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Abstract
Background: The interplay between cardiovascular disease (CVD) genetic risk
indexed by a polygenic risk score (PRS) and diet quality still requires further
investigation amongst older adults or those with established or treated CVD.
The present study aimed to evaluate the relative contribution of diet quality,
measured using the Australian Recommended Food Score (ARFS) and PRS,
with respect to explaining variation in plasma lipids CVD outcomes in the
Hunter Cohort.
Methods: The study comprised a secondary analysis of cross‐sectional data
from the Hunter Cohort study. Single‐nucleotide polymorphisms from
previously derived polygenic scores (PGSs) for three lipid classes were
obtained: low‐density lipoprotein, high‐density lipoprotein and triglycerides,
as well as PRS for coronary artery disease (CAD) from the PGS catalogue.
Regression modelling and odds ratios were used to determine associations
between PRS, ARFS and CVD risk.
Results: In total, 1703 participants were included: mean ± SD age 66 ± 7.4
years, 51% female, mean ± SD total ARFS 28.1 ± 8 (out of 74). Total diet
quality and vegetable subscale were not significantly associated with measured
lipids. By contrast, PGS for each lipid demonstrated a markedly strong,
statistically significant correlation with its respective measured lipid. There
was a significant association between CAD PRS and 5/6 CVD phenotypes (all
except atrial fibrillation), with the largest effect size shown with coronary
bypass. Adding dietary intake as a covariate did not change this relationship.
Conclusions: Lipid PGS explained more variance in measured lipids than diet
quality. However, the poor diet quality observed in the current cohort may
have limited the ability to observe any beneficial effects. Future research
should investigate whether the diet quality of older adults can be improved
and also the effect of these improvements on changes in polygenic risk.
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Key points
• The Australian Recommended Food Score (ARFS) had little association
with lipid and cardiovascular disease (CVD) endpoints.
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• Lipid polygenic score (PGS) explained more variance in measured lipids
than diet quality.

• The lipid PGS was associated with all three lipid parameters and some CVD
endpoints, especially high cholesterol.

• Coronary artery disease polygenic risk score was associated with CVD
endpoints angina, coronary bypass, heart attack, high cholesterol and
hypertension and some lipid parameters (high‐density lipoprotein
cholesterol).

INTRODUCTION

Dietary intake is a modifiable, lifestyle factor contribut-
ing to the global burden of disease.1,2 Higher diet quality,
characterised by higher intakes of fruits, vegetables,
wholegrains and lean sources of protein, as well as lower
intakes of energy‐dense, nutrient‐poor foods including
confectionery, biscuits, sugar sweetened beverages and
take‐away foods (e.g., pizza, chips or deep‐fried foods) is
associated with a lower risk of developing cardiovascular
disease (CVD).3,4 A recent systematic review of cohort
studies identified that higher diet quality, measured by
dietary indexes, was associated with significantly lower
CVD incidence and mortality risk (relative risk = 0.80;
95% confidence interval [CI] = 0.78–0.82).4

Emerging evidence shows that there is a relationship
between genetic predisposition, dietary intake and
CVD.5 Although mRNA expression is partially con-
trolled by genetic factors, it is also impacted directly by
environmental effects such as dietary intake.6,7 For
example, associations between healthier dietary patterns
such as the Prudent and Mediterranean diets and gene
expression of inflammatory, immune response and
cardiovascular pathways have been identified.7,8 Other
nutrient specific interactions include the ratio of omega‐6
to omega‐3 fatty acids consumed, which impacts on
genes such as cytosolic PLA2 alpha or 5‐lipoxygenase,
thus affecting inflammation and inflammatory related
disease or conditions.9,10 High‐density lipoprotein
(HDL) and low‐density lipoprotein (LDL) concentra-
tions can be influenced by variants in genes, such as
vanin 1, as well as dietary intake.11 Identification of
individual variation in these pathways is termed nutrige-
nomics and these data can be used to inform personalised
dietary advice targeting the biology of individuals.9

Polygenic risk scores (PRSs) predict the likelihood of
a specific outcome, such as CVD, by including known
DNA variants into a statistical model.12 In other words,
the effect of variants on CVD are summed genome wide
to derive an individual's genetic liability to the disorder.
This allows development of models that stratify indivi-
duals by risk of developing specific diseases over time.
PRSs have been used in observational studies to measure
associations between lifestyle risk factors and genetic
markers for disease.13–16 These studies have shown
promise, having identified that healthier lifestyles,

including healthful dietary patterns, are associated with
a lower risk of disease, including type 2 diabetes, CVD,
CVD mortality and all‐cause mortality, even among
those with a high PRS.

