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ABSTRACT

Background: The background of educational disparities in coronary heart disease (CHD) risk is still
not well understood. We utilized a polygenic score for education (PGSgpy), socioeconomic
indicators, and indicators of CHD risk to investigate whether these disparities result from causality

or are influenced by shared factors.

Methods: Population-based health surveys including baseline measures on cardiometabolic risk
factors at 25 — 70 years of age (N=32,610) and PGSgpy were conducted in Finland between 1992
and 2011. Longitudinal information on education, social class, income, and CHD incidence (1716
CHD cases up to 2019) were based on national registers. Linear regression, Poisson regression, Cox

regression, and linear structural equation models were used.

Results: Education and PGSgpy were inversely associated with body mass index (BMI), systolic
and diastolic blood pressure, total cholesterol and CHD incidence and positively associated with
high-density lipoprotein cholesterol in men and women. Part of the associations of PGSgpy with
CHD incidence (57% in men and 28% in women) and cardiometabolic factors (30 — 55% and 31%
—92%, respectively) were mediated by education, social class, and income, but a substantial part of
them was independent of socioeconomic factors. These associations were consistent across different

levels of education.

Conclusion: PGSgpy captures CHD risk that is not solely attributable to education and other
socioeconomic indicators. This suggests that not only causality affects the educational disparities of
CHD risk, but also factors reflected by PGSgpy can contribute to them. Identifying these factors can

help to understand and reduce socioeconomic health disparities.
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KEY MESSAGES

e What is already known on this topic?

The polygenic score for education is associated with the risk of coronary heart disease, but it
remains uncertain whether this association is solely due to education or if there are other

mechanisms explaining it.

e What this study adds?
The polygenic score for education was found to be associated with the incidence of coronary heart
disease and key cardiometabolic risk factors, but only a portion of these associations could be

explained by measured education, social class, and income.

e How this study might affect research, practice or policy?
Genetic variants related to education provide insight into the risk of coronary heart disease that is

not fully captured by direct measures of socioeconomic position.
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INTRODUCTION

Cardiovascular diseases (CVD) are strongly socially patterned (1), and in Northern Europe, they
account for a significant proportion of socioeconomic mortality inequalities (2). Behavioral factors,
such as smoking, excessive alcohol consumption, and an unhealthy diet, play a crucial role in
mediating the link between low social position and a higher risk of CVD, particularly in Northern
Europe and North America (3). The impact of health behavior on the social disparities in CVD risk
underscores the potential importance of education, as it can improve health through, for example,
better health literacy (4). This hypothesis is supported by a natural experiment in the UK, which
found that a legislation reform to raise the minimum school leaving age resulted in a lower CVD
risk, decreased blood pressure, and reduced smoking rates (5,6). However, no reduction in CVD
mortality was observed following a similar school reform in Sweden (7). Therefore, further research

is needed to understand the underlying mechanisms linking education and CVD risk.

Recent advancements in genetic epidemiology provide new opportunities to gain insight into the
associations between education and CVD. Previous studies have shown that genetic predisposition
to education, as measured by a polygenic score (PGSgpy), is associated with CVD incidence (6,8).
However, aside from the direct influence of education on CVD risk, there are mechanisms that may
explain this association. Education is a multifactorial trait influenced by genetic and environmental
factors (9). PGSgpy correlates with cognitive outcomes (10), and the expression of candidate genes
associated with education is enriched in brain tissue (11). Additionally, there is a significant overlap
in genetic polymorphisms associated with education between European and East Asian populations
(11). This suggests a neurophysiological basis for these genetic influences that is not limited to the
Western social context. In addition to 1Q, genetic factors associated with education can also be

linked to personality factors (12). Since both IQ (13,14) and personality (15) can explain
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socioeconomic inequalities in CHD risk, they offer plausible pathways for how PGSgpy can impact
CHD risk. PGSgpy can also reflect social factors, including childhood family through shared parent-
offspring genetic effects, that can operate indirectly through pathways such as parental education
(16), one’s own family through assortative mating (17), or surrounding environment through
selective migration (18). However, associations between PGSgpy and different health outcomes
have also been found within siblings, suggesting that this association is not solely explained by the
childhood family environment (19,20). Furthermore, external factors that promote or hinder
participation in education can explain the associations between education and CHD risk. These can
be, for example, related to poor material resources leading to lower education than predicted by
cognitive skills. Thus, it is important to consider mechanisms other than the direct impact of

education that contribute to the association between education and CHD risk.

We aim to analyze the association between PGSgpy and coronary heart disease (CHD) risk, both
before and after adjusting for measured education. We present the following hypotheses regarding
the relationship between education and CHD risk: 1) If the association is solely due to the direct
effect of education, PGSgpy is not associated with CHD risk after adjusting for education. ii) If
cognitive and other factors represented by PGSgpy contribute to this association, PGSgpy adjusted
for education is inversely associated with CHD risk. iii) If external factors that either promote or
hinder education contribute to this association, PGSgpy adjusted for education is positively
associated with CHD risk. Our results can help to untangle various biases that can affect the
phenotypic level associations between education and CHD risk found in observational studies and
thus contribute to the triangulation of these findings (21). We will also adjust the results for other
social indicators, as they can capture different aspects of social variation than education (22).

