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Abstract 

Background Stroke is a common cerebrovascular disease with great danger to public health. Educational inequal-
ity is a universal issue that influences populations’ stroke risk. This study aimed to investigate the causal relationship 
between education and stroke risk and the contributions of effects mediated by four modifiable factors.

Materials and methods Public large-scale genome-wide association study (GWAS) summary data associated with 
educational attainment, hypertensive diseases, body mass index (BMI), smoking behavior, time spent on watching 
the television (TV), and stroke were obtained from European ancestry. The data were used to investigate the causal 
relationship among educational attainment, hypertensive disease, BMI, smoking, watching TV, and stroke risk. Inverse 
variance weighted (IVW) method was used as a primary algorithm for estimating causal direction and effect size in 
univariable and multivariable Mendelian randomization (MR) analyses.

Results Higher educational attainment was a causal protective factor, while hypertensive diseases, higher BMI, smok-
ing, and longer time spent on watching the TV were all causal risk factors for the risk of stroke. Hypertensive disease, 
BMI, smoking, and watching TV were all mediators for linking the causal relationship between educational attainment 
and stroke risk. Hypertensive disease, BMI, smoking, and watching TV explained 47.35%, 24.74%, 15.72%, and 2.29% of 
the variance in educational attainment’s effect on stroke risk, respectively. The explained proportion reached 69.32% 
after integrating the four factors.

Conclusions These findings support the causal effect of educational attainment on the risk of stroke, with a substan-
tial proportion mediated by modifiable risk factors. Interventions on these modifiable factors would lead to substan-
tial reductions in stroke cases attributable to educational inequality.
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Introduction
Stroke is a common cerebrovascular disease with high 
mortality and disability [1]. In the past decade, stroke has 
mainly occurred in aging populations, and the incidence 
of stroke increases annually in young folks [2]. Although 
the incidence of stroke varies across different countries 
and regions, the number of patients with stroke is high. 
For example, observational data indicated that greater 
than 800,000 individuals are affected by stroke yearly in 
the United States [3]. In China, the populations affected 
by stroke are prominent, with more than 2 million people 
affected each year [4]. Additionally, the new stroke num-
ber in European people exceeded 1.1 million per year [5]. 
Considering the dangers of stroke, mapping out public 
policies to prevent stroke is necessary and urgent.

The educational level plays a vital role in the incidence 
of stroke. A recent investigation indicated that individu-
als with higher educational attainment have a lower risk 
of stroke than those with lower educational attainment 
[6]. A prospective cohort study revealed that individuals’ 
educational level was negatively correlated with their risk 
of stroke [7]. However, the educational level difference in 
global populations is a universal phenomenon and is dif-
ficult to change. Therefore, modifiable mediating factors 
of educational level influence on the risk of stroke need 
to be determined to prevent stroke. Stroke is a complex 
and multi-factorial disease. Many modifiable factors, 
including some diseases (obesity, hypertension, and dia-
betes mellitus) and lifestyle factors (tobacco smoking, 
physical inactivity, and poor diet or nutrition), are closely 
associated with the risk of stroke [8, 9]. Although factors 
such as obesity, hypertension, smoking, physical inactiv-
ity, and low educational level are positively associated 
with the risk of stroke [10–13], the causal inference of 
their underlying influence on the risk of stroke by inter-
action remains unclear. Whether educational level affects 
the risk of stroke mediated by the factors (obesity, hyper-
tension, smoking, and physical inactivity) still needs fur-
ther explanation.

Mendelian randomization (MR) study is a vital method 
of causal inference by using single-nucleotide polymor-
phisms (SNP) from genome-wide association study 
(GWAS) data as instrumental variables to estimate the 
causality between exposure(s) of interest and outcome(s) 
of interest [14, 15]. In the present work, we assessed 
the role of four modifiable factors, namely, hyperten-
sive diseases, body mass index (BMI), smoking behavior, 
and time spent on watching the television, in mediating 
the causal effect of educational attainment on the risk 
of stroke by using MR. The inverse variance weighted 
(IVW) approach was used as the primary causal esti-
mation method. Considering the crucial role of educa-
tional attainment, hypertensive diseases, BMI, smoking 

behavior, and time spent on watching the TV on the 
occurrence of stroke, further understanding the poten-
tial mechanism is beneficial in drawing up public health 
policy for preventing stroke.

Materials and methods
Overall study design
The overall study design flowchart of the MR is displayed 
in Fig.  1. The GWAS summary level data for years of 
schooling (an indicator of educational attainment), hyper-
tensive disease, BMI (an indicator of obesity), smoking 
behavior, time spent on watching TV (an indicator of 
physical inactivity), and stroke were extracted from the 
IEU Open GWAS database (https:// gwas. mrcieu. ac. uk/). 
The years of schooling were deemed as exposure. The four 
modifiable factors (hypertensive disease, BMI, smoking 
behavior, and time spent on watching TV) were defined 
as mediators. The risk of stroke was regarded as the out-
come. The genetic variants (SNPs) GWAS data were used 
as instrumental variables to explore the genetically pre-
dicted underlying mechanism of the effect of educational 
attainment on the risk of stroke by mediating hypertensive 
disease, BMI, smoking behavior, and time spent on watch-
ing TV. IVW regression was used to estimate the causal-
ity and causal effect size in univariable and multivariable 
analyses. The proportions mediated (PM) were calculated 
using the indirect effect size divided by the total effect size 
and the method described in a previous study [16].

