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Normal University, Fuzhou, China

Introduction: In individuals with high educational levels, moderate to vigorous
physical activity (MVPA) is often elevated, yet the causal direction and the role
of cognitive performance in this association remain ambiguous. Herein, Mendel
randomization (MR) was employed to measure the causal relationship between
education, cognitive performance, and moderate to vigorous physical activity.
The purpose of this study was to analyze the causal effects of educational
attainment on moderate-to-vigorous physical activity (MVPA) levels and to
explore potential mediating factors.

Methods: Two-sample univariate MR analysis was conducted to assess the
overall effect of education on moderate to severe physical activity. Besides,
a two-step MR analysis was carried out to evaluate the mediating effect of
cognitive performance on the impact of education on moderate to severe
physical activity. Individuals included were exclusively of European ancestry,
with data gathered from extensive genome-wide association studies (GWAS)
on education (n = 470,941), cognitive performance (n = 257,841), and moderate-
to-vigorous physical activity (MVPA) (n = 377,234). Educational attainment was
measured by college graduation status. Cognitive performance encompasses
not only psycho-motor speed, memory, and abstract reasoning abilities but also
knowledge and skills acquired in professional domains. MVPA is defined as any
physical activity that produces a metabolic equivalent (MET) of >3.0.

Results: The positive two-sample MR analysis showed that education level had
a significant protective effect on MVPA deficiency (p =—-0.276, 95% Cl = -0.354
to —0.199, p=2.866x107%). However, the reverse two-sample MR analysis
showed that MVPA had no significant causal relationship with education level
(p = 0.165). Subsequently, the two-step MR analysis indicated that the potential
causal protective effect of education on the risk of MVPA deficiency was
mostly mediated by cognitive performance (mediating effect p=-0.235, 95%
Cl=-0434 to —0.036, and the intermediary ratio was 85.061%).

Discussion: Cognitive performance holds considerable significance in the
relationship between education level and MVPA. Consequently, the intervention
of cognitive performance may greatly improve the risk of physical inactivity
caused by education, thereby promoting individual health.
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1 Introduction

Regular moderate to severe PA (MVPA) can bring more additional
health benefits, including reducing the risk of obesity, cardiovascular
disease and degenerative symptoms (Mountjoy et al., 2011). As per the
World Health Organization’s guidelines on physical activity (WHO,
2010), adults should aim for at least 150 min of moderate-intensity
physical activity or 75 min of high-intensity physical activity per week,
or an equivalent combination of both. However, in 2016, more than a
quarter of the world’s adults were reported not to get enough physical
activity. This left more than 1.4 billion adults vulnerable to developing
or worsening diseases associated with physical inactivity, demanding
urgent solutions (Guthold et al., 2018).

The level of education is usually measured by educational
background or years of schooling. Education level (EA) is moderately
heritable (Cutler and Lleras-Muney, 2006; Branigan et al., 2013), and
has important correlation with health outcomes (Conti et al., 2010).
For example, people with higher education tend to live longer
(Mackenbach et al., 2008). Highly educated individuals often possess
a better understanding of sports and health, leading them to actively
engage in MVPA more frequently. However, there are also studies
indicating a positive bivariate correlation between education level and
sedentary behavior, and a negative correlation between education level
and mild PA (Comes et al., 2019). Therefore, the causal relationship
and potential mechanism between education level and physical
activity are still unclear, leading to ongoing debates in the field.

Cognitive ability is an important predictor of education, health,
and longevity (Lovdén et al.,, 2020), which usually includes fluid ability
and crystallization ability (Baltes et al., 1999). On the one hand,
cognitive performance is closely related to education level. In the
general population, higher education level is related to higher
neurocognitive test performance (Elliott et al., 2019). On the other
hand, low cognitive performance often correlates with low levels of
physical activity. Patients experiencing cognitive impairment typically
engage in minimal physical activity and often struggle with adhering
to exercise interventions. Severely mentally ill patients exhibit a
notable decrease in strenuous exercise and an increase in sedentary
behavior (Stubbs et al., 2016; Vancampfort et al., 2016). Therefore,
cognitive performance seems to be a mediating factor in the causal
relationship between education level and MVPA.