Additionally, we will analyze whether the effect of PGSgpy varies across educational categories.
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CHD risk is assessed using CHD incidence and cardiometabolic risk factors allowing us to consider

the role of potentially preventable risk factors behind CHD incidence.

DATA AND METHODS

Data source

Finnish population-based health surveys (FINRISK 1992, 1997, 2002, 2007, and 2012 surveys,
Health 2000 and 2011 surveys, and FinHealth 2017 survey) with the proportions of respondents
ranging from 65% to 93% were combined (23). During the baseline examination, participants had
their body mass index (BMI), systolic blood pressure (SBP), and diastolic blood pressure (DBP)
measured. They also provided blood samples for genotyping and assessment of total cholesterol and
high-density lipoprotein (HDL) cholesterol levels and self-reported their smoking status (never
smoker, former smoker, current smoker) and the number of alcoholic drinks consumed per week.
Alcohol consumption was converted to pure alcohol and categorized as 0, 1-47, 48—191, and more
than 191 grams of pure alcohol per week (24). These baseline data were linked to several
population-based registers. Due to restrictions on register coverage for socioeconomic indicators,
we selected participants born between 1935 and 1980. After this restriction, all participants were 25
years of age or older at the time of the clinical examination. Participants older than 70 years
(N=1567) were removed to make the data more homogeneous by age. Following these adjustments,

the study cohort consisted of 35,413 participants.

The longitudinal information on CHD incident cases was obtained from the Hospital Discharge
Register for non-fatal cases (ICD-9 codes 410 or 4110 and ICD-10 codes 120.0 and 121 — 122) and

the National Mortality Register for fatal cases without previous hospitalization (ICD-9 codes 410 —
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414 and 798, excluding 7980A and ICD-10 codes 120 — 125, 146, R96 and R98), covering the entire
Finnish population. We excluded individuals with pre-baseline CHD events (N=464), as well as
those with missing data (N=68) or outlier measures (N=521) of the cardiometabolic factors.
Additionally, we randomly removed one individual from pairs with an identity-by-descent (IBD)
value>0.178 (N=1750), indicating at least second-degree relatives. Our final sample size used in all
analyses was 32,610 participants (17,474 women). Participants with missing information on
smoking (N=175) and alcohol consumption (N=592) were removed from analyses adjusted for
health behavior. By the end of follow-up on December 31, 2019, we had 1716 CHD cases during

the 479,248 person-years.

Education and occupation-based social class were derived from the Finnish population register.
Education was based on the highest completed degree up to the end of 2019 and classified into four
categories: basic, secondary, lower tertiary, and higher tertiary education. Secondary education was
the largest category for both men (42%) and women (38%), while a minority of participants (11%
of men and 13% of women) had higher tertiary education (Supplementary table 1). Social class was
measured at the age of 40 or, if missing, at the most recent previous measurement when the
individual was employed and classified into five categories (manual workers, lower non-manual
workers, upper non-manual workers, entrepreneurs, and farmers). Income was based on personal
taxable income from the Tax register. We first calculated the yearly income percentiles among the
35 — 40-year-old population for each year an individual belonged within this age group. Then, we
took the mean of these percentile ranks and split them further into quintiles to also allow for non-
linear associations. Information for education and income was available every 5-years between
1970 and 1985 and yearly between 1987 and 2019. Information on social class was available every
5-years between 1970 and 2005 and yearly between 2006 and 2018. For social class and income,

4055 persons had missing values and were removed from analyses adjusted for these variables.
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We calculated PGSgpy using the summary scores from the genome-wide association (GWA) study
conducted by Okbay and colleagues (10). Participants in the 23andMe data collection were
excluded from these summary scores due to privacy policies. Additionally, individuals overlapping
with our analysis sample were also excluded to prevent overfitting of PGSgpy. PGSgpy was defined
by SBayesR, which generates linkage disequilibrium-weighted scores using the summary GWA
scores and an external banded linkage disequilibrium matrix from HapMap3 single nucleotide
polymorphisms with a minor allele frequency of at least 0.01 in our data (25). Linkage
disequilibrium adjustment of PGSgpy GWA scores was conducted with GCTB 2.03 and genetic
principal components, genetic relatedness, and PGSgpy with PLINK 1.9-2.0 software. In our data,
the correlation between PGSgpy and education was 0.28 in men and 0.27 in women. Furthermore,
we observed that PGSgpy was 0.05 standard deviations (SD) higher in men than in women (95%
confidence intervals (CI) 0.03 — 0.08), suggesting that men are more selected than women in these

cohorts.