The majority of genome‐wide association studies
(GWAS) evaluation to date have been in populations
of European descent and, although studies in other
ethnicities are underway, including Japanese and
African‐American,17 findings are not yet able to be used
routinely in clinical settings.12

The UK Biobank cohort has been a major resource
for analysing the interplay between diet and lifestyle
influences and genetics on CVD liability. A recent
longitudinal analysis in middle aged (40–69 year old)
adults with no history of CVD (n= 77,004) not only
demonstrated a significant enrichment of coronary artery
disease (CAD) PRS amongst participants who went on
to develop CVD, but also identified that, among those
with high PRS, a better diet quality was protective to
some degree.16 For example, for those with a high PRS,
every one‐point higher Healthy Diet Indicator (higher
diet quality) score was associated with a reduction in
myocardial infarction risk (hazard ratio = 0.93, 95% CI =
0.88–0.99, p= 0.017).16 Another study identified that
participants without CVD, but with a familial pre-
disposition to CVD and therefore higher PRS, had a
lower risk of CVD among those with higher intakes of
fish and a higher risk among those with higher processed‐
meat intakes.18 This study also identified a protective
effect within those with a familial predisposition to CVD,
and higher PRS showing a lower risk of CVD among
those with higher intakes of cheese.18 Although cheese
consumption has historically been associated with an
increased risk of CVD because of its high saturated fatty
acid intake,19 recent meta‐analyses of observational
studies have identified an association between higher
intakes of cheese and lower risk of CHD,20,21 supporting
the findings of a protective effect with higher cheese
consumption.18

The interplay between CVD genetic risk indexed by a
PRS and diet quality still requires further investigation
amongst older adults or those with established or treated
CVD. Moreover, other dietary related CVD risk factors
such as a measured lipids also have a strong genetic basis,
although the extent to which diet modifies genetic
predisposition to higher plasma lipids is also still
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relatively uncharacterised. The present study therefore
aimed to evaluate the relative contribution of diet
quality, measured using the Australian Recommended
Food Score (ARFS) and PRS with respect to explaining
variation in plasma lipids and liability to CVD pheno-
types in the Hunter Community Study cohort.

METHODS

Study cohort

The present study comprises a secondary analysis of cross‐
sectional baseline data from the Hunter Cohort study. The
Hunter Community Study (HCS) cohort is a population‐
based study comprised of men and women aged between 55
and 85 years at recruitment and who resided in the
Newcastle region of New South Wales, Australia. Briefly,
the participants were recruited by random selection from
the electoral role between 2004 and 2007, with those
agreeing providing their written informed consent for
collection of a blood sample, attending a clinic visit, and
answering a series of health‐related questionnaires on
demographics, dietary intake, physical activity, morbidity,
mental health and quality of life. Clinical measures were
conducted by a trained nurse and included anthropometry,
respiratory function, cardiovascular function, cognition,
bone mineral density, functional capacity routine blood
biomarkers, with DNA also extracted for genotyping. In
total, 9784 individuals were sent invitation letters, 7575
responded (77.4%), 3877 agreed to participate via written
informed consent and 3253 (response rate 44.5%)
completed the study (47% men and 53% women). The
full details of this cohort and the measures collected
have been outlined elsewhere.22 Although non‐response
can affect bias, characteristics of the included population
such as age and marital status, are reflective of the profiles
of population of the Hunter, NSW and Australian
population22; however, the mean age is marginally younger.

The HCS protocol and all procedures involving study
participants were approved by the University of New-
castle Human Research Ethics committee (H‐820–0504)
with informed consent obtained from all participants.
The current analysis was approved by the HCS data
custodians and a ‘Memorandum of Understanding’ and
‘Confidentiality Statement’ signed by all authors.