The recent large-scale genome-wide association study (GWAS) on
education (1=480,941), cognitive performance (n=257,841) and MVPA
(n=377,234) offers an opportunity to clarify the complex causal
relationship through MR analysis. This method uses genetic variation as
a proxy for the phenotype of interest (i.e., instrumental variable) to assess
causality. In contrast to observational studies, MR analysis benefits from
the characteristics of heritable and randomly assigned genetic variation.
This advantage allows MR analysis to mitigate potential confounding
factors and reverse causal bias (Smith and Ebrahim, 2003; Zheng et al.,
2017). The objective of this study is to apply the MR framework to
investigate the impact of education and cognitive performance on
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MVPA levels. For cognitive performance factors that are supported by
MR analysis to have a causal effect on MVPA, we aim to further employ
MR mediation analysis to examine the extent to which these cognitive
factors may mediate the influence of educational attainment. Our
research hypotheses are twofold: (1) Educational attainment has a
negative linear relationship with the risk of insufficient moderate-to-
vigorous physical activity; and (2) Cognitive performance plays a crucial
role in the pathway from educational attainment to MVPA. This study
has important implications for designing targeted public health policies
to improve MVPA and minimize health-related social disparities.

2 Method

Herein, two-sample univariate and two-step MR analyses were
employed to assess the causal relationship between education level,
cognitive performance, and MVPA (Figure 1). Through univariate MR
analysis, the total causal impact of education level on MVPA was
evaluated. In addition, two-step MR analysis was carried out to assess
the potential mediating role of cognitive performance between
education level and MVPA. The GWAS data used in this study were
hereby summarized, as shown in Table 1. The genetic association for
educational attainment was estimated from a GWAS of 480,941
individuals of European descent (Loh et al., 2018). Educational
attainment was harmonized across cohorts using the International
Standard Classification of Education (Okbay et al., 2016). Genetic
association estimates for cognitive performance were obtained from a
GWAS conducted on 257,841 white individuals (Klimentidis et al.,
2018). The measure of cognitive performance was the respondent’s
score on a language-based cognitive test, specifically a cognitive test
from the Wisconsin Longitudinal Study (WLS) that has excellent retest
reliability and psychometric properties. Genetic association estimates
for MVPA were obtained from a GWAS involving 377,234 white
individuals (Lee et al., 2018). A large prospective cohort study from
the UK Biobank included MVPA-related self-reported outcomes in a
manner similar to the International Physical Activity Questionnaire,
wrist-worn accelerometer variables, and genetic data. Full details of
the GWAS analyses can be found in their original publications.

2.1 Design

MR is a gene-based analysis method that leverages the random
distribution of gene variation during pregnancy to infer the causal
effect of exposure on the results. SNPs used as genetic tools in MR
analysis must meet the following three basic assumptions: (1) Genetic
variation must be truly related to exposure; (2) Genetic variation
should not be associated with any confounding factors related to
exposure outcome; (3) No direct correlation exists between genetic
variation and results. Specifically, the inclusion criteria for the (1)
relevance assumption: the inclusion criteria were SNPs strongly
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FIGURE 1
Graphical summary of the design of this study.

TABLE 1 Overview of GWAS data used in MR.

Number of
participants

Phenotype

Ancestry

Author

Pubmed ID @ Source
(accessed on

11 April, 2024)

Year of
publication

Educational 470,941 European Loh PR

attainment

2018 29,892,013 https://gwas.mrcieu.
ac.uk/datasets/ebi-a-

GCST90029012/

MVPA 377,234 European

Klimentidis YC

2018 29,899,525 https://gwas.mrcieu.
ac.uk/datasets/ebi-a-

GCST006097/

Cognitive performance 257,841 European Lee]]

2018 30,038,396 https://gwas.mrcieu.
ac.uk/datasets/ebi-a-

GCST006572/

correlated with the exposure (statistical significance p<5x107,
linkage disequilibrium r*<0.001, strength statistic F>10), while the
exclusion criteria were SNPs not significantly or weakly correlated
with the exposure factors; (2) independence assumption: the inclusion
criteria were SNPs unrelated to confounders, and the exclusion criteria
were SNPs associated with multiple confounders or known genetic
factors influencing the outcome; (3) exclusion-restriction assumption:
the inclusion criteria were SNPs unrelated to the outcome, and the
exclusion criteria were SNPs related to the outcome. More details of
this method have been previously described (Dimou and Tsilidis,
2018). The present study adhered to the STROBE-MR guidelines
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(Skrivankova et al., 2021). In addition, the present analysis lacked
preview registration, so the results should be considered exploratory.

