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BACKGROUND: Higher mean body mass index (BMI) among lower socioeconomic position (SEP) groups is well established in
Western societies, but the influence of genetic factors on these differences is not well characterized.
METHODS: We analyzed these associations using Finnish health surveys conducted between 1992 and 2017 (N= 33 523; 53%
women) with information on measured weight and height, polygenic risk scores of BMI (PGS-BMI) and linked data from
administrative registers to measure educational attainment, occupation-based social class and personal income.
RESULTS: In linear regressions, largest adjusted BMI differences were found between basic and tertiary educated men (1.4 kg/m2,
95% confidence interval [CI] 1.2; 1.6) and women (2.5 kg/m2, 95% CI 2.3; 2.8), and inverse BMI gradients were also found for social
class and income. These SEP differences arose partly because mean PGS-BMI was higher and partly because PGS-BMI predicted BMI
more strongly in lower SEP groups. The inverse SEP gradients of BMI were steeper in women than in men, but sex differences were
not found in the genetic contributions to these differences.
CONCLUSIONS: Better understanding of the interplay between genes and environment provides insight into the mechanisms
explaining SEP differences in BMI.
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INTRODUCTION
The inverse association between socio-economic position (SEP)
and body mass index (BMI) has been convincingly established in
Western societies [1]. BMI is also influenced by genetic factors as
shown by large scale twin [2] and genome-wide-association
studies (GWAS) [3]. Genetic factors can influence SEP differences
in BMI through two mechanisms. First, the same genetic variants
may affect both BMI and SEP. The expression of many SNPs
associated with BMI is enriched in the brain, especially in the
hypothalamus, pituitary gland, hippocampus and limbic system
[3]. These brain areas have an important role in appetite
regulation, emotions, learning, cognition and memory, potentially
affecting both BMI and SEP [4]. Second, SEP may modify the effect
of genetic factors on BMI. Twin studies have shown that low
parental education [5], own education [6] and income [7] are
associated with the higher variation in BMI attributable to genetic
factors. There is also evidence that polygenic scores for BMI (PGS-
BMI) interact with SEP [8, 9], though not all studies have replicated
this result [10].
A limitation of previous studies is that they have not analyzed

simultaneously how these different genetic mechanisms con-
tribute to SEP differences in BMI. Further, they have typically used
only a single SEP indicator. In this study, we use a large

population-based cohort to analyze (i) whether there are SEP
differences in BMI using three SEP indicators formed during the
life course and, if this is the case, (ii) to analyze if this is due to
differences in mean PGS-BMI between the SEP categories or
moderation of PGS-BMI measured BMI associations by SEP.

DATA AND METHODS
Finnish population-based health surveys (FINRISK 1992, 1997,
2002, 2007 and 2012 surveys and Health 2000 and 2011 and
FinHealth 2017 surveys) having response rates between 65% and
93% were pooled together [11]. BMI (kg/m2) was calculated from
height and weight measured at the baseline health examination
when the participants also gave DNA samples. These data were
linked to population registers to assess three measures of SEP [12]:
(i) the highest completed educational degree up to the end of
2019, (ii) occupational based social class at the age of 40, or if
missing, the most recent previous measurement when the
individual was employed, and (iii) income quintiles based on the
mean of yearly percentiles of personal taxable income at 35–40
years of age.
We restricted our sample to those born between 1935 and 1980

due to the availability of SEP indicators, and those between 25 and
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70 years at the time of the survey because of age-related declines
in BMI after age 70 [13]. After randomly removing one individual
from pairs with identity-by-descent proportion ≥0.178 (corre-
sponding to the expected lower bound of second-degree
relatives; N= 1844), we had 33,523 participants (53% women) in
our study sample. We removed 3790 participants from social class
models and 4035 participants from income models due to missing
information. PGS-BMI was derived from the GWAS by Yengo et al.
[14]. SBayesR was used to adjust for linkage disequilibrium [15]. In
our cohort, PGS-BMI explained 14% of BMI variance in men and
15% in women. The data were analyzed by linear regression
models using Huber-White standard errors to adjust for the
potential heteroscedasticity of residuals adjusting for age, age
square, region of residence, 10 first principal components of
population structure, and survey round—genotyping batch
combination. Supplementary table 1 presents descriptive statistics
of the variables. Linkage disequilibrium adjustment of PGS-BMI
GWAS scores was conducted with GCTB 2.03; genetic principal
components, genetic relatedness and PGS-BMI with PLINK 1.9–2.0;
and all statistical models with Stata, version 16.1.

