.012) +HilH 0.091
BP Inverse variance weighted 1.445 (0.944,2.212) ¢ L i 0.091
MR Egger 1.425 (0.921,2.012) L | 0.101
Weighted median 1.509 (0.857,2.658) L 1 0.154
MR-PRESSO 1.515 (1.022,2.245) L 1 0.040
Smoking  Inverse variance weighted 1.625 (1.085,2.436) L 1 0.019
MR Egger 1.632 (1.153,2.165) i 1 0.001
Weighted median 1.718 (0.991,2.978) L i 0.054
MR-PRESSO 1.655 (1.179,2.325) L 1 0.004

I L) 1
0.78 1.89 3
The estimates

Figure 4. Forest plot for the univariable MR analyses of the causal effect of cardiovascular risk factors on
cervical spondylosis. BMI body mass index, LDL-C low-density lipoprotein cholesterol, BP blood pressure, MR
Mendelian randomization, CI confidence interval.

Odds ratio 95%CI P-value
None 0.299 (0.202,0.442) +—@— 0.000
Smoking  0.326  (0.208,0.512) +—@— 0.000
BMI 0.379 (0.227,0.633) —— 0.000
071 073 0?5 077 079 1 71

The estimates

Figure 5. Forest plot for the mediation analysis of the mediation effect of smoking and BMI on education-
cervical spondylosis risk. CI confidence interval.

we could investigate its associations with cervical spondylosis risk. Earlier studies suggest that education experi-
ence is more likely to influence health outcomes than cognitive ability in a related context®?. Our study found
that education protects against cervical spondylosis risk by reducing smoking and BMI. The estimates, however,
contained some uncertainty. Comparatively, it has been estimated that blood pressure, obesity, and smoking
together mediate about half of the protective effect of education on cardiovascular disease''.

There are limitations to our study. Firstly, the study population only included individuals of European line-
age. More studies should be conducted to verify the applicability of these results to other ethnicities. Secondly,
the potential horizontal pleiotropy cannot be controlled. Thirdly, due to limited resources, the most recent
individual-level statistics are not available for our study.

In summary, our work uses summary statistics from publicly available GWASs in the MR framework to pro-
vide evidence supporting a protective effect of education and unfavorable effects of smoking and BMI on cervical
spondylosis risk, with findings that the effect of education is partly mediated through smoking and BMI. Our
results indicate education, obesity, and smoking as common mechanisms underlying the clustering of cervical
spondylosis with cardiovascular disease risk factors, which may represent clinical and public health targets for
reducing multi-morbidity and the burden of these common diseases.

Data availability
The data that support the findings presented in this study are available from the corresponding authors upon
reasonable request.
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