Statistical modeling

We initiated the statistical modeling by analyzing the associations between measured education and
cardiometabolic factors (BMI, SBP, DBP, HDL cholesterol, and total cholesterol) using linear
regression and CHD incidence using Poisson regression model. All results were adjusted for age at
baseline, region of residence, the first 10 principal components of genetic population structure, and
the survey round-genotyping batch combination to account for possible population stratification or
subtle differences between genotyping and data collection rounds. Next, we examined the
association between PGSgpy and cardiometabolic factors first at the population level and then

stratified by education. Subsequently, we adjusted the results for education, social class, and
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income. We extended these analyses to examine CHD incidence using the Cox proportional hazards
regression model. In these longitudinal analyses, we initially adjusted the models for age and
population structure indicators, followed by education, social class, and income, then for
cardiometabolic risk factors, and finally for smoking and alcohol consumption as indicators of
health behavior. Given the correlation between SBP and DBP (0.59 in men and 0.60 in women
when adjusted for age and age square) and the weak association of DBP with CHD incidence in the
model including SBP (p=0.726 and 0.515, respectively), we only included SBP in the models to
avoid multicollinearity. Following these analyses, we quantified the direct and indirect effects of
PGSgpy (i.e., effects mediated via observed education) on cardiometabolic factors and CHD risk
using structural equation methodology (Supplementary figure 1). The modeling was performed
using Stata 16.1 statistical software. Huber-White standard errors were utilized to address potential
heteroscedasticity of residuals in the regression models. P-values were calculated using the

goodness of fit statistics of the nested models.

RESULTS

Table 1 presents the means of cardiometabolic traits and CHD incidence by education and sex
adjusted for age and population stratification (the unadjusted statistics are available in
Supplementary tables 1 and 2). Women had healthier cardiometabolic values (lower BMI, blood
pressure, and total cholesterol and higher HDL-cholesterol) and lower CHD incidence compared to
men. In both men and women, those with higher education had a lower risk of CHD. When all
educational coefficients were tested together, they showed associations with cardiometabolic factors
(p<0.00001) and CHD incidence (p<0.00001 in men and p=0.0002 in women). However, these
social gradients were more pronounced in women than in men, as indicated by the interaction

effects between sex and education used as a categorized variable (p<0.00001 for BMI and blood
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pressure, p=0.030 for total cholesterol, and p=0.0803 for HDL-cholesterol; the interaction

parameters are available in Supplementary table 3).

Table 2 presents the mean differences of cardiometabolic traits per 1 SD of PGSgpy (for HDL and
total cholesterol, the regression coefficients were multiplied by 100 to reduce the number of
decimals). Higher PGSgpy was associated with healthier cardiometabolic values (lower BMI, blood
pressure, and total cholesterol and higher HDL-cholesterol) in both men and women (Model 1).
When comparing the regression coefficients of PGSgpy between sexes and testing for interaction
effects, the associations with PGSgpy were stronger for women than for men in BMI (p<0.0001)
and HDL-cholesterol (p=0.0039). Sex interactions for SBP and DBP were small and could be
attributed to sampling error. For total cholesterol, the association with PGSgpy was slightly stronger
in men than in women (p=0.0600). After adjusting for education, social class, and income (Model
2), the associations between PGSgpy and cardiometabolic traits decreased by 31% to 52% but
remained statistically significant. The only exception was total cholesterol in women, where the
association was almost fully explained (92%). PGSgpy was associated with cardiometabolic traits
across all educational categories (Model 1) without significant differences between them (p-values
of the interactions between classified education and PGSgpy 0.0316 — 0.9351). Adjustments for
social class and income explained a portion of the associations in analyses stratified by education
(Model 2), but the decrease in the estimates was generally smaller than what was found in the

analyses including all men and women.

Next, we analyzed how PGSgpy was associated with CHD incidence (Table 3). Higher PGSgpy was
found to be associated with a lower risk of CHD, with hazard ratios per 1 SD of PGSgpy being
consistent in both men (HR=0.86) and women (HR=0.86) (p-value of the interaction between sex

and PGSgpy 0.6566) (Model 1). When studying all participants, adjustments for education, income,
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and social class explained a portion of this association (57% in men and 28% in women), yet
PGSgpy remained associated with CHD incidence (Model 2). Further adjustments for
cardiometabolic factors (Model 3) weakened these associations (additional 15% in men 21% in
women compared to Model 1). Finally, the adjustments for smoking and alcohol consumption fully
explained the association between PGSgpy and CHD incidence in men (Model 4). When stratified
by education, PGSgpy showed a weak association with CHD (Model 1). The associations between
PGSgpy and CHD incidence were consistent across educational categories, with the p-values of
interaction effects between PGSgpy and categorized education not reaching statistical significance
(p=0.6315 — 0.8130). Adjustments for income and social class (Model 2) and cardiometabolic
factors (Model 3) further reduced the associations between PGSgpy and CHD incidence and the
adjustments for smoking and alcohol consumption fully explained them in men (Model 4) when

stratified by education.

Finally, we estimated the direct and indirect effects of PGSgpy (mediated via observed education)
on cardiometabolic factors and CHD risk (Table 4) using structural equation modeling
(Supplementary figure 1). The proportions of mediated influences of PGSgpy varied from 20% for
DBP in females to 84% for total cholesterol in females. However, both the direct and indirect

influences of PGSgpy were statistically significant.