RESULTS
Table 1 presents the model predicted means of BMI by SEP
indicators. BMI showed clear gradients over all SEP indicators in

men and women (p < 0.00001), where more advantaged SEP was
associated with lower BMI. The largest BMI difference was found
between basic and higher tertiary educated men (1.4 kg/m2, 95%
confidence interval [CI] 1.2; 1.6) and women (2.5 kg/m2, 95% CI 2.3;
2.8). The BMI gradients were larger in women than in men for all
SEP indicators (p-values of sex-interactions <0.00001).
In Panel A of Table 2, there were gradients in BMI predicted by

PGS for all SEP indicators (p < 0.00001). The largest differences
were found for education: the difference in BMI predicted by the
PGS between basic and tertiary education was 0.57 (95% CI 0.48;
0.66) kg/m2 in men and 0.72 (95% CI 0.61; 0.84) kg/m2 in women.
These differences were smaller than those found for BMI for all
SEP indicators. Further, in contrast to BMI, the associations
between BMI predicted by PGS and SEP indicators were roughly
similar in men and women (p-values of sex-interactions ≥0.046).
In Panel B of Table 2, we analyzed how BMI predicted by PGS

was associated with BMI in different social strata. The associations
were consistently lower in the higher SEP categories. For example,
whilst a one unit increase of BMI predicted by PGS was associated
with a higher BMI of 0.85 (95% CI 0.75; 0.95) kg/m2 among men
and 0.75 (95% CI 0.66; 0.83) kg/m2 among women with higher
tertiary education, the corresponding associations were 0.98 (95%
CI 0.89; 1.06) kg/m2 among men and 1.05 (95% CI 0.97; 1.14) kg/m2

among women with basic education (the p-value of the gradient
0.007 for men and <0.00001 for women). The SEP gradients of the

Table 1. Model predicted BMI by socioeconomic position indicators and sexa.

Men Women

Mean 95% confidence
intervals

Mean 95% confidence
intervals

LL UL LL UL

Education

Basic 27.6 27.5 27.8 27.5 27.3 27.7

Secondary 27.3 27.2 27.4 26.7 26.6 26.8

Lower tertiary 27.0 26.9 27.2 26.0 25.8 26.1

Higher tertiary 26.2 26.1 26.4 25.0 24.8 25.1

p-value: main effectb <0.00001 <0.00001

p-value: sex-interactionc <0.00001

Social class

Manual 27.3 27.1 27.4 26.9 26.8 27.1

Lower non-manual 27.0 26.8 27.1 26.1 26.0 26.2

Upper non-manual 26.6 26.5 26.8 25.3 25.1 25.5

Self-employed 27.6 27.3 27.8 27.0 26.7 27.2

Farmers 27.8 27.3 28.4 27.2 26.3 28.1

p-value: main effectb <0.00001 <0.00001

p-value: sex-interactionc <0.00001

Income

Lowest quintile 27.3 27.0 27.5 26.8 26.6 27.0

4.quintile 27.3 27.1 27.5 26.4 26.3 26.6

3.quintile 27.2 27.1 27.4 26.1 26.0 26.3

2.quintile 27.1 27.0 27.2 25.7 25.5 25.8

Highest quintile 26.9 26.8 27.0 25.6 25.4 25.8

p-value: main effectb <0.00001 <0.00001

p-value: sex-interactionc <0.00001

LL lower limit, UL upper limit, SEP socioeconomic position.
aPredicted values based on linear 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.
bP-values based on F-tests of the joint effect of the SEP categories.
cP-values based on F-tests of the joint effect of the SEP*sex interaction terms from sex pooled models.
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associations between BMI predicted by PGS and BMI were roughly
similar in men and women (p-values of sex-interactions ≥0.179).

DISCUSSION
In this large population-based cohort study, we found that the
SEP differences in BMI were partly explained by differences in
PGS-BMI between the SEP categories. This is consistent with
previous results that many genetic variants associated with BMI
express in the brain areas important for cognition and memory
[4], and that the genetic factors affect BMI largely through
behavior, especially nutrition [16]. Further, cognitive function is
associated with nutrition intake and obesity [17]. Since health
behavior also contributes to the SEP differences in obesity [1], it

is possible that genetic factors affect SEP differences in BMI
because the same brain areas are associated with socio-
economic achievement and health behavior, especially nutrition
but possibly also physical exercise, through cognitive function.
The effect of same genetic factors on both BMI and SEP may
continue across the life course as we found that BMI was
associated with SEP indicators formed at different life stages:
education typically in young adulthood and social class and
income later in life. However, the genetic correlation may also
emerge if BMI affects SEP through factors such as BMI related
health conditions or body-size discrimination [18].
In addition to the differences in BMI predicted by PGS between

SEP categories, we observed that PGS*SEP interaction effects
existed whereby PGS-BMI was more strongly associated with BMI

Table 2. BMI predicted by PGS (Panel A) and the regression coefficients of BMI predicted by PGS on BMI (Panel B) by socioeconomic position
indicators and sexa.