Data sources
The traits’ GWAS summary data, including years of 
schooling, hypertensive diseases, BMI, smoking behavior, 
time spent on watching TV, and stroke, were obtained 
from extensive sample studies of European ancestry 
populations. The genetic data related to years of school-
ing (standard deviation [SD]: 3.71 years) were derived 
from a GWAS study with 293,723 participants (GWAS 
ID: ieu-a-1001) [17]. The hypertensive disease-related 
summary-level data originated from a GWAS study with 
55,955 cases and 162,837 controls (GWAS ID: finn-b-I9_
HYPERTENSION). The BMI-related genetic data involv-
ing 681,275 populations were obtained from a GWAS 
meta-analysis (GWAS ID: ieu-b-40) [18]. The genetic 
data on the association with time spent on watching TV 
association among 437,887 individuals were obtained 
from a GWAS analysis of the UK Biobank (GWAS ID: 
ukb-b-5192). The smoking-related GWAS data were 
derived from 632,802 participants (smoking: 311,629; 
never smoked: 321,173) (GWAS ID: ieu-b-4877) [19]. 
The summary association results of the stroke, encom-
passing all stroke subtypes, were derived from a GWAS 

https://gwas.mrcieu.ac.uk/
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meta-analysis of 40,585 stroke cases and 406,111 controls 
(GWAS ID: ebi-a-GCST005838) [20].

Statistical analysis
Univariable MR analysis
The network relationship among exposure (educational 
attainment), mediators (hypertensive disease, BMI, 

smoking behavior, and time spent watching TV), and 
outcome (stroke) was determined by conducting univari-
able MR analyses by using the IVW approach. The flow-
chart of the analyses is exhibited in Fig. 1A. (a) According 
to a genome-wide significance (P < 5E−8) and parameter 
of pairwise linkage disequilibrium (LD; r2 < 0.001 and 
clump window > 10  MB, among SNPs), SNPs that are 

Fig. 1 Study design overview. A Univariable MR. MR fundamental assumptions: (1) Relevance assumption: The genetic variants (instrumental 
variables) are strongly correlated with exposure(s) (P < 5E−8; r2 < 0.001 and distance > 10 MB, the SNPs are in pairwise linkage disequilibrium). (2) 
Independence assumption: no unmeasured confounders of the correlations are present between genetic variants and outcome(s). (3) Exclusion 
restriction assumption: the genetic variants influence the outcome(s) only via exposure(s). B Multivariable MR. MR: Mendelian randomization; PM: 
Proportion mediated; SNP: single nucleotide polymorphism; BMI: Body mass index; Educational attainment: years of schooling; Smoking: smoking 
behavior; Watching TV: time spent watching the television
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independently associated with educational attainment, 
hypertensive disease, BMI, smoking behavior, and time 
spent on watching TV were identified. To ensure the 
independence of SNPs, we utilized the PhenoScanner 
database (http:// www. pheno scann er. medsc hl. cam. ac. uk/) 
to examine and remove SNPs associated with confound-
ers. Then, the SNPs were used as instrumental variables 
to perform causal inference by using the IVW method. 
The F statistic was used to assess the instrument strength, 
and its calculative method was described in a previous 
study [21–23]. At F statistic > 10, no weak instrument bias 
was considered. (b) The causal direction was assessed 
from exposure (educational attainment) to each media-
tor (hypertensive disease, BMI, smoking behavior, and 
time spent watching TV) and outcome (stroke), and the 
causal effect size was calculated. (c) The causal direction 
was examined from each mediator (hypertensive dis-
ease, BMI, smoking behavior, and time spent watching 
TV) to outcome (stroke), and the causal effect size was 
calculated.

The reliance and robustness of the above causal estima-
tion of univariable MR were examined using a series of 
sensitivity analyses. First, the power of causal estimation 
was computed using an online tool (https:// shiny. cnsge 
nomics. com/ mRnd/) based on a type I error rate of 0.05 
[24]. A power of more than 80% was regarded as strong 
evidence. Then, the consistency of causal direction from 
the IVW method was examined using four methods, 
namely, MR-Egger [25], Maximum likelihood [26], MR-
pleiotropy residual sum outlier (MR-PRESSO) [27], and 
robust adjusted profile score (MR-RAPS) [28]. Third, the 
heterogeneity of the included SNPs was estimated using 
the Cochran’s Q statistic in the IVW and MR-Egger mod-
els. Significant heterogeneity was considered at P < 0.05. 
Fourth, the MR-Egger regression was used to inspect pos-
sible pleiotropy. The MR-PRESSO, MR-Egger, and IVW 
approaches were used to identify and remove potential 
outliers that can cause underlying pleiotropy. Fifth, the 
leave-one-out analysis was used to examine whether any 
single SNP significantly influenced the causal effect of 
IVW estimation. Finally, the MR Steiger test was used to 
inspect the correctness of causal evaluation.