Genotyping and imputation

Extracted DNA was genotyped using the Axiom Kaiser
array (Affymetrix), with variants excluded with low
call rate (<0.95), significant deviations from
Hardy–Weinberg equilibrium (p < 1 × 10−6) and minor
allele frequency less than 1%. Imputation and quality
control of this cohort was described previously in Reay

et al.,23 where imputation was performed using the
Haplotype Reference Consortium panel via the Michigan
Imputation Server, with high confidence (R2 > 0.8)
common variants retained post‐imputation that exhib-
ited missingness <2%.23,24 Unrelated individuals of
European ancestry were selected for these analyses to
account for the effect of population stratification and
relatedness on the distribution of polygenic scores
(PGSs). Physically genotyped common variants in
relative linkage equilibrium, excluding known regions
of long‐range linkage disequilibrium (LD), were the
input for relatedness testing and principal component
analysis (PCA) using PLINK, version 1.9 (https://www.
cog-genomics.org/plink) to define population outliers via
clustering the first two eigenvectors with that of each of
the 1000 genomes phase 3 superpopulations via k‐means
clustering.25,26 PCA was then repeated using the same
parameters in the defined European ancestry HCS cohort
subset such that the principal components could be used
as covariates in downstream analyses

PGSs

We obtained single nucleotide polymorphism (SNP)
weights from previously derived PGS for three lipid
classes: LDL, HDL and triglycerides (TGs), as well as
PRSs for CAD from the PGS catalogue.27 PGS is utilised
hereafter to denote genetic scores related to the continu-
ous lipid traits, whereas PRS relates to a disease
phenotype, and thus, is more appropriate to designate
the CAD scores. Two PGSs for each trait constructed
using different methods were selected from the catalogue
to profile in the HCS cohort. For the three lipid traits,
two classes of PGS were considered: (i) clumping and
thresholding (C + T) of established lipid loci in relative
linkage equilibrium (GWAS, p< 5 × 10−8, r2 < 0.1)
trained using a GWAS meta‐analysis of up to 331,368
individuals (PGS catalogue accession IDs: PGS000064,
PGS000065 and PGS000066)28 and (ii) penalised regres-
sion (batch screening iterative LASSO–BASIL) for SNP
selection trained in a subset of the UK Biobank
(N= 255,256, PGS catalogue accession IDs:
PGS000688, PGS000686, PGS000699).29 The two CAD
PRS selected were an LDPred derived score trained in
the UK Biobank using an external CAD GWAS which is
a Bayesian method that shrinks effect sizes to account for
LD (PGS catalogue accession ID: PGS000013), with
0.001 selected as the optimal fraction of non‐zero effect
sizes variants, and a ‘metaGRS’ approach that combined
three pre‐existing CAD PRS (PGS catalogue accession
ID: PGS000018).30,31 In all instances, the PGS/PRS in
the HCS were calculated by summing the j SNP weights
(β̂j ) profiled in each individual i multiplied by their
genotype dosage ϵ =G G( 0, 1, 2)ij under an additive
model (Equation 1).
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∑ β=
=

PGS Gˆi
i

j ij
1

(1)

We used the ‐‐score flag in PLINK 1.9 to calculate the
scores in the HCS cohort, with each score then averaged
by the number of non‐missing alleles in the score.

Dietary information

The ARFS was previously calculated in this cohort as a
subscale of responses to a self‐administered 145‐item
semiquantitative food frequency questionnaire (FFQ)
completed by HCS participants.32 The FFQ uses the
NUTTAB90 nutrition database33; however this nutrient
database is not needed for the calculation of ARFS. The
ARFS was scored directly from the frequency response
data from the included questions on the FFQ. ARFS was
previously been shown to be a valid measure of diet
quality.32,34–36 The ARFS sums seven categories: vege-
tables, fruit, protein foods, grains, dairy, fats and
alcohol, with a maximum score of 74 points and higher
ARFS indicative of a dietary pattern more closely
aligned with the Australian Dietary Guidelines37 and
variety with food groups recommended in the Australian
Guide to Health Eating.38 One point was given for
consumption of once or more per week for all foods, with
upper limits on consumption of red meat and processed
dairy foods such as flavoured milk and ice cream.
Additional points were awarded for choosing whole
grain bread, low fat milk and greater consumption of
vegetables. ARFS scoring has been detailed further
elsewhere.39 We also considered the vegetable subscale
of the ARFS, given the established association between
vegetable intake, cardiovascular outcomes40 and health
usage.41,42

CVD phenotypes

Total, HDL and TG were all measured from the fasting
blood samples, whereas LDL was calculated using
Friedewald's equation (LDL [mmol L–1] = total choles-
terol−HDL− TG/2.2). Samples were obtained at base-
line in the HCS, and thus were chosen as outcome
phenotypes in assessing the relationship between diet
quality and PGSs. Moreover, we investigated six CVD
phenotypes that individuals self‐reported they had been
previously diagnosed with at baseline: angina, atrial
fibrillation, coronary bypass, heart attack, high choles-
terol and hypertension.