DISCUSSION

Main findings

In this large population-based study, we found that genetic liability for higher education, as

measured by PGSgpy, was associated with lower CHD incidence and healthier cardiometabolic risk
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profiles. These associations were partially explained by measured education, occupational-based
social class, and income, but they persisted even after these adjustments. PGSgpy was also
associated with CHD incidence and cardiometabolic risk factors in a similar way across different
levels of education. The adjustment for metabolic and behavioral risk factors of CHD largely
explained the association between PGSgpy and CHD incidence supporting the idea that behavioral
factors are important mediators between genetic liability for education and CHD risk. Previous
studies have shown associations between PGSgpy and CHD risk (6,8), and similar associations
between PGSgpy and various health outcomes have also been found within sibling pairs (19,20).
Our results suggest that the associations from PGSgpy to CHD risk are not solely through education
or other socioeconomic indicators associated with education, but rather there may be additional
mechanisms mediating these associations. Genetic variants related to education, and more broadly
socioeconomic status, can thus provide new insights into the mechanisms mediating the impact of

low socioeconomic status on adverse health outcomes that have been discussed for decades (26).

Possible explanations

PGSgpy reflects psychological and social factors that likely contribute to the direct effect of PGSgpy
on CHD risk. In contrast, external factors that hinder or promote education do not seem to affect
CHD risk. PGSgpy is associated with cognitive outcomes (10), and the expression of candidate
genes related to education is enriched in brain tissue suggesting that cognitive factors play a
significant role (11). Additionally, personality can explain the genetic liability of education (12).
Both 1Q (13,14) and personality (15) are linked to CHD risk, supporting their contribution to the
association between PGSgpy and CHD risk. We also found that the association between PGSgpy
and CHD risk remains consistent across all levels of educational classification including those with

only basic education. This aligns with a previous study indicating that IQ measured in early
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childhood was associated with CHD mortality across various levels of parental education, own
education, and social class (27). PGSgpy can also reflect social factors, especially the childhood
home (16), one’s own family (17), and the neighborhood of residence (18), all of which can impact
CHD risk (28). While we cannot separate these social effects from individual-level psychological
factors, our results indicate that if they have impact on CHD risk, these associations can be
independent of education and other social indicators. It is also possible that educational
classification may not capture all variation in education that could lead to lower CHD risk. For
instance, high family social position increases the likelihood of studying fields like law, economics,
and medicine in Finland, which typically result in high social status (29). However, even after
adjusting for occupation-based social position and incomes, PGSgpy remained associated with CHD

risk.

Sex differences

Even though educational disparities in CHD incidence and cardiometabolic factors were evident in
both sexes, these associations were systematically stronger in women than in men. Previous studies
have shown that while social differences in smoking (30) and alcohol consumption (31) are larger
in men than in women, social differences in obesity are typically larger in women (32). Thus, the
sex interactions with social indicators can vary between health outcomes. Interestingly, we found
that when using PGSgpy, the sex interactions were not as consistent as those found for education,
and stronger associations in women were evident only for BMI and HDL-cholesterol. These
findings may reflect lower statistical power for PGSgpy compared to observed education, but they
may also indicate real differences in the background of educational health inequalities between men
and women. For example, it is possible that in women, education is more directly associated with

CHD risk than in men due to stronger cultural pressure on health-related behaviors among highly
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educated women. This has been observed in relation to BMI (32), but solid evidence is still lacking

for other potential health behaviors affecting CHD risk, such as diet and physical exercise.

Strengths and limitations

Our data have both strengths and limitations. The strengths of our data include a large sample size
that allowed us to reliably estimate the associations between PGSgpy and CHD risk, as well as the
high response rates for the baseline surveys that reduced biases related to participant selectivity. All
social indicators were register-based eliminating recall bias. Additionally, we were able to reduce
measurement heterogeneity by assessing social position at the same age. Our register-based follow-
up of fatal and non-fatal CHD incidence minimized bias due to selective drop-out. However, despite
the high response rates, there is likely selection bias in our data, as participation rates are higher
among those with higher education (33). This bias may be more pronounced in men, as we observed
slightly higher PGSgpy in men. The correlation between PGSgpy and education was lower in our
data than in the original GWA study (10), which may be because of genetic differences between

Finnish and other European populations (34).

CONCLUSIONS

We found that PGSgpy is associated with CHD incidence and cardiometabolic factors. These
associations are only partially mediated by education itself or other indicators of social position.
While educational gradients were steeper in women compared to men, there was less evidence for
sex interactions with PGSgpy. Our results suggest that PGSgpy captures CHD risk that is not solely
attributable to education or other socioeconomic indicators. This suggests that PGSgpy may capture

residual variation in social position that is not measured by available socioeconomic indicators, but
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it can also indicate different mechanisms than causal effects contributing to educational disparities
in CHD risk. Genetic-level data may provide new insights into the underlying mechanisms of social

disparities in CHD incidence.
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Table 1. Model based means of cardiometabolic factors and coronary heart disease incidence by education and sex.