Multivariable MR analysis
Multivariable MR was used to expound the causal effect 
of educational attainment on the risk of stroke medi-
ated by the four mediators (hypertensive disease, BMI, 
smoking behavior, and time spent on watching TV). The 
diagram of multivariable MR is displayed in Fig. 1B. The 
effect of educational attainment on the risk of stroke was 
divided into direct and indirect effects. First, educational 
attainment and individual mediator were included in 
multivariate MR for calculating the direct and indirect 

(mediated by a single mediator) effects of educational 
influence on the risk of stroke. Next, educational attain-
ment and all mediators were included in multivariate 
MR for estimating the direct and indirect (mediated by 
all mediators) effects of educational attainment on the 
risk of stroke. Mediation analysis was conducted as pre-
viously described [16]. The proportion mediated (PM) 
was computed by dividing the indirect effect by the total 
effect [16].

All MR analyses were performed in R programming lan-
guage (version 4.0.2) by using the TwoSampleMR (version 
0.5.6) and MR-PRESSO (version 1.0) packages in R.

Results
Network relationship among educational attainment, 
stroke, and four mediators in univariable MR
Detailed information of the included SNPs can be found 
in Tables S1–S9 of Additional file 1. In univariable MR, 
all SNPs’ F statistics were greater than 10, suggesting 
no weak-instrument bias. The results from genetically 
predicted causal association showed that educational 
attainment was negatively associated with the stroke risk 
(IVW, odds ratio [OR] = 0.711, 95% confidence interval 
[CI]: 0.624–0.810, P = 3.27E−07, power = 1), hyperten-
sive disease risk (IVW, OR = 0.631, 95% CI 0.527–0.756, 
P = 6.07E–07, power = 1), BMI (IVW, OR = 0.777, 95% 
CI 0.714–0.846, P = 5.87E−09, power = 1), smoking 
(IVW, OR = 0.714, 95% CI 0.642–0.794, P = 4.94E−10, 
power = 1), and time spent on watching TV (IVW, 
OR = 0.707, 95% CI 0.678–0.737, P = 7.51E–60, power = 1; 
Fig.  2). Based on the results of the causal association 
among the four modifiable mediators and the risk of 
stroke, that the genetically predicted hypertensive dis-
ease, BMI, smoking, and time spent on watching TV were 
positively associated with the risk of stroke, and with 
the ORs were 1.317 (95% CI 1.253–1.385, P = 3.97E−27, 
power = 1), 1.220 (95% CI 1.154–1.291, P = 3.30E−12, 
power = 1), and 1.429 (95% CI 1.207–1.961, P = 3.47E−05, 
power = 0.880; Fig. 2).

A series of sensitivity analyses was conducted to test 
the robustness and reliance of the above univariable 
MR analyses. First, MR-Egger, Maximum likelihood, 
MR-PRESSO, and MR-RAPS were used to validate 
the stability of IVW causal estimation, and the results 
showed that their causal estimations were almost con-
sistent with the IVW method (Figs.  3 and 4). Second, 
the heterogeneity of the included SNPs was examined 
using Cochran’s Q statistic in IVW and MR-Egger 
model. The results indicated certain heterogene-
ity among the included SNPs in most univariable MR 
analyses (Fig.  2). The heterogeneities may be derived 
from SNP influence on exposures differently. Third, the 
pleiotropy of the included SNPs was assessed using the 

http://www.phenoscanner.medschl.cam.ac.uk/
https://shiny.cnsgenomics.com/mRnd/
https://shiny.cnsgenomics.com/mRnd/


Page 5 of 11Wan et al. Molecular Brain           (2023) 16:39  

MR-Egger method. The results showed that all included 
SNPs had no pleiotropy (all P-intercept > 0.05) (Fig.  2). 
Fourth, leave-one-out analysis was used to evaluate the 
stability of IVW causal estimations. The result showed 
that no single SNP significantly turned IVW causal 
estimation in the univariable MR analyses (all P < 0.05, 
Tables S10–S18 in Additional file  2). Finally, the MR-
Steiger directionality test was used to examine whether 
the causal direction of IVW estimation is correct. The 
results showed that all IVW causal estimations were 
accurate in the univariable MR analyses (all P-Steiger < 
0.05, Fig. 2).

Multivariable MR and mediation analyses
To further elucidate the effect of educational attain-
ment on the risk of stroke mediated by the four modi-
fiable mediators, we performed multivariable MR and 
mediation analyses. The total effect consists of direct 
and indirect (mediating) effects. The total effect was 
obtained from the causal effect estimation of the influ-
ence of educational attainment on stroke risk based 
on univariable MR analysis. The direct and indirect 
(mediating) effects of educational attainment on stroke 
risk could be calculated by adjusting for other fac-
tors of interest by using multivariable MR. Individual 