Statistical analysis

All statistical analyses were conducted using R, version
3.6.0.43 We derived four main subsets from the

European, unrelated HCS cohort with genotype data
available: (i) non‐missing cholesterol and ARFS; (ii) non‐
missing cholesterol and ARFS, as well as non‐missing
additional covariates of interest (ever smoked, educa-
tional attainment and statin usage); (iii) non‐missing self‐
reported CVD diseases (the six described above) and
ARFS; and (iv) non‐missing self‐reported CVD diseases
and ARFS, as well as the covariates outlined in the
second cohort. First, ARFS was regressed against each
lipid class in the first cohort using linear regression
covaried for age and sex, whereas each PGS/PRS was
also regressed against the lipids, with the first‐five SNP
derived principal components as additional covariates. A
model with ARFS as a covariate was then utilised with
the genetic scores. We calculated the variance explained
in the lipids by the PGS for that same lipid using the ΔR2

(Δ = −R R R2
Full
2

Null
2 ), where R2 was the adjusted R2,

the coefficient of determination adjusted for the number
of predictors in the model. As result, the null model
included age, sex, five principal components and the
ARFS, whereas the full model included the PGS for each
lipid trait. The PGS and ARFS were both scaled to have
a mean of zero and unit variance. We also considered the
impact of natural log transformation of the lipid
outcomes on ΔR2. An interaction term was the included
between the PGS and ARFS in these models to test for a
departure from additivity. The association of the PGS
with each lipid was then also tested including the
additional covariates of smoking status, educational
attainment and self‐reported statin usage. Bonferroni
correction was applied to the genetic results, with a
significant association designated as p< 1.04 × 10−3

(0.05/[2x(3 × 8)]).
The CVD binary disease phenotypes were assessed

for association with each PGS in a similar fashion, with
these phenotypes the outcome variable in binomial
logistic regression models. First, we tested the association
of the ARFS and the eight PGS/PRS separately with
each of the CVD phenotypes, using the entire rest of the
cohort as controls, which would include other CVD
cases. As a result, we then repeated these models by only
retaining individuals who did not self‐report any of the
six CVD phenotypes as controls for each model. Models
with both ARFS and the genetic scores were also the
constructed as in the lipid analyses, with the additional
smoking, education and statin covariates included in
additional models. The variance explained by the CAD
PRS in each of these CVD binary phenotypes was
estimated using Nagelkerke's R2, which was the con-
verted to the liability scale such that this metric was not
biased by sample composition and population prevalence
of the CVD trait, assuming the following population
prevalences of 5%, 10%, 15% and 20%.44 We used the
most significantly associated CAD PRS from the two
tested for each trait, with Nagelkerke's R2 derived by
subtracting the full model with the CAD PRS from the
null covaried for age, sex, five principal components and
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the ARFS. In total, 192 genetic models were tested, and
thus the threshold for significance was set as
p< 2.60 × 10−4. Finally, as heart attack was the most
severe CVD phenotype recorded, we tested whether
people who had experienced this phenotype had an
enrichment of CAD PRS relative to the remaining CVD
traits.

RESULTS

Baseline characteristics of study population

Of the 3318 HCS cohort participants, there were 1703
unrelated, European ancestry individuals who survived
genotyping quality control and had a non‐missing record
of measured blood lipids (LDL, HDL and TG) and the
ARFS diet quality score. The cohort mean ± SD age was
66.1 ± 7.4 years (51.32% female), whereas the mean ± SD
total ARFS, vegetable subscale ARFS and lipids were:
ARFS = 28.12 ± 8; ARFS vegetable subscale = 9.9 ± 3.6;
LDL= 3.08 ± 0.91 mmol L–1; HDL= 1.35 ± 0.36 mmol
L–1; and TG= 1.30 ± 0.70. A subset of these 1703
individuals (N= 1486) had smoking status, educational
attainment and self‐reported statin usage recorded, and
thus were retained for the sensitivity analyses that
included those additional covariates. The sex and age
profile of this subset was very similar (see Supporting
information, Table S1). Furthermore, of the six binary
self‐reported CVD phenotypes, there were 1678 indivi-
duals with non‐missing status for all of these traits. The
number of cases ranged from 129 for heart attack to 758
for hypertension (see Supporting information, Table S2).
There were 556 individuals who did not self‐report any of
these conditions. Analogous to the lipid analyses, the
majority of the cohort had non‐missing educational
attainment, smoking status and statin usage (N= 1508)
for those sensitivity analyses (see Supporting informa-
tion, Table S3).