BMI SBP DBP HDL-cholesterol | Total cholesterol CHD incidence
(kg/m?)! (mmHg)! (mmHg)! (mmol/L)! (mmol/L)! cases/1000 person
years?
mean (95% CI) mean (95% CI) mean (95% CI) mean (95% CI) mean (95% CI) rate (95% CI)

Men

All 27.1(27.0,27.1) | 135(135,135) | 83.1(83.0,83.3) | 1.30(1.30, 1.31) | 5.54(5.53,5.56) | 2.85(1.92,4.24)
Basic 27.5(27.4,27.7) | 137(136,137) | 83.9(83.5,84.2) | 1.29(1.28,1.30) | 5.63(5.60,5.67) | 3.77(2.29, 6.20)
Secondary 27.2(27.1,27.3) 135 (135, 136) 83.3(83.0,83.5) | 1.30(1.29,1.31) | 5.58(5.55,5.60) | 3.37(2.06,5.51)
Lower tertiary 27.0(26.8,27.1) | 135(134,135) | 83.3(82.9,83.6) | 1.30(1.29, 1.31) | 5.50 (5.46,5.53) | 2.43 (1.47,4.03)
Higher tertiary 26.1(26.0, 26.3) 133 (132, 134) 82.0 (81.5,82.5) | 1.33(1.32,1.35) | 5.42(5.37,5.46) 1.73 (1.00, 2.99)
p-value <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001
education?

Women

All 26.3(26.3,26.4) | 130(130,130) | 78.7(78.5,78.8) | 1.57(1.56,1.58) | 5.46 (5.45,5.48) | 1.15(0.77, 1.71)
Basic 27.3 (27.1,27.5) 132 (132, 133) 79.3(78.9,79.7) | 1.54(1.53,1.56) | 5.54(5.51,5.58) 1.45(0.72, 2.94)
Secondary 26.6 (26.5,26.7) | 130(130,131) | 78.7(78.4,78.9) | 1.56(1.55,1.57) | 5.47(5.45,5.50) | 1.28(0.64,2.55)
Lower tertiary 25.9 (25.8, 26.0) 129 (128, 129) 78.4(78.1,78.6) | 1.58(1.57,1.59) | 5.39(5.37,5.42) | 0.87(0.43,1.76)
Higher tertiary 24.9 (24.8,25.1) | 127(126,128) | 77.6(77.2,78.0) | 1.62(1.61,1.64) | 5.39(5.35,5.43) | 0.74(0.34, 1.61)
p-value <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 0.0002
education?

p-value <0.00001 <0.00001 <0.00001 0.0803 0.0303 0.4428
sex*education®

'Values based on linear regression models holding control variables (age, age squared, 10 first principal components of population structure,
region of residence, and the combination of data collection and genotyping batch) at their observed values.
ZValues based on Poisson regression model holding control variables (age centralized as mean age of population, 10 first principal components of
population structure, region of residence, and the combination of data collection and genotyping batch) at their observed values.
3P-value of the main effect of education used as a categorized variable.
4P-value of the interaction effect between sex and education used as a categorized variable.
Abbreviations: BMI, body mass index; CHD, coronary heart disease; CI, confidence interval, DBP, diastolic blood pressure; HDL, high density
lipoprotein; LL, lower limit; SBP, systolic blood pressure; UL, upper limit
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Table 2. The regression coefficients (B) per one standard deviation of PGS of education on cardiometabolic factors stratified by education and