Fig. 2 Forest plot displays the results of univariable MR analyses.MR: Mendelian randomization; SNP: single nucleotide polymorphism; BMI: 
Body mass index; Educational attainment; years of schooling; Smoking: smoking behavior; Watching TV: time spent watching television; 
IVW: inverse-variance-weighted; MR-PRESSO: MR-pleiotropy residual sum outlier; MR-RAPS: MR-robust adjusted profile score; OR: odds ratio; 
CI: confidence intervals; P-het: P value for heterogeneity based on Cochran Q test; P-intercept: P value for MR-Egger intercept; P-Steiger: P value for 
MR-Steiger test
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mediators were included for calculating the direct and 
indirect (mediating) effects of education on stroke risk. 
After controlling for hypertensive disease, the effect 
of educational attainment on stroke risk had an OR of 
0.836 (95% CI 0.707–0.988; Fig.  5). The PM of hyper-
tensive disease was 47.35%. After adjustment for BMI, 
the effect of educational attainment on stroke risk had 

an OR of 0.774 (95% CI 0.650–0.920; Fig. 5); The PM of 
BMI was 24.74%. After correcting for smoking behav-
ior, the effect of educational attainment on stroke risk 
had an OR of 0.750 (95% CI 0.632–0.891; Fig.  5); The 
PM of smoking behavior was 15.72%. After correcting 
for time spent on watching TV, the effect of educational 
attainment on stroke risk had an OR of 0.716 (95% CI 

Fig. 3 Scatter plots showing the estimated causal associations with five methods. A Causal association between educational attainment and the 
risk of stroke. B Causal association between educational attainment and the risk of hypertensive disease. C Causal association between educational 
attainment and BMI. D Causal association between educational attainment and smoking. E Causal association between educational attainment 
and time spent watching TV. F Causal association between hypertensive disease and the risk of stroke. G Causal association between BMI and the 
risk of stroke. H Causal association between smoking and the risk of stroke. I Causal association between time spent watching TV and the risk of 
stroke. MR: Mendelian randomization; SNP: single nucleotide polymorphism; BMI: Body mass index; Educational attainment: years of schooling; 
Smoking: smoking behavior; Watching TV: time spent watching the television; IVW: inverse-variance-weighted; MR-PRESSO: MR-pleiotropy residual 
sum outlier; MR-RAPS: MR-robust adjusted profile score
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0.584–0.879; Fig. 5); The PM of time spent on watching 
TV was 2.29%. In combination with the four mediators 
for adjustment, the effect of educational attainment on 
stroke risk had an OR of 0.901 (95% CI 0.733–1.107; 
Fig.  5). The PM of the four combined mediators was 
69.32%.

Discussion
In the present work, large-scale GWAS summary data 
were used to investigate the genetically predicted causal 
association between educational attainment, hyper-
tensive disease, BMI, smoking behavior, time spent on 
watching TV, and stroke risk by using the MR method. 

Fig. 4 Density plots showing that the five methods estimate the effect of SNPs on the outcome of interest. A Effect of educational 
attainment-related SNPs on the risk of stroke. B Effect of educational attainment-related SNPs on the risk of hypertensive disease. C Effect 
of educational attainment-related SNPs on BMI. D Effect of educational attainment-related SNPs on smoking. E Effect of educational 
attainment-related SNPs on time spent on watching the TV. F Effect of hypertensive disease-related SNPs on the risk of stroke. G Effect 
of BMI-related SNPs on the risk of stroke. H Effect of smoking-related SNPs on the risk of stroke. I Effect of time spent on watching the 
TV-related SNPs on the risk of stroke. MR: Mendelian randomization; SNP: single nucleotide polymorphism; IVW: inverse-variance-weighted; 
MR-PRESSO: MR-pleiotropy residual sum outlier; MR-RAPS: MR-robust adjusted profile score
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Educational attainment, hypertensive disease, BMI, 
smoking behavior, and watching TV were causally associ-
ated with stroke risk. Furthermore, the effect of educa-
tional attainment on the risk of stroke was mediated by 
the four modifiable factors (hypertensive disease, BMI, 
smoking behavior, and time spent on watching TV).

The harm of stroke in the global population is grievous, 
and it has become the second-leading cause of death in 
global populations [29]. The morbidity of stroke is sig-
nificantly different in people with another educational 
attainment. Individuals with high educational level have 
a low stroke incidence [30]. A recent meta-analysis that 
included 90 studies involving more than 160,000 stroke 
cases and 5  million controls indicated that people with 
lower educational level had a higher risk of stroke than 
those with a higher educational level (OR = 1.35, 95% 
CI 1.24–1.48) [31]. Furthermore, Wen et  al. recently 

conducted an MR study that included 11,509 individu-
als and found a negative causal association between 
educational attainment and the risk of stroke [32]. The 
results of the present work also suggested that geneti-
cally predicted lower educational attainment was causally 
associated with higher stroke risk (OR = 0.711, 95% CI 
0.624–0.810). However, some differences were observed 
between the present work and that of Wen et  al. First, 
the present work involves a two-sample MR investiga-
tion and included large-scale GWAS data with more than 
700,000 individuals. Second, our results are supported by 
more statistical evidence from multiple sensitivity analy-
ses. Third, multivariable MR analyses were carried out to 
correct for confounding factors and validate causal infer-
ence’s stability. Finally, mediation analyses were carried 
out to explain the underlying mechanism in which edu-
cational attainment influences the risk of stroke.