Lipid PGSs explain more variance in measured
cholesterol than diet quality

We found that overall diet quality as measured by total
ARFS score was not significantly associated with
measured LDL or HDL, either in the baseline model
adjusted for age and sex, or the full sensitivity model
covaried for educational attainment, smoking and statin
usage (see Supporting information, Table S4). However,
there was a weak association between better diet quality
and decreased plasma TG, with each SD increase (scaled
to be one) in ARFS associated with a −0.035mmol L–1

(95% CI = −0.001 to −0.069; p = 0.042) lower TG level
(Figure 1a). This remained relatively consistent in the full
sensitivity model. By contrast, the PGS for each lipid

demonstrated a markedly stronger, statistically signifi-
cant correlation with its respective measurement
(Figure 1; see also Supporting information, Table S5).
The The association between the best performing PGS
for LDL, HDL, and triglycerides, respectively, with each
measured lipid was as follows per standard deviation
increase in PGS‐LDL: β = 0.177 mmol L–1 (p= 9.35 ×
10−17); HDL, β = 0.134 mmol L–1 (p= 2.70 × 10−67); and
TG, β = 0.234 mmol L–1 (p= 7.89 × 10−47). Penalised
regression (BASIL) scores performed best for HDL and
TG, whereas the C + T approach was most significantly
associated for LDL. Diet quality as measured by ARFS
was then added as a covariate, with only a minute effect
on estimated correlation between the score and measured
lipids (Figure 1b). The variance explained (ΔR2) by each
of the scores in the respective lipids relative to the null
model covaried for age, sex, five SNP‐derived principal
components, and the ARFS was 3.37%, 13.6% and
11.14% for LDL, HDL and TG, respectively. Natural log
transformation of the outcome did not impact these
estimates in any notable way (see Supporting informa-
tion, Table S6). There was no significant interaction
between ARFS and TG PGS on measured TG. The same
sensitivity models applied to diet quality in this subset of
the cohort did reduce the effect sizes for HDL and TG,
however the PGS correlations with lipids all remained
highly significant (p< 1 × 10−16) (Figure 1b). Interest-
ingly, the addition of these other covariates resulted in an
elevated correlation between the LDL PGS and mea-
sured LDL, likely because the large effect of statins was
not accounted for in the baseline model (see Supporting
information, Table S5). Genetic risk for CAD (CAD
PRS) was associated with lower HDL but was not
significantly correlated with measured TG or LDL (see
Supporting information, Table S5). We next investigated
whether the ARFS vegetable specific subscale would
have differing effects than the total score. There were no
statistically significant effects of vegetable subscale on
plasma lipids levels (see Supporting information,
Table S4). Moreover, adjusting PGS for ARFS vegetable
subscale yielded very similar effects to that observed with
the total ARFS (see Supporting information, Table S5).

CAD PRS is associated with a broad range of
CVD phenotypes independent of diet quality

We first tested the association of diet quality measured
by total ARFS with six binary self‐reported CVD
phenotypes and found that there were no strong
relationships between diet and odds of any phenotypes
(Table 1). These analyses were repeated after removing
other CVD cases from the ‘control’ cohort. However,
this did not reveal any diet related associations. The only
exception was a potentially counterfactual positive
relationship between ARFS and self‐reported atrial
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fibrillation, although this was very nominal (p= 0.03)
and does not pass multiple‐testing correction. The ARFS
vegetable subscale was then tested, with the same lack of
association as with the total ARFS score. By contrast,
genetic risk for CAD expressed as a PRS was strongly
enriched amongst each class of CVD cases, with the
exception that the CAD PRS was only associated with
self‐reported atrial fibrillation in the reduced cohort
where other CVD cases were removed as controls

(Figure 2 and Table 1; see also Supporting information,
Table S7).

The largest effect size observed for a CAD PRS was
between the ‘metaGRS’ CAD score and odds of a
coronary bypass, odds ratio (OR) per SD = 2.01 (95% CI
= 1.79–2.23; p= 3.74 × 10−10). Notably, the CAD PRS
were still associated with the relevant CVD outcomes
after the inclusion of total ARFS as a covariate, as well
as the ARFS vegetable subscale score. The mean