2.2 Data sources

Therefore, each exposure instrument considered in the univariable
MR analyses was selected as variants associated with genome-wide
significance (p<5x107®), linkage disequilibrium r*<0.001, and
clustered variants distance >10,000 kb with the exposure. Additionally,
to assess instrument strength, F statistics were calculated for each
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genetic instrument. In cases where the target SNP was unavailable in
the result dataset, a proxy SNP with an R2>0.8 was used as a
substitute. A total of 205 education level SNPs (Supplementary Table S1)
were selected as genetic tools. Herein, the average F statistic of
education level was 45.885 (ranging from 28.913 to 198.930)
(Supplementary Table S2). Besides, a total of 19 MVPA SNPs
(Supplementary Table S3) were selected as genetic tools. The average
F statistic of MVPA was 34.393 (ranging from 29.984 to 51.824)
(Supplementary Table S4). Additionally, 139 cognitive performance
SNPs (Supplementary Table S5) were selected as genetic tools. The
average F statistic of cognitive performance was 43.742 (ranging from
29.793 to 125.282) (Supplementary Table S6).

2.3 Preliminary analysis

In this study, a single-variable MR approach was employed.
Specifically, a two-sample two-way MR analysis was conducted to
evaluate the causal relationship between education level and
MVPA. The instrumental variable for the exposure data, derived from
the GWAS results, was extracted using the SNP tool. In order to
ensure correct coordination of alleles, SNPs were targeted, so that the
effect variants of exposure and results corresponded to the same allele
(Hemani et al., 2018). The main result was generated using the inverse
variance weighted (IVW) method of random effects. It should
be noted that the IVW method provides unbiased estimates only
when the assumption of balanced or non-existent pleiotropy holds
(Hemani et al., 2018). Other MR methods included MR Egger,
Weighted media, Weighted mode, and Simple mode.

For all significant MR results regarding the association between
education level and physical activity, a two-step MR analysis was
conducted to examine the potential mediating effect of cognitive
performance. Two-step MR assesses whether intermediate traits act
as mediators between exposure and outcome (Relton and Davey
Smith, 2012). When exposure affected mediating variables and then
impacted outcomes, the “coefficient product” was utilized
(VanderWeele, 2016). Subsequently, the total effect of education level
was decomposed into direct effects (i.e., the impact of education level
on MVPA irrelevant to mediation) and indirect effect (i.e., the
influence of education level on MVPA through mediation). Currently,
this method has been extensively used (Burgess et al., 2015).

2.4 Sensitivity analysis

A genetic variation was deemed weak when the F-statistic was
below 10. Such weakness might introduce deviations in the results
(Palmer et al,, 2011). In addition, multiple sensitivity analysis was
conducted to verify the robustness of MR inspection, such as MR
Egger intercept test, Cochran’s Q test, MR pleiotropic residual sum
and leave-one-out analysis. Furthermore, all MR analyses were
conducted using the TwoSampleMR package (version 0.5.8) in R
(version 4.3.2). The original data and code files were stored in the
Open Science Framework.'

1 https://osf.io/crwah/
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2.5 Measuring the strength of evidence

Beta is the causal effect size we aim to estimate, i.e., the impact of
the exposure factor on the outcome variable. CI is the confidence
interval of the estimated parameter; usually, a 95% confidence interval
is given to indicate the uncertainty of the estimated effect (Bland and
Altman, 1996). The p-value is the p-value for testing the statistical
hypothesis, used to evaluate whether the observed effect is statistically
significant. In this study, the beta and its 95% CI and p-value data were
all calculated and generated by the statistical software R. In this study,
we not only use p-value thresholds to indicate statistical significance
but also interpret the evidence provided by the results by examining
the magnitude of the effect of interest and the width of its 95%
confidence interval, combined with the consistency of the results from
the different methods employed (Wasserstein et al., 2019).

3 Results

3.1 Causal effect of educational attainment
on physical activity levels

Univariate positive MR analysis was hereby conducted to
determine the protective effect of education level on MVPA deficiency.
Higher education was found to be negatively correlated with lower
MVPA (IVW: p=-0.276, 95%CI = —0.354 to —0.199, p=2.866 x 10™'%).
Consistent univariate results were observed when using
Weighted media, Simple mode, and Weighted mode analysis
(Supplementary Figure S1; Supplementary Table 7). In all analyses,
the MR Egger intercept was close to zero, and the 95% CI was narrow.
There was indication of SNP effect heterogeneity, but none of the
analyses pinpointed specific SNPs as drivers of the causal relationship
(Supplementary Figure S2).

The reverse MR analysis showed that MVPA did not affect
educational attainment (IVW: p=0.165). Consistent negative
results were obtained using other MR methods (p>0.05)
(Supplementary Table S8). The MR Egger intercept of all analyses was
close to zero, indicating that horizontal pleiotropy did not significantly
impact the MR results. Besides, Cochrans Q test showed the
heterogeneity of SNP effect. However, one analysis left did not uncover
any abnormal values (Supplementary Figure S3), and the funnel chart
was roughly symmetrical on both sides (Supplementary Figure S4).
The huge difference between univariate forward MR analysis and
reverse MR analysis results (Figure 2) indicated that the causal effect

of education on MVPA might depend on mediators.