Fig. 5   Forest plot denotes the results of multivariable MR analyses.MR: Mendelian randomization; BMI: Body mass index; Educational 
attainment: years of schooling; Smoking: smoking behavior; Watching TV: time spent watching television; IVW: inverse-variance-weighted; 
MR-PRESSO: MR-pleiotropy residual sum outlier; MR-RAPS: MR-robust adjusted profile score; OR: odds ratio; CI: confidence intervals
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Hypertension is a key risk factor for stroke [33–35]. A 
cohort study followed up approximately 80,000 partici-
pants for more than 10 years and found that hyperten-
sive participants have a higher incidence of stroke than 
those without hypertension [36]. Similarly, the present 
work indicated that genetically predicted hypertensive 
disease is a causal risk factor for stroke. The incidence of 
hypertensive disease in populations with different educa-
tional levels has been found divergent [37–39]. Individu-
als with higher educational attainment have a lower risk 
of hypertensive disease [40, 41]. The results of the pre-
sent study showed that genetically predicted higher edu-
cational attainment was causally associated with a lower 
risk of hypertensive disease. Furthermore, the effect of 
educational attainment on the risk of stroke was medi-
ated by hypertensive disease with PM of 47.35%. Based 
on the above evidence, controlling hypertension can 
partly attenuate the stroke risk caused by educational 
inequality.

Obesity is a highly prevalent disease and is closely 
related to the risk of stroke [42–45]. BMI remains as a 
primary indicator of obesity in clinical work. A large 
meta-analysis that included 97 prospective studies 
involving 1.8 million individuals revealed that an increase 
of 5 kg/m2 in BMI is associated with a higher stroke risk 
with an HR of 1.18 (95% CI 1.14–1.22) after adjustment 
for confounders. Similarly, in the present work, geneti-
cally determined increase in BMI was causally related 
to a higher risk of stroke. In addition, observational data 
showed that the incidence of obesity in individuals with 
higher educational attainment was lower than in those 
with lower educational attainment [46]. In the present 
work, genetically predicted higher educational attain-
ment can attenuate the risk of obesity. However, whether 
obesity mediates the causal association between educa-
tional attainment and stroke risk remains unexplained. 
Moreover, the effect of educational attainment on the 
risk of stroke was mediated by obesity, accounting for 
24.74%. Therefore, reasonable weight control in a healthy 
way may effectively attenuate the risk of stroke caused by 
lower educational attainment.

Smoking and low physical activity were all unhealthy 
lifestyles associated with an increased risk of stroke [29, 
47, 48]. The long time spent on watching TV is a criti-
cal indicator of low physical activity. In the univariable 
MR, smoking behavior and time on spent watching TV 
were causally associated with the risk of stroke. In addi-
tion, genetically predicted higher educational attainment 
was negatively associated with smoking and time spent 
watching TV. Therefore, individuals with high educa-
tional attainment have a more strengthened health con-
sciousness [49]. Moreover, the findings from mediation 

analysis indicated that smoking and time spent on watch-
ing TV were all mediators in linking the causal relation-
ship between educational attainment and the risk of 
stroke. Strengthening health education against smoking 
and increasing physical activity are beneficial for weaken-
ing the bad effect of educational inequality on stroke risk.

Considering the importance of the four modifiable fac-
tors in mediating the causal link between educational 
attainment and the risk of stroke, the combined PM of 
the four mediators was calculated. When all four media-
tors were included for conducting a mediation analysis, 
the PM reached 69.32%. Based on the above evidence, 
stroke risk caused by educational inequality can be atten-
uated by reducing risks for hypertension and obesity, 
stopping smoking, and increasing physical activity.

The present work has some strengths. On the one hand, 
GWAS summary-level data from recent extensive sam-
ple studies were used, and the included SNPs were more 
comprehensive and reliable. On the other hand, the reli-
ance and stability of the causal inferences from our work 
were supported by statistical evidence from multiple sen-
sitivity analyses.

However, several limitations should not be overlooked. 
First, although the four modifiable factors largely explain 
the effect of educational attainment on the risk of stroke, 
the remaining part effect still needs further exploration. 
This way can be used to completely blockade educational 
inequality’s effect on stroke risk. Second, the GWAS 
summary data were derived from European populations, 
and the findings may have some potential bias if gener-
alized to non-European ancestry. Third, considering the 
limitations in the GWAS summary data, a stratified anal-
ysis of demographic characteristics, such as gender and 
age, was not achieved.

In conclusion, by using extensive genetic data, MR 
analyses were conducted to clarify the causal association 
among educational attainment, four modifiable factors 
(hypertension, BMI, smoking, and time spent on watch-
ing TV), and the risk of stroke. Educational attainment 
and the four modifiable factors were all causally associ-
ated with the risk of stroke. Over half of the effect of edu-
cational attainment on the risk of stroke was mediated 
by the four modifiable factors. The findings provide new 
insight into drawing up public policies to block the stroke 
risk caused by educational inequality.

Abbreviations
MR   Mendelian randomization
BMI   Body mass index
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OR   Odds ratio
CI   Confidence intervals
PM   Proportion mediated



Page 10 of 11Wan et al. Molecular Brain           (2023) 16:39 

SNPs   Single-nucleotide polymorphisms
GWAS   Genome-wide association study
IVW   Inverse-variance-weighted
MR-PRESSO   MR-pleiotropy residual sum outlier
MR-RAPS   MR-robust adjusted profile score

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13041- 023- 01030-0.