FIGURE 1 The relationship between diet, polygenic scores (PGSs) of lipids and measured lipids. (a) Scatterplots of distribution of measured
triglycerides (TGs) relative to diet quality (Australian Recommended Food Score [ARFS]) and PGS of TGs. Grey shading around trend line denotes
the 95% confidence interval (CI) from the linear model regressing either trait on the outcome of measured TGs. (b) Forest plot of the effect of a SD
increase in the best performing polygenic score (PGS) for that lipid in three different models: (i) baseline = adjusted for age, sex, and five single
nucleotide polymorphism derived principal components; (ii) diet adjusted =ARFS total score as an additional covariate to the first model; and (iii)
diet + other confounders adjusted = smoking status, educational attainment, and statin usage in addition to covariates in the second model. Error
bars represent 95% CIs of the beta coefficient
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phenotypic variance explained by these CAD PRS on the
liability scale when excluding other CVD cases as
controls assuming a series of population prevalences
was 9.5% for angina, 2.3% for atrial fibrillation, 11.2%
for coronary bypass, 9% for heart attack, 2.6% for high
cholesterol and 2.4% for hypertension (see Supporting
information, Table S8). The lipid PGS were also
associated with self‐reported high blood cholesterol, as
expected, along with several other CVD phenotypes.
Addition of smoking status, educational attainment and
statin use as covariates did reduce the effect size of these
associations, although most remained significant after
multiple‐testing correction (see Supporting information,
Table S9). For example, the association between the
CAD PRS described above and coronary bypass was
weakened upon adjustment for these additional factors
but were still significant (OR per SD= 1.29; 95% CI =
1.16–1.43; p= 6.89 × 10−4). As a result, these genetic
scores were independently associated with CVD pheno-
types from diet quality, however, there was potentially
some inflation of effect size because of factors such as
smoking. We then tested whether heart attack would
have a higher burden of CAD associated genetic risk

relative to the five other CVD phenotypes considered,
and we found some evidence that this was the case in this
cohort. Specifically, each SD in CAD PRS was associ-
ated with a 42.70% (95% CI = 20.41%–63.93%) increase
in the odds of a participant self‐reporting a heart attack
relative to individuals who self‐reported at least one of
the following: angina, atrial fibrillation, coronary bypass,
high cholesterol or hypertension. We visualise the odds
ratio of self‐reported attack for each quartile of CAD
PRS and diet quality (total ARFS and vegetable
subscale) in the three cohorts considered: (i) heart attack
cases vs. participants without any other CVD phenotype
(Figure 3a); (ii) heart cases vs. the remaining participants
(Figure 3b); and (iii) heart attack cases vs. other CVD
cases who did not self‐report a heart‐attack (Figure 3c).
In all three instances, the odds of heart attack
monotonically increased with each quartile of CAD
PRS relative to the reference quartile, as expected,
whereas there was no discernible relationship with diet
quality.

The key findings are summarised in Figure 4.

Investigation of the effect of energy intake

Given that total energy intake is known to be related to
diet quality,45 the influence of total energy intake in this
cohort was evaluated in a sensitivity analysis. Total
energy intake was positively correlated with total ARFS
in this sample (R2 = 0.186), with each SD increase in
ARFS associated with a 0.432 (95% CI = 0.389–0.475)
SD elevation in total energy intake (scaled such that
SD= 1 in both instances). The association between
energy intake and vegetable ARFS subscale was com-
paratively smaller (R2 = 0.107) but still highly statistically
significant. Covariation for total energy intake did not
change the association between ARFS and lipids, with
TGs still the only nominally significant association with
ARFS. Similarly, adding total energy intake to the model
along with ARFS did not impact the association between
each lipid PGS and its respective lipid in any notable
capacity (see Supporting information, Table S10). Total
energy intake also did not ablate the association between
CAD PRS and any of the CVD phenotypes (see
Supporting information, Table S11). In summary, the
additional covariate of total energy intake does not alter
any of the conclusions drawn from these analyses.

DISCUSSION

We found that overall diet quality as measured by total
ARFS score was not significantly associated with
measured LDL or HDL, either in the baseline model
adjusted for age and sex, or the full sensitivity model
covaried for educational attainment, smoking and statin
usage. There were also no strong relationships between

TABLE 1 Association between diet and polygenic risk for
coronary artery disease and self‐reported cardiovascular disease
phenotypes

CVD phenotype
ARFS
(log odds per SD)a

CAD PRS
(log odds per SD)b

Unselected controlsc

Angina −0.01(0.01) 0.37 (0.09)***

Atrial fibrillation 0.02 (0.01)* 0.11 (0.08)