3.2 Intermediary analysis

Through a two-step MR analysis, the causal link between education
level and MVPA mediated by cognitive performance indicators was
examined. Initially, education level was utilized as an instrumental
variable to assess the causal relationship between the exposure and
potential mediators. In terms of education level and mediation, a
significant causal relationship was observed (Supplementary Table §9)
(IVW: p=1.639, 95%CI=1.517 to 1.760, p=3.198x 107"**). Secondly, a
relationship between cognitive performance and MVPA deficiency was
identified by using genetic instruments of cognitive performance to
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FIGURE 2
Two-way MR results between education level and MVPA.

TABLE 2 Mediating effect of education level on MVPA’s cognitive performance.

Mediator Total effect  Direct effect Direct effect Mediation effect Types of Mediator
B (95% Cl) A (95% ClI) B (95% ClI) (95% Cl) mediation
Cognitive performance | —0.276 (—0.354 to 1.639 (1.517 to —0.143 (-0.175 to —0.235 (—0.434 to Partial mediation 85.06%
—0.199) 1.760) —0.111) —0.036)

“Direct effect A” indicates the influence of education level on cognitive performance; and “Direct effect B” indicates the influence of cognitive performance on MVPA.

assess the causal impact of mediators on MVPA deficiency
(Supplementary Table S10) IVW: f=—-0.143, 95%CI=—0.175 to —0.111,
p=1.2x10""). Mediation analysis showed that the impact of education
level on MVPA was mostly mediated by cognitive performance, and the
mediating effect of cognitive performance (f=—0.235, 95% CI=—0.434
to —0.036). Besides, the intermediary ratio was 85.061% (Table 2).

4 Discussion

In this study, the causal impact of education on MVPA was
explored using genetic variation as a non-confounding proxy
univariate MR analysis. Through the application of five complementary
univariate MR methods with distinct basic assumptions, the findings
consistently indicated a positive correlation between higher education
levels and a reduced risk of MVPA. Moreover, the reverse MR analysis
demonstrated that MVPA had no causal effect on education level.
Furthermore, given the significant contrast in the causal effects
estimated by univariate forward MR analysis and reverse MR analysis,
a two-step MR analysis was further conducted. This approach revealed
that the influence of education level on the risk of MVPA deficiency
primarily stemmed from the protective effect of cognitive
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performance, with education level playing a partial role. Our work
leverages large-scale GWAS data to investigate the effects of genetically
predicted educational attainment and cognitive performance on
MVPA risk within the MR framework, providing evidence supporting
the protective roles of education and cognitive performance. Following
extensive sensitivity analyses and multiple validity assessments, the
results remained robust.

Our MR analyses identified a protective effect of genetically
predicted educational attainment on MVPA risk. Our findings align with
previously published research conclusions. Specifically, elementary
schools often adopt recess, classroom PA breaks, before- and after-school
programs, and integration of PA with academic lessons to create healthy
school environments that promote students reaching recommended
MVPA levels (Committee on Physical Activity and Physical Education
in the School Environment et al,, 2013). Higher education institutions
typically provide more supportive environments for promoting students
meeting MVPA guidelines, such as highly professional physical
education faculty, rich and diverse sports club activities, and sufficient
advanced sports facilities (Carlson et al., 2014). Educational attainment
may also influence individuals’ socioeconomic resources and
environmental exposures in adulthood, directly or indirectly determining
access to quality healthcare, including exercise prescription interventions
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to achieve MVPA recommendations (Ceci, 1991). Further research
indicates that parental education level in the family can impact children’s
MVPA frequency (Jiménez-Pavon et al., 2012). Parents support their
children’s MVPA levels by indirectly encouraging or directly taking them
to engage in physical exercise (Gustafson and Rhodes, 2006).

On the other hand, our current work also improves upon some
previous studies. Specifically, increasing evidence from behavioral
research and neuroscience suggests that motor and cognitive
development are inherently intertwined (Zhou and Tolmie, 2024).
Physical activity has been found to be significantly associated with
cognitive performance in children and adolescents (Zhang et al.,
2022). Furthermore, our MR study explores the negative correlation
between cognitive performance and MVPA risk, as we employ more
genetic instruments for cognitive performance and provide greater
of MR modeling
assumptions. The protective effect of cognitive performance on

robustness against potential violations
MVPA risk may be attributed to good cognitive performance
assisting individuals in adopting and adhering to healthy behaviors,
as well as increasing awareness of the detrimental effects of
sedentary behavior and knowledge about the health benefits of
MVPA (Bor et al., 2017).