Additional file 1: Table S1. The detailed information on single-nucleotide 
polymorphisms for estimating the causal association between years of 
schooling and the risk of stroke. Table S2. The detailed information on 
single-nucleotide polymorphisms for estimating the causal association 
between years of schooling and the risk of hypertensive disease. Table S3. 
The detailed information on single-nucleotide polymorphisms for estimat-
ing the causal association between years of schooling and the risk of 
obesity. Table S4. The detailed information on single-nucleotide polymor-
phisms for estimating the causal association between years of schooling 
and smoking. Table S5. The detailed information on single-nucleotide 
polymorphisms for estimating the causal association between years of 
schooling and time spent. Table S6. The detailed information on single-
nucleotide polymorphisms for estimating the causal association between 
hypertensive disease and the risk of stroke. Table S7. The detailed infor-
mation on single-nucleotide polymorphisms for estimating the causal 
association between body mass index and the risk of stroke. Table S8. The 
detailed information on single-nucleotide polymorphisms for estimating 
the causal association between smoking and the risk of stroke. Table S9. 
The detailed information on single-nucleotide polymorphisms for estimat-
ing the causal association between time spent watching television and 
the risk of stroke.

Additional file 2: Table S10. Leave-one-out analysis of the causal 
relationship between years of schooling and the risk of stroke. Table S11. 
Leave-one-out analysis of the causal relationship between years of 
schooling and the risk of hypertensive disease. Table S12. Leave-one-out 
analysis of the causal relationship between years of schooling and the risk 
of obesity. Table S13. Leave-one-out analysis of the causal relationship 
between years of schooling and smoking. Table S14. Leave-one-out 
analysis of the causal relationship between years of schooling and time 
spent watching television. Table S15. Leave-one-out analysis of the 
causal relationship between hypertensive disease and the risk of stroke. 
Table S16. Leave-one-out analysis of the causal relationship between 
obesity and the risk of stroke. Table S17. Leave-one-out analysis of the 
causal relationship between smoking and the risk of stroke. Table S18. 
Leave-one-out analysis of the causal relationship between time spent 
watching television and the risk ofstroke

Acknowledgements
We would like to thank the participants and investigators of the database we 
used in this study.

Author contributions
BBW, WYL, NM and ZZ designed the study and analyzed the data; BBW and 
NM revised the images; BBW performed the literature search and collected 
data for the manuscript; BBW and WYL revised the manuscript. All authors 
read and approved the final manuscript.

Funding
This work was supported by grants from the Hainan Province Clinical Medical 
Center (QWYH202175), the Scientific Research Project of Hainan Health Com-
mittee (21A200115), the Research and Cultivation Fund of Hainan Medical 
University (HYPY2020015), the National Natural Science Foundation of China 
(82260304), the Natural Science Foundation of Hainan Province (820RC771), 
and the Key R&D Projects of Hainan Province (ZDYF2022SHFZ074).

Data availability
The datasets generated for this study are available on request to the cor-
responding author.

Declarations

Ethics approval and consent to participate
and consent were not required as this study was based on publicly available 
data.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Received: 25 January 2023   Accepted: 27 April 2023

References
 1. Pohl M, Hesszenberger D, Kapus K, Meszaros J, Feher A, Varadi I, Pusch 

G, Fejes E, Tibold A, Feher G. Ischemic stroke mimics: a comprehensive 
review. J Clin Neurosci. 2021;93:174–82.

 2. Ekker MS, Boot EM, Singhal AB, Tan KS, Debette S, Tuladhar AM, de Leeuw 
FE. Epidemiology, aetiology, and management of ischaemic stroke in 
young adults. Lancet Neurol. 2018;17(9):790–801.

 3. Gittler M, Davis AM. Guidelines for adult stroke rehabilitation and recov-
ery. JAMA. 2018;319(8):820–1.

 4. Wu S, Wu B, Liu M, Chen Z, Wang W, Anderson CS, Sandercock P, 
Wang Y, Huang Y, Cui L, et al. Stroke in China: advances and chal-
lenges in epidemiology, prevention, and management. Lancet Neurol. 
2019;18(4):394–405.

 5. Bejot Y, Bailly H, Durier J, Giroud M. Epidemiology of stroke in Europe and 
trends for the 21st century. Presse Med. 2016;45(12 Pt 2):e391–8.

 6. Che B, Shen S, Zhu Z, Wang A, Xu T, Peng Y, Li Q, Ju Z, Geng D, Chen 
J, et al. Education level and long-term mortality, recurrent stroke, and 
cardiovascular events in patients with ischemic stroke. J Am Heart Assoc. 
2020;9(16):e016671.

 7. Jackson CA, Sudlow CLM, Mishra GD. Education, sex and risk of stroke: 
a prospective cohort study in New South Wales, Australia. BMJ Open. 
2018;8(9):e024070.