Coronary bypass 0.01 (0.01) 0.47 (0.09)***

Heart attack −0.01 (0.01) 0.42 (0.10)***

High cholesterol −0.002 (0.01) 0.25 (0.05)***

Hypertension −0.001 (0.01) 0.19 (0.06)***

Selected controls

Angina −0.01 (0.11) 0.60 (0.12)***

Atrial fibrillation 0.20 (0.09)* 0.29 (0.09)**

Coronary bypass 0.14 (0.10) 0.69 (0.11)***

Heart attack 0.003 (0.11) 0.51 (0.12)***

High cholesterol −0.001 (0.06) 0.31 (0.06)***

Hypertension −0.01 (0.06) 0.30 (0.06)***

Abbreviations: ARFS, Australian Recommended Food Score; CAD, coronary
artery disease; CVD, cardiovascular disease; PRS, polygenic risk score.
aLog odds (SE) of each CVD phenotype per SD increase in diet score (ARFS).
bLog odds (SE) of each CVD phenotype per SD increase in best performing
CAD PRS.
cCases who self‐reported the CVD phenotype in question were compared to all
other participants (unselected controls), and participants who did not self‐report
any CVD phenotypes (selected controls).

*p< 0.05; **p< 0.01; ***p< 0.001.
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diet and the odds of any of the six phenotypes. Of note is
that the mean diet quality at 28 points was very low in
this population, and considered poor in comparison to a
sample of over 93,000 in a cross‐sectional population
sample where diet quality was calculated using the ARFS
via the publicly available website, the Healthy Eating
Quiz46 where the mean was 34, with the subset of 2111
adults aged 65–74 years scoring an average of 37.47 A SD
of eight within this study also highlights the narrow
range in diet quality with relatively few considered to
have dietary patterns reflecting that which would reduce
disease risk. Previous research has shown that ARFS
scores higher than those scores seen in the present study
are associated with a lower risk of hypertension and non‐
fatal CVD,48 and ARFS‐vegetable sub‐scores were
associated with higher HDL cholesterol.49 The overall
poor diet quality observed in the current cohort and the
small SD in ARFS scores, may have limited the ability to
observe any beneficial effects of diet quality in those with
higher PRS.

Currently, over 27,500 Australians die each year from
preventable deaths secondary to poor diet quality,50

whereas 7 million live with at least one diet‐related
chronic disease.51 Surprisingly, the current study found
that lipid PGSs explained more variance in measured
lipids and CAD phenotypes than did diet quality.

Considering the current cohort were older adults who,
in some cases, had existing CVD and, furthermore, that
the mean diet quality scores were relatively low, this may
have reduced the ability to detect relationships between
diet quality and PRS. Additionally, although genetics did
explain more of the variance in the lipid levels, genetics
are not amendable to change, whereas diet is. It is
possible that diet interventions need to occur earlier,
before CVD progression, and this is where Accredited
Practising Dietitians (APDs) may make an important
contribution in delivery of medical nutrition targeting
diet related risk factors. Evidence‐based health guidelines
recommend medical nutrition therapy (MNT) interven-
tions as first‐line treatment for CVD.52,53 Yet, in
2018–2019, only 1% of eligible Australians had a
Medicare (the Australian public health care insurance
scheme) funded MNT consult from an APD.54 Receiving
MNT interventions not only improves individual
health outcomes, but also counselling by APDs confers
annual healthcare savings of $830 to $1893 per patient,
with patients taking fewer medications and hospital
admissions.55 This suggests that personalised dietary
interventions, targeted to specific lifestage and diet related
risk factors, commencing earlier in life and/or triggered by
lifestage or risk factor screening programs, are required to
cost‐effectively reduce diet‐related CVD risk.

FIGURE 2 Distribution of coronary artery disease (CAD) polygenic risk score (PRS) in self‐reported cardiovascular disease cases and health
controls. Kernel density estimation plot of the most significantly associated CAD PRS (metaGRS or LDpred, standardised to have SD units) for six
cardiovascular disease phenotypes relative to participants who did not self‐report any of the phenotypes. For each plot, the cases are coloured, and
the controls are grey
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FIGURE 3 Effect size of diet and coronary
artery disease polygenic risk score (PRS) per
quartile of variable. Points denote the odds ratio
(OR) estimate of that quartile relative to the lowest
quartile (1, reference category), error bars denote
95% confidence intervals (CIs). Heart attack cases
were compared to the following three cohorts:
(a) participants with no self‐reported binary
cardiovascular disease (CVD) phenotypes; (b) all
other participants with relevant dietary data
available; and (c) participants who self‐reported
one or more other CVD phenotypes but not heart
attack. ARFS, Australian Recommended Food
Score, with the total and vegetable specific subscale
tested
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In the present study, we found that a penalised
regression lipid PGS, explained more phenotypic vari-
ance in measured HDL and TG levels, whereas a more
restricted clumping and thresholding (C + T) approach
was optimal for measured LDL. The C + T approach
only retains the most confidently associated genetic
variants with each lipid biomarker and filters out
variants that are statistically likely to be inherited
together, such that each variant is independent. By
contrast, a penalised regression approach includes more
variants from throughout the genome and models, rather
than explicitly excluding, co‐inherited variants. Both
approaches were significantly associated with all three
lipid subsets, demonstrating that different methodo-
logical approaches for polygenic scoring are useful to
investigate, and further work is required to define the
most effective types of scores.