sex.!
Model 1 Model 2
Men Women p-value Men Women p-value

B (95% CI) B (95% CI) sex*PGS? B (95% CI) B (95% CI) sex*PGS?
BMI (kg/m?)
All -0.28 (-0.35, -0.22) -0.50 (-0.57,-0.43) | <0.00001 | -0.19 (-0.27, -0.12) -0.34 (-0.42,-0.27) | <0.00001
Basic -0.15 (-0.29, -0.01) -0.48 (-0.65, -0.30) 0.0082 | -0.13(-0.28,0.01) -0.45 (-0.63, -0.27) 0.0172
Secondary -0.19 (-0.29, -0.08) -0.32 (-0.44, -0.20) 0.0690 | -0.21 (-0.32,-0.10) -0.33 (-0.45, -0.20) 0.0946
Lower tertiary -0.19 (-0.33, -0.05) -0.32 (-0.45, -0.19) 0.4147 | -0.19 (-0.34, -0.04) -0.34 (-0.48, -0.19) 0.3154
Higher tertiary -0.35 (-0.53,-0.17) -0.18 (-0.34, -0.01) 0.1424 | -0.30(-0.49,-0.11) -0.24 (-0.41, -0.07) 0.5009
p-value 0.1879 0.2186 0.3980 0.5720
education*PGS?
SBP (mmHg)
All -0.87 (-1.13, -0.62) -1.07 (-1.31, -0.83) 0.3613 | -0.61(-0.90, -0.32) -0.63 (-0.89, -0.36) 0.7302
Basic -0.12 (-0.69, 0.46) -0.26 (-0.87, 0.35) 0.9537 | -0.07 (-0.69, 0.54) -0.11 (-0.76, 0.54) 0.6489
Secondary -0.74 (-1.15, -0.34) -0.68 (-1.09, -0.27) 0.3178 | -0.67 (-1.10, -0.23) -0.59 (-1.02, -0.15) 0.3370
Lower tertiary -1.02 (-1.59, -0.45) -0.91 (-1.35,-0.47) 0.2664 | -1.16 (-1.77,-0.55) -0.84 (-1.31, -0.38) 0.1226
Higher tertiary -0.76 (-1.56, 0.04) -0.95 (-1.58, -0.32) 0.6354 | -0.82 (-1.69, 0.06) -1.04 (-1.71, -0.37) 0.5605
p-value 0.0883 0.1860 0.0698 0.0986
education*PGS3
DBP (mmHg)
All -0.31 (-0.47,-0.14) -0.49 (-0.63, -0.35) 0.1879 | -0.19 (-0.38, 0.00) -0.39 (-0.55, -0.23) 0.2343
Basic 0.16 (-0.19, 0.52) -0.17 (-0.51, 0.17) 0.2274 | 0.19 (-0.18, 0.56) -0.17 (-0.53, 0.20) 0.2679
Secondary -0.22 (-0.48, 0.05) -0.38 (-0.63, -0.14) 0.7567 | -0.15(-0.44, 0.14) -0.38 (-0.64, -0.12) 0.5311
Lower tertiary -0.57 (-0.95, -0.19) -0.41 (-0.70, -0.13) 0.2466 | -0.65 (-1.06, -0.24) -0.41 (-0.71,-0.11) 0.2428
Higher tertiary -0.28 (-0.81, 0.25) -0.71 (-1.11, -0.32) 0.2716 | -0.40 (-0.99, 0.19) -0.69 (-1.11, -0.26) 0.5136
p-value 0.0316 0.1886 0.0339 0.2419
education*PGS?
HDL-cholesterol
(100*mmol/L)
All 0.69 (0.17, 1.22) 1.72 (1.18, 2.26) 0.0039 | 0.45 (-0.14, 1.04) 1.19 (0.58, 1.81) 0.0042
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Basic 0.24 (-0.89, 1.38) 1.52 (0.21, 2.82) 0.1061 0.19 (-1.02, 1.40) 1.29 (-0.10, 2.69) 0.1204
Secondary 0.32 (-0.50, 1.15) 0.82 (-0.10, 1.75) 0.2573 | 0.36(-0.55, 1.26) 0.96 (-0.04, 1.96) 0.2097
Lower tertiary 0.67 (-0.48, 1.82) 1.60 (0.52, 2.67) 0.2632 0.58 (-0.68, 1.85) 1.59 (0.44, 2.74) 0.2775
Higher tertiary 0.30 (-1.42, 2.02) 0.76 (-0.77, 2.29) 0.5462 | 0.54 (-1.28,2.37) 1.02 (-0.64, 2.69) 0.5653
p-value 0.8334 0.6663 0.8471 0.8214

education*PGS?

Total cholesterol

(100*mmol/L)

All 3.51(-5.14,-1.87) | -2.00(-3.41,-0.59) 0.0600 | -1.59(-3.42,0.23) | -0.17(-1.76, 1.42) 0.0338
Basic -0.47 (-3.95, 3.01) -2.88 (-6.30, 0.55) 0.8468 | -0.86 (-4.59, 2.87) -1.78 (-5.41, 1.85) 0.5422
Secondary 2.11 (-4.76, 0.53) 1.36 (-1.05, 3.78) 0.0023 | -1.80 (-4.65, 1.05) 1.13 (-1.47, 3.74) 0.0060
Lower tertiary -2.77 (-6.35, 0.80) -0.99 (-3.72, 1.73) 0.1220 | -2.07 (-5.95, 1.80) -0.15 (-3.10, 2.81) 0.1717
Higher tertiary 2.06 (-7.00,2.89) | -1.98(-6.00, 2.03) 0.5375 | -0.96 (-6.26,4.35) | -1.23 (-5.56, 3.09) 0.7481
p-value 0.7906 0.1376 0.9351 0.3259

education*PGS?

Model 1= age, age squared, 10 first principal components of population structure, region of residence, and the combination of data collection and

genotyping batch

Model 2=Model 1 + education (only for the analyses including all men and women) + occupational based social class + incomes
A separate model was conducted for each cardiometabolic outcome.
2P-value of interaction between sex and PGSgpy within each educational category.
3P-value of interaction between categorical education and PGSgpy.
Abbreviations: BMI, body mass index; CHD, coronary heart disease; CI, confidence interval, DBP, diastolic blood pressure; HDL, high density
lipoprotein; LL, lower limit; PGS, polygenic score; SBP, systolic blood pressure; UL, upper limit
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Table 3. Hazard ratios (HR) of coronary heart disease incidence for one SD change of PGS of
education by education and sex.
Men Women p-value