 8. Guzik A, Bushnell C. Stroke epidemiology and risk factor management. 
Continuum (Minneap Minn). 2017;23(1):15–39.

 9. Campbell BCV, Khatri P. Stroke. Lancet. 2020;396(10244):129–42.
 10. Qi W, Ma J, Guan T, Zhao D, Abu-Hanna A, Schut M, Chao B, Wang L, Liu 

Y. Risk factors for incident stroke and its subtypes in China: a prospective 
study. J Am Heart Assoc. 2020;9(21):e016352.

 11. Kojo T, Ae R, Kosami K, Ishikawa S, Innami I. Prevention paradox between 
stroke and multiple potential risk factors using data from a population-
based cohort study. Prev Med. 2021;153:106857.

 12. Marshall IJ, Wang Y, Crichton S, McKevitt C, Rudd AG, Wolfe CD. The 
effects of socioeconomic status on stroke risk and outcomes. Lancet 
Neurol. 2015;14(12):1206–18.

 13. Feigin VL, Roth GA, Naghavi M, Parmar P, Krishnamurthi R, Chugh S, Men-
sah GA, Norrving B, Shiue I, Ng M, et al. Global burden of stroke and risk 
factors in 188 countries, during 1990–2013: a systematic analysis for the 
global burden of Disease Study 2013. Lancet Neurol. 2016;15(9):913–24.

 14. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. 
2017;318(19):1925–6.

 15. Smith GD, Ebrahim S. Mendelian randomization: can genetic epide-
miology contribute to understanding environmental determinants of 
disease? Int J Epidemiol. 2003;32(1):1–22.

 16. Carter AR, Sanderson E, Hammerton G, Richmond RC, Davey Smith G, 
Heron J, Taylor AE, Davies NM, Howe LD. Mendelian randomisation for 
mediation analysis: current methods and challenges for implementation. 
Eur J Epidemiol. 2021;36(5):465–78.

 17. Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, Nguyen-
Viet TA, Bowers P, Sidorenko J, Karlsson Linner R, et al. Gene discovery 
and polygenic prediction from a genome-wide association study 
of educational attainment in 1.1 million individuals. Nat Genet. 
2018;50(8):1112–21.

https://doi.org/10.1186/s13041-023-01030-0
https://doi.org/10.1186/s13041-023-01030-0


Page 11 of 11Wan et al. Molecular Brain           (2023) 16:39  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 18. Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN, 
Frayling TM, Hirschhorn J, Yang J, Visscher PM, et al. Meta-analysis of 
genome-wide association studies for height and body mass index in 
approximately 700000 individuals of European ancestry. Hum Mol Genet. 
2018;27(20):3641–9.

 19. Liu M, Jiang Y, Wedow R, Li Y, Brazel DM, Chen F, Datta G, Davila-Velderrain 
J, McGuire D, Tian C, et al. Association studies of up to 1.2 million individu-
als yield new insights into the genetic etiology of tobacco and alcohol 
use. Nat Genet. 2019;51(2):237–44.

 20. Malik R, Chauhan G, Traylor M, Sargurupremraj M, Okada Y, Mishra 
A, Rutten-Jacobs L, Giese AK, van der Laan SW, Gretarsdottir S, et al. 
Multiancestry genome-wide association study of 520,000 subjects 
identifies 32 loci associated with stroke and stroke subtypes. Nat Genet. 
2018;50(4):524–37.

 21. Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength 
requirements for Mendelian randomization studies using multiple 
genetic variants. Int J Epidemiol. 2011;40(3):740–52.

 22. Burgess S, Thompson SG, Collaboration CCG. Avoiding bias from weak 
instruments in Mendelian randomization studies. Int J Epidemiol. 
2011;40(3):755–64.

 23. Wu F, Huang Y, Hu J, Shao Z. Mendelian randomization study of 
inflammatory bowel disease and bone mineral density. BMC Med. 
2020;18(1):312.

 24. Brion MJ, Shakhbazov K, Visscher PM. Calculating statistical power in 
Mendelian randomization studies. Int J Epidemiol. 2013;42(5):1497–501.

 25. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with 
invalid instruments: effect estimation and bias detection through Egger 
regression. Int J Epidemiol. 2015;44(2):512–25.

 26. Xue H, Shen X, Pan W. Constrained maximum likelihood-based Mendelian 
randomization robust to both correlated and uncorrelated pleiotropic 
effects. Am J Hum Genet. 2021;108(7):1251–69.

 27. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomization 
between complex traits and diseases. Nat Genet. 2018;50(5):693–8.

 28. Zhao Q, Wang J, Hemani G, Bowden J, Small DS. Statistical inference 
in two-sample summary-data Mendelian randomization using robust 
adjusted profile score. JCI Insight. 2020;48(3):1742–69.

 29. Collaborators GBDS. Global, regional, and national burden of stroke and 
its risk factors, 1990–2019: a systematic analysis for the global burden of 
Disease Study 2019. Lancet Neurol. 2021;20(10):795–820.

 30. Gillum RF, Mussolino ME. Education, poverty, and stroke incidence in 
whites and blacks: the NHANES I epidemiologic follow-up study. J Clin 
Epidemiol. 2003;56(2):188–95.

 31. McHutchison CA, Backhouse EV, Cvoro V, Shenkin SD, Wardlaw JM. Educa-
tion, Socioeconomic Status, and intelligence in Childhood and Stroke 
Risk in later life: a Meta-analysis. Epidemiology. 2017;28(4):608–18.