Panel A: Mean BMI predicted by PGS Panel B: Coefficients of BMI predicted by PGS
on BMI

Men Women Men Women

Mean 95%
confidence
intervals

Mean 95%
confidence
intervals

β 95%
confidence
intervals

β 95%
confidence
intervals

LL UL LL UL LL UL LL UL

Education

Basic 27.4 27.3 27.4 26.7 26.6 26.7 0.98 0.89 1.06 1.05 0.97 1.14

Secondary 27.3 27.2 27.3 26.5 26.5 26.6 1.07 1.00 1.13 1.02 0.96 1.08

Lower tertiary 27.1 27.1 27.2 26.3 26.3 26.4 0.94 0.86 1.02 0.94 0.87 1.00

Higher tertiary 26.8 26.7 26.9 25.9 25.9 26.0 0.85 0.75 0.95 0.75 0.66 0.83

p-value: main effect (Panel A)/
SEP*PGS-interaction (Panel B)b

<0.00001 <0.00001 0.007 <0.00001

p-value: sex-interactionc 0.131 0.179

Social class

Manual 27.4 27.3 27.4 26.6 26.6 26.7 1.01 0.94 1.08 1.04 0.96 1.12

Lower non-manual 27.1 27.1 27.2 26.4 26.4 26.5 1.03 0.94 1.11 0.97 0.92 1.03

Upper non-manual 27.0 26.9 27.0 26.1 26.0 26.2 0.89 0.81 0.97 0.83 0.76 0.91

Self-employed 27.2 27.1 27.3 26.5 26.4 26.6 1.05 0.92 1.19 1.10 0.97 1.24

Farmers 27.3 27.0 27.5 26.3 26.0 26.6 0.70 0.30 1.11 1.02 0.39 1.64

p-value: main effect (Panel A)/
SEP*PGS-interaction (Panel B)b

<0.00001 <0.00001 0.113 0.0014

p-value: sex-interactionc 0.046 0.352

Income

Lowest quintile 27.2 27.2 27.3 26.4 26.3 26.5 1.15 0.98 1.31 1.03 0.94 1.11

4.quintile 27.3 27.2 27.4 26.5 26.5 26.6 1.03 0.89 1.17 1.02 0.94 1.09

3.quintile 27.3 27.3 27.4 26.4 26.4 26.5 0.99 0.89 1.09 0.99 0.91 1.06

2.quintile 27.2 27.2 27.3 26.3 26.3 26.4 1.02 0.94 1.10 0.94 0.85 1.03

Highest quintile 27.1 27.1 27.2 26.2 26.1 26.3 0.90 0.84 0.96 0.83 0.72 0.94

p-value: main effect (Panel A)/
SEP*PGS-interaction (Panel B)b

<0.00001 <0.00001 0.019 0.040

p-value: sex-interactionc 0.161 0.788

LL lower limit, UL upper limit, SEP socioeconomic position, PGS polygenic risk score.
aPredicted values based on linear models, adjusted by age, age squared, 10 first principal components of population structure, region of residence, and the
combination of data collection and genotyping batch. BMI predicted by PGS is based on the prediction from sex-specific linear regression where BMI is
regressed on PGS-BMI. Panel A reports marginal means holding control variables at their observed values. Panel B reports the coefficients of BMI predicted by
PGS from SEP-stratified models.
bIn panel A, p-values are based on F-tests of the joint effect of the SEP categories (“main effect”). In panel B, p-values are based on F-tests of the joint effect of
the SEP*PGS-interaction terms from SEP pooled models (“SEP*PGS-interaction”).
cIn panel A, p-values are based on F-tests of the joint effect of the SEP*sex interaction terms from sex pooled models. In panel B, p-values are based on F-tests
of the joint effect of the SEP*PGS*sex- second order interaction terms from SEP and sex pooled models including all respective first-order interactions.
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in lower than in higher SEP categories. Previous twin [5–7] and
PGS studies [8, 9] have observed corresponding gene-
environment interactions. However, uniquely, we demonstrated
that both genetic correlations and interactions contributed to the
SEP differences in BMI. There is previous evidence that both
material and psychosocial stressors associated with lower SEP can
lead to a higher risk of obesity [19]. Our results on the interaction
between SEP and PGS-BMI support that these stressors may have
a greater impact when there is a high genetic susceptibility to
obesity. Although SEP gradients in BMI were stronger in women
than in men, no sex difference was found in the genetic
mechanisms behind the association between SEP and BMI. This
observation suggests possible women-specific environmental
factors which may stem from, e.g., higher pressure for weight
control in women with high SEP because of higher BMI related
discrimination in women as compared to men [1].
Strengths of this study include the large population-

representative sample with a high response rate and possibility
to use three SEP indicators formed at different phases of the life
course. Further, since BMI was measured and SEP indicators were
register-based, reporting bias should be minimized. However, the
BMI-PGS used in this study accounted for only a part (~20%) of the
total genetic BMI variation estimated using twin design [2].
Previous large-scale twin studies have suggested that obesogenic
macro-environments can increase the variation of BMI attributable
to genetic factors [2] and strengthen the interaction between SEP
and genetic factors [5]. Thus, we expect that the results may be
most similar in regions with a similar level of BMI (e.g., other
European countries) whereas the associations can be stronger in
regions with higher (e.g., the USA) and weaker in regions with
lower level of BMI (e.g., Japan) [20]. Future comparative studies
could address this hypothesis.
In conclusion, genetic factors appear to play a role behind SEP

differences in BMI. These differences are partly due to the
accumulation of genetic variants predisposing to high BMI in
lower SEP categories, and partly because low SEP reinforces the
effects of these genetic variants on BMI. Improving the under-
standing on the interplay between genes and environment can
give insight into the mechanisms behind SEP differences in BMI.
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