HR (95% CI) HR (95% CI) sex*PGS!
Model 1
All 0.88 (0.83, 0.94) 0.86 (0.79, 0.94) 0.6566
Basic 0.93 (0.85, 1.02) 0.95 (0.82, 1.09) 0.6011
Secondary 0.92 (0.83,1.01) 0.85 (0.73, 1.00) 0.5656
Lower tertiary 0.95 (0.81, 1.12) 0.89 (0.70, 1.14) 0.4422
Higher tertiary 0.99 (0.72, 1.36) 0.79 (0.48, 1.30) 0.5373
p-value education*PGS? 0.8130 0.7538
Model 2
All 0.95 (0.89, 1.01) 0.90 (0.82, 0.99) 0.4529
Basic 0.95 (0.87, 1.05) 0.96 (0.83,1.11) 0.7247
Secondary 0.92 (0.83, 1.02) 0.86 (0.73, 1.00) 0.5063
Lower tertiary 0.97 (0.82, 1.14) 0.89 (0.69, 1.14) 0.2894
Higher tertiary 1.08 (0.77, 1.53) 0.84 (0.50, 1.14) 0.3224
p-value education*PGS? 0.6918 0.6751
Model 3
All 0.97 (0.91, 1.03) 0.92 (0.83, 1.01) 0.4760
Basic 0.97 (0.88, 1.06) 0.97 (0.84, 1.12) 0.6965
Secondary 0.93 (0.84, 1.04) 0.87 (0.74, 1.02) 0.4518
Lower tertiary 1.00 (0.85, 1.18) 0.89 (0.70, 1.15) 0.2168
Higher tertiary 1.06 (0.74, 1.52) 0.87 (0.50, 1.51) 0.3244
p-value education*PGS? 0.6245 0.6928
Model 4
All 0.99 (0.93, 1.05) 0.92 (0.84, 1.02) 0.4206
Basic 0.99 (0.90, 1.09) 0.99 (0.85, 1.15) 0.7808
Secondary 0.96 (0.87, 1.07) 0.87 (0.74, 1.02) 0.3242
Lower tertiary 0.99 (0.84, 1.17) 0.87 (0.68, 1.13) 0.2737
Higher tertiary 1.11 (0.75, 1.62) 0.85(0.47,1.54) 0.2919
p-value education*PGS? 0.7935 0.6132

Model 1=age, age squared, 10 first principal components of population structure, region of
residence, and the combination of data collection and genotyping batch
Model 2=Model 1 + education (only for the analyses including all men and women) + occupational

based social class + incomes

Model 3=Model 2 + BMI + SBP + HDL-cholesterol + total cholesterol
Model 4=Model 2 + BMI + SBP + HDL-cholesterol + total cholesterol + smoking status + alcohol

consumption

P-value of interaction between sex and PGSgpy within each educational category.
2P-value of interaction between categorical education and PGSgpy.

Abbreviations: BMI, body mass index; CI, confidence interval, DBP, diastolic blood pressure;
HDL, high density lipoprotein; LL, lower limit; PGS, polygenic score; SBP, systolic blood

pressure; UL, upper limit
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1

2

3 Table 4. Direct and indirect effects of the PGS of education on cardiometabolic factors and CHD

4 risk.!

5

6

7 Education (mediator) PGSgpy

8 Effect on outcome Direct effect on Indirect effect on %>
?O outcome outcome via mediator

11 B/HR? (95% CI) B/HR? (95% CI) B/HR? (95% CI)

12 Males

13 BMI -0.36 (-0.43, -0.29) -0.19 (-0.26, -0.13) -0.09 (-0.11, -0.07) 32
14 SBP -1.20 (-1.49, -0.90) -0.57 (-0.83, -0.30) -0.29 (-0.37,-0.22) 34
:2 DBP -0.48 (-0.67, -0.28) -0.19 (-0.36, -0.01) -0.12 (-0.16, -0.07) 39
17 HDL 0.98 (0.38, 1.58) 0.44 (-0.10, 0.98) 0.24 (0.09, 0.39) 35
18 cholesterol

19 Total -7.70 (-9.60, -5.80) -1.50 (-3.22, 0.21) -1.89 (-2.37,-1.41) 56
20 cholesterol

21 CHD risk* 0.85 (0.83, 0.87) 0.92 (0.90, 0.94) 0.96 (0.95, 0.97) 51
;2 Females

22 BMI -0.66 (-0.74, -0.58) -0.33 (-0.40, -0.26) -0.17 (-0.19, -0.14) 34
25 SBP -1.57 (-1.86, -1.28) -0.67 (-0.92, -0.42) -0.40 (-0.47,-0.32) 37
26 DBP -0.40 (-0.57, -0.22) -0.39 (-0.54, -0.23) -0.10 (-0.14, -0.06) 20
27 HDL 2.00 (1.35, 2.65) 1.21 (0.64, 1.77) 0.50 (0.34, 0.67) 29
28 cholesterol

;g Total -6.43 (-8.14, -4.72) -0.32 (-1.81, 1.16) -1.62 (-2.06, -1.18) 84
31 cholesterol

32 CHD risk* 0.75 (0.73, 0.76) 0.95 (0.93, 0.97) 0.93 (0.92, 0.94) 59
33

34 All variables are adjusted for age, age squared, 10 first principal components of population

;2 structure, region of residence, and the combination of data collection and genotyping batch. See

37 Supplementary figure 1 for the model used to estimate direct and indirect effects.

38 2B-coefficients for cardiometabolic factors and HRs for CHD risk.