 32. Xiuyun W, Qian W, Minjun X, Weidong L, Lizhen L. Education and stroke: 
evidence from epidemiology and Mendelian randomization study. Sci 
Rep. 2020;10(1):21208.

 33. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, 
Bennett DA, Moran AE, Sacco RL, Anderson L, Truelsen T, et al. Global and 
regional burden of stroke during 1990–2010: findings from the global 
burden of Disease Study 2010. Lancet. 2014;383(9913):245–54.

 34. James PA, Oparil S, Carter BL, Cushman WC, Dennison-Himmelfarb C, 
Handler J, Lackland DT, LeFevre ML, MacKenzie TD, Ogedegbe O, et al. 
2014 evidence-based guideline for the management of high blood pres-
sure in adults: report from the panel members appointed to the Eighth 
Joint National Committee (JNC 8). JAMA. 2014;311(5):507–20.

 35. Saini M, Shuaib A. Blood pressure lowering and stroke. Expert Rev Neu-
rother. 2010;10(2):225–41.

 36. Turin TC, Okamura T, Afzal AR, Rumana N, Watanabe M, Higashiyama 
A, Nakao Y, Nakai M, Takegami M, Nishimura K, et al. Hypertension and 
lifetime risk of stroke. J Hypertens. 2016;34(1):116–22.

 37. Pandit AU, Tang JW, Bailey SC, Davis TC, Bocchini MV, Persell SD, Federman 
AD, Wolf MS. Education, literacy, and health: mediating effects on hyper-
tension knowledge and control. Patient Educ Couns. 2009;75(3):381–5.

 38. Nishida W, Ziersch A, Zanelatto C, Wagner KJP, Boing AF, Bastos JLD. Edu-
cation across the life-course and hypertension in adults from Southern 
Brazil. Cien Saude Colet. 2020;25(8):3063–74.

 39. Beltran-Sanchez H, Andrade FC. Time trends in adult chronic disease 
inequalities by education in Brazil: 1998–2013. Int J Equity Health. 
2016;15(1):139.

 40. Di Chiara T, Scaglione A, Corrao S, Argano C, Pinto A, Scaglione R. Educa-
tion and hypertension: impact on global cardiovascular risk. Acta Cardiol. 
2017;72(5):507–13.

 41. Sun W, Huo Y, Liu Q, Ahn AC, Zhou J, Yu R, Chen Z, Wang Y, Liu H. Attribut-
able risk of all-cause mortality in hypertensive adults based on disease 
risk prediction model: a chinese cohort study. J Infect Public Health. 
2020;13(9):1290–6.

 42. Global Burden of Metabolic Risk Factors for Chronic, Diseases C, Lu Y, 
Hajifathalian K, Ezzati M, Woodward M, Rimm EB, Danaei G. Metabolic 
mediators of the effects of body-mass index, overweight, and obesity on 
coronary heart disease and stroke: a pooled analysis of 97 prospective 
cohorts with 1.8 million participants. Lancet. 2014;383(9921):970–83.

 43. Haley MJ, Lawrence CB. Obesity and stroke: can we translate from rodents 
to patients? J Cereb Blood Flow Metab. 2016;36(12):2007–21.

 44. Kumral E, Erdogan CE, Ari A, Bayam FE, Saruhan G. Association of obesity 
with recurrent stroke and cardiovascular events. Rev Neurol (Paris). 
2021;177(4):414–21.

 45. Kim JY, Cho SM, Yoo Y, Lee T, Kim JK. Association between Stroke and 
Abdominal Obesity in the Middle-Aged and Elderly Korean Popula-
tion: KNHANES Data from 2011–2019. Int J Environ Res Public Health. 
2022;19(10):6140.

 46. Li Y, Cai T, Wang H, Guo G. Achieved educational attainment, inherited 
genetic endowment for education, and obesity. Biodemography Soc Biol. 
2021;66(2):132–44.

 47. Boden-Albala B, Sacco RL. Lifestyle factors and stroke risk: exercise, 
alcohol, diet, obesity, smoking, drug use, and stress. Curr Atheroscler Rep. 
2000;2(2):160–6.

 48. O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, Rao-Melacini P, Ranga-
rajan S, Islam S, Pais P, McQueen MJ, et al. Risk factors for ischaemic and 
intracerebral haemorrhagic stroke in 22 countries (the INTERSTROKE 
study): a case-control study. Lancet. 2010;376(9735):112–23.

 49. Mosli HH, Kutbi HA, Alhasan AH, Mosli RH. Understanding the interrela-
tionship between Education, Income, and obesity among adults in Saudi 
Arabia. Obes Facts. 2020;13(1):77–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Modifiable risk factors that mediate the effect of educational attainment on the risk of stroke: a network Mendelian randomization study
	Abstract 
	Background 
	Materials and methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Overall study design
	Data sources
	Statistical analysis
	Univariable MR analysis
	Multivariable MR analysis


	Results
	Network relationship among educational attainment, stroke, and four mediators in univariable MR
	Multivariable MR and mediation analyses

	Discussion
	Anchor 18
	Acknowledgements
	References