Interestingly, the addition of smoking status, educa-
tional attainment and statin usage as covariates in
addition to age, sex, five SNP derived principal compo-
nents and ARFS, resulted in an elevated correlation
between the LDL PGS and measured LDL, likely
because the large effect of statins was not accounted
for in the baseline model.

Genetic risk for CAD (CAD PRS) was associated
with lower HDL but was not significantly correlated with
measured TG or LDL. This further highlights that there
is genetic overlap between CAD and plasma lipids.
Previous evidence obtained using summary‐based data
from GWAS supports this relationship, as represented by
a genetic correlation between the effect of variants on
lipids and on CAD.56 Further work is required to refine
all potential mechanisms that could contribute to this
overlap. However, it has been shown in CAD genetic
studies that the genetic signal associated with CAD is

disproportionately enriched amongst pathways related to
lipid transport, metabolism and signalling.57 Genetic risk
for CAD expressed as a PRS was strongly enriched
amongst each class of CVD cases, with the exception of
atrial fibrillation, indicating that genetic risk for CAD
was not as strongly associated as for atrial fibrillation,
which may reflect the differing pathophysiology in terms
of dietary risk factors. CAD PRS demonstrated the
strongest statistical association with coronary bypass,
which is not unexpected because it is a more severe CVD
phenotype. Additionally, adjusting for diet did not alter
the strong enrichment of CAD PRS amongst those with
self‐reported CAD. The effect size observed when
comparing the different CVD phenotypes is partially
related to statistical power. Hence, bypass having the
largest effect size is a function of that.

Each SD in CAD PRS was associated with a 42.7%
increase in the odds of a participant self‐reporting a heart
attack relative to individuals who self‐reported either
angina, atrial fibrillation, coronary bypass, high choles-
terol or hypertension. This highlights that individuals
who self‐reported a heart attack appear to carry a higher
burden of CAD associated genetic risk, as indexed by a
PRS, compared to other participants with a CVD
phenotype without heart attack. This supports the idea
that a higher genetic risk may also be a marker of
severity. Therefore, further clinical research investigating
the feasibility of CAD PRS together with traditional risk
factors to stratify risk of heart attack is warranted.

Strengths, limitations and future directions

This cohort study included over 3000 individuals,
providing a strong sample size to investigate the relative

FIGURE 4 Summary of findings. ARFS,
Australian Recommended Food Score; CVD,
cardiovascular disease; HDL, high‐density
lipoprotein; LDL, low‐density lipoprotein
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contribution of diet quality and PRS with respect to
explaining variation in plasma lipids and CAD out-
comes. Future research may determine whether provid-
ing feedback on genetic predisposition, measured by
PRS, leads to improved diet quality, potentially by
increasing an individual's motivation to make healthful
dietary changes, or not, and, additionally, evaluate
whether any strategies to improve diet quality have
greater effectiveness if utilised as a preventative strategy
for those at highest genetic risk. There are a number of
limitations that should be acknowledged. Despite the
ARFS previously having a association with reduced
medicare costs, and fewer medications and hospital
admissions, the diet quality score was not designed to
detect negative nutrients, namely nutrients that likely
increase CAD risk. A final limitation is the small
variability in diet quality score and therefore few
individuals at the highest and lowest ends of the score.
This may limit our ability to detect a relationship
between diet quality and measured lipids or CAD
phenotypes.

CONCLUSIONS

Lipid PGSs explained more variance in measured lipids
and CAD phenotypes than diet quality. However, the
less than average diet quality observed in the current
cohort, along with small variance, may have limited the
ability to observe any beneficial effects. Future research
should investigate whether the diet quality of older adults
can be improved, as well as the effect of these
improvements in relation to polygenic risk.
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