The association between education and cognitive ability is
evident across the adult lifespan and the entire educational
spectrum. Evidence suggests that cognitive ability is related to the
choice to pursue longer education, particularly higher education,
with higher educational attainment correlating with higher baseline
cognitive levels (Lovdén et al., 2020). Concurrently, compared to
individuals with lower educational attainment, those with higher
education have a reduced risk of dementia and Alzheimer’s disease
(AD) in old age (Karp et al., 2004; Caamano-Isorna et al., 2006).
Consistent with these results, our MR study reports a positive
impact of education on cognitive function. A possible explanation
is that education may influence cognitive ability development
through a broad foundation of specific knowledge and skills, such
as improvements in memory, reasoning, cognitive strategies, and
test-taking abilities. It is well known that educational attainment is
heritable, and cognitive performance is considered a downstream
regulatory factor of education. Thus, our evidence supports that the
protective effect of education on MVPA risk is primarily mediated
through cognitive performance, with the underlying mechanism
potentially related to the exceptional self-management awareness
and exercise health participation practices provided to highly
educated individuals.

Therefore, it was hereby proposed that schools held an
indisputable responsibility for fostering the healthy development of
students. This involved instilling a cognitive understanding of health
and promoting a correct comprehension of MVPA. Additionally,
implementing MVPA interventions was essential to assist students in
achieving the recommended levels and reaping the benefits of
MVPA. The correct cognition in student days and the habit of regular
MVPA exercise could facilitate individuals to maintain a healthy
lifestyle in future life. As students transition into society, it is vital for
society to offer necessary support, including fostering a positive social
sports atmosphere, providing ample sports opportunities, and
ensuring top-notch sports infrastructure. Ultimately, individuals must
translate their understanding of the importance of MVPA into daily
behavior and maintain consistent practice in their everyday lives.
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5 Advantages and limitations

This study made the first attempt to comprehensively investigate
the causal relationship between education level, cognitive
performance, and MVPA using the MR method, serving as a genetic
tool selected from the GWAS of the largest and latest education level,
cognitive performance, and MVPA. Under the univariate MR design,
a series of sensitivity analyses were conducted to control the bias of
multiple validity and verify the robustness of MR results. This
research, employing genetic tools, unveiled the predominant causal
link between cognitive performance and the relationship between
education level and MVPA. Overall, the discovery offers fresh insights
into the social disparities in MVPA behavior and health inequality.

However, the research results still have some limitations to
be considered when interpreting the results. First, there was evidence
of heterogeneity implied by Cochran Q statistics. To solve this
problem, the IVW random effects method was chosen as the main MR
method, which was robust to heterogeneity. Secondly, in the MR
analysis of two samples, sample overlap might introduce potential
deviation. Since most of the genetic variations used in the analysis
were strong IV, F statistic > 28.913, and were related to p<5x10 ~*
exposure, any deviations from the expected outcomes were expected
to be minimal. Finally, to address population stratification, the present
analysis focused solely on individuals of European descent. However,
further research involving other racial groups is still warranted to
ensure broader applicability of the findings.

Therefore, it was hereby proposed that schools held an
indisputable responsibility for fostering the healthy development of
students. This involved instilling a cognitive understanding of health
and promoting a correct comprehension of MVPA. Additionally,
implementing MVPA interventions was essential to assist students in
achieving the recommended levels and reaping the benefits of
MVPA. The correct cognition in student days and the habit of regular
MVPA exercise could facilitate individuals to maintain a healthy
lifestyle in future life. As students transition into society, it is vital for
society to offer necessary support, including fostering a positive social
sports atmosphere, providing ample sports opportunities, and
ensuring top-notch sports infrastructure. Ultimately, individuals must
translate their understanding of the importance of MVPA into daily
behavior and maintain consistent practice in their everyday lives. Our
research findings support the potential causal protective effect of
educational attainment on MVPA risk, which is mediated by cognitive
performance. Therefore, educational level and cognitive functioning
may serve as public health targets for reducing the risk of MVPA.

6 Conclusion

This study utilizes genetic data from MR analysis to generate
evidence supporting the protective role of education, with evidence
indicating that the impact of education is primarily mediated through
cognitive performance. One plausible explanation for the crucial role
of cognitive functioning is its potential to exert widespread beneficial
effects on health. These findings underscore the importance of
educational attainment and cognitive performance as partial
determinants of MVPA risk, which may serve as potential targets for
reducing health inequalities stemming from MVPA risk.
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