39 3The proportion of indirect effect in relation to total effect.

2(1) 4CHD risk is estimated by using log-hazards in the statistical model and then taking antilogarithm to
42 produce HR.

43 Abbreviations: BMI, body mass index; CHD, coronary heart disease, CI, confidence interval, DBP,
44 diastolic blood pressure, HR, hazard ratio; LL, lower limit, PGS, polygenic score, SBP, systolic

22 blood pressure UL, upper limit
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Supplementary figure 1. Structural equation model used to estimate direct and indirect effects of
PGSEepu and education on cardiometabolic factors and CHD risk. Estimating effects: the direct
effect of education=a, the direct effect of PGSgpu=c, the indirect effect of PGSgpu=b*a. All
variables are adjusted for age, age squared, 10 first principal components of population structure,
region of residence, and the combination of data collection and genotyping batch (not shown in the

figure).

PGSepy
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Supplementary table 1. Distribution of participants, person follow-up years, coronary heart disease

incidence cases and incidence ratios by education and sex.

Men Women
% person | CHD | cases/1000 % person | CHD | cases/1000
years cases person years | cases person
years years
All 100 | 216509 1193 5.51 100 | 262739 523 1.99
Basic 24 | 53624 516 9.62 20 | 57197 229 4.00
Secondary 42 | 89403 438 4.90 38| 98411 193 1.96
Lower tertiary 23 | 49139 184 3.74 29 | 74367 79 1.06
Higher tertiary 11 | 24344 55 2.26 13 ] 32764 22 0.67
2
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Supplementary table 2. Descriptive statistics of cardiometabolic factors by education and sex.
Men Women
mean SD mean SD
BMI (kg/m?)
All 27.1 4.01 26.3 4.90
Basic 27.8 4.20 27.8 5.11
Secondary 27.1 4.05 26.6 4.95
Lower tertiary 26.9 3.77 25.7 4.66
Higher tertiary 25.9 3.56 24.4 4.02
SBP (mmHg)
All 135 16.7 130 18.6
Basic 140 18.1 138 19.9
Secondary 135 16.2 130 18.3
Lower tertiary 134 16.0 127 17.0
Higher tertiary 131 14.8 122 15.7
DBP (mmHg)
All 83.3 10.94 78.6 10.51
Basic 85.0 10.98 81.3 10.48
Secondary 83.0 11.02 78.7 10.48
Lower tertiary 83.0 10.73 77.7 10.33
Higher tertiary 81.0 10.37 75.8 10.07
HDL cholesterol
(mmol/L)
All 1.30 0.33 1.57 0.37
Basic 1.28 0.34 1.55 0.38
Secondary 1.30 0.33 1.56 0.37
Lower tertiary 1.30 0.32 1.58 0.37
Higher tertiary 1.33 0.32 1.62 0.35
Total cholesterol
(mmol/L)
All 5.55 1.08 5.45 1.03
Basic 5.72 1.11 5.80 1.06
Secondary 5.56 1.08 547 1.03
Lower tertiary 5.47 1.03 5.31 0.98
Higher tertiary 5.33 1.02 5.18 0.93
3
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Supplementary table 3. Interaction parameters of regression and Poisson regression models using
men and basic education as the reference categories.

Estimate 95% confidence intervals
LL UL

BMI! (kg/m?)
Secondary -0.52 -0.78 -0.26
Lower tertiary -1.02 -1.29 -0.74
Higher tertiary -1.28 -1.59 -0.97
SBP! (mmHg)
Secondary -2.53 -3.52 -1.54
Lower tertiary -3.47 -4.53 -2.41
Higher tertiary -4.24 -5.46 -3.02
DBP! (mmHg)
Secondary -0.55 -1.14 0.04
Lower tertiary -0.85 -1.49 -0.20
Higher tertiary -0.45 -1.21 0.32
HDL cholesterol' (mmol/L)
Secondary -0.01 -0.03 0.01
Lower tertiary 0.02 -0.01 0.04
Higher tertiary 0.02 0.00 0.05
Total cholesterol' (mmol/L)
Secondary -0.17 -0.23 -0.11
Lower tertiary -0.17 -0.23 -0.11
Higher tertiary -0.13 -0.20 -0.05
CHD incidence?
(cases/1000 persons years)
Secondary 0.87 0.69 1.09
Lower tertiary 0.80 0.59 1.08
Higher tertiary 0.89 0.53 1.50

"Regression coefficients based on regression models adjusted for the control variables (age, age
squared, 10 first principal components of population structure, region of residence, and the
combination of data collection and genotyping batch)

?Incident rate ratios based on Poisson regression models adjusted for the control variables (age, age
squared, 10 first principal components of population structure, region of residence, and the
combination of data collection and genotyping batch)
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