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ORIGINAL RESEARCH

Low-Density Lipoprotein Cholesterol
Attributable Cardiovascular Disease Risk Is
Sex Specific

Arjen J. Cupido “', MD; Folkert W. Asselbergs “=/, MD, PhD; A. Floriaan Schmidt =, PhD;
G. Kees Hovingh “&/, MD, PhD

BACKGROUND: Epidemiological studies show that women are generally at lower risk for cardiovascular disease than men. Here,
we investigated the sex-specific differential effect of genetically increased low-density lipoprotein cholesterol (LDL-C) on car-
diovascular disease (CVD) and other lipid-associated diseases.

METHODS AND RESULTS: This is a 2-sample Mendelian randomization study that uses individual participant data from 425 043
participants from the UK Biobank, including 229 279 female participants. An 80-variant LDL-C weighted genetic score was
generated. Linear and logistic regression models with interactions were used to identify differences between sex-specific
LDL-C effects on lipids, carotid-intima media thickness, and multiple cardiovascular outcomes such as CVD, ischemic heart
disease, peripheral artery disease, heart failure, aortic valve disease, type 2 diabetes, atrial fibrillation, and aortic aneurysm
and dissection. After correction for multiple testing, we observed that the genetically increased LDL-C effect on CVD events
was sex specific: per SD genetically increased LDL-C, female participants had a higher LDL-C increase but an attenuated CVD
risk increase compared with male participants (LDL-C: female participants 0.71 mmol/L, 95% ClI, 0.70-0.72 and male partici-
pants 0.57 mmol/L, 95% CI, 0.56-0.59. P for interaction: 5.03x10-%%; CVD: female participants: odds ratio [OR], 1.32; 95%
Cl 1.24-1.40 and male participants: OR, 1.52; 95% Cl, 1.46-1.58. P for interaction: 9.88x107%). We also observed attenuated
risks for ischemic heart disease and (hominally for) heart failure in female participants, and genetically increased LDL-C results
in higher risk for aortic valve disease in female participants compared with male participants. Genetically increased LDL-C
was also associated with an attenuated carotid-intima media thickness increase in female participants. We did not observe
other significant attenuations. Sensitivity analyses with an unweighted genetic score and sex-specific weighted genetic scores
showed similar results.

CONCLUSIONS: We found that genetically increased LDL-C has a sex-specific differential effect on the risk for cardiovascular
disease, ischemic heart disease, heart failure, and aortic valve stenosis. Our observations provide evidence that LDL-C might
be a less important determinant of CVD in women compared with men, suggesting that male patients might benefit more
from LDL-C targeted therapies for CVD management than female patients and warranting investigations into the sex-specific
relative contribution of risk factors for CVD.
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ardiovascular disease (CVD) remains a major  Observational data have shown, however, that women

cause of morbidity and mortality,! and lowering are at lower risk for CVD than men.?

plasma concentrations of low-density lipoprotein The sex differential CVD risk, along with underrepre-
cholesterol (LDL-C) is the cornerstone in CVD pre- sentation of female participants in major cardiovascu-
vention, irrespective of the sex of the patient at risk. lar trials, has spurred a debate about the mechanisms
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CLINICAL PERSPECTIVE

What Is New?

e Observational data have shown that female
patients are at lower risk for cardiovascular dis-
ease than male patients.

e Using Mendelian randomization in the UK
Biobank, we observe that the causal effect of
low-density lipoprotein cholesterol on cardio-
vascular disease is stronger in male than in fe-
male participants.

e We also observed that the causal effect of low-
density lipoprotein cholesterol on aortic valve
stenosis is stronger in female than in male
participants.

What Are the Clinical Implications?

e Qur observations warrant more research into
the sex-specific attributions of risk factors for
cardiovascular and related diseases.

e Male patients might benefit more from low-
density lipoprotein cholesterol targeted thera-
pies than female patients.

e Sex-differential effects should be taken into ac-
count in the design of clinical trials.

Nonstandard Abbreviations and Acronyms

AVS aortic valve stenosis

cIlMT carotic intima media thickness

CTT Cholesterol Treatment Trialists’
Collaboration

MR Mendelian randomization

of optimal cardiovascular risk reduction in women and
men.3* This is supported by a recent meta-analysis of
27 randomized clinical trials, reporting significant het-
erogeneity between men and women in the effect of
statins (compared with placebo) to prevent a first CVD
event (rate ratio [RR] for men: 0.72 per 1 mmol/L de-
crease in LDL-C; 95% CI, 0.67-0.77; RR for women:
0.85; 95% Cl, 0.75-0.96, interaction P value=0.02).5
To evaluate the presence of a sex-dependent dif-
ference in the effect of LDL-C in the risk for CVD, we
used Mendelian randomization (MR), which uses nat-
urally occurring genetic variation to investigate the
causal effect of an exposure on an outcome and has
previously been used to explore the causal relation be-
tween LDL-C and CVD.%” Here we apply MR to explore
the potential sex-differential CVD-effects of increased
LDL-C concentration, leveraging an LDL-C genetic
score. We additionally consider effects on specific
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cardiometabolic traits such as intermediate phenotype
carotid intima media thickness (cIMT), aortic valve ste-
nosis (AVS), atrial fibrillation, heart failure (HF), aortic
aneurysm and dissection, and type 2 diabetes.

METHODS

Design, Data Sources, and Study
Participants

The data sets used for this study are available upon
approval from the UK Biobank consortium. The scripts
used to analyze the data are deposited on https:/
github.com/arjencupido/Sex-differential-effect-LDLC.
We used a 2-sample MR approach using both sum-
mary data (the first sample) and individual participant
data from the UK Biobank (the second sample) to as-
sess the effect of an externally weighted LDL-C genetic
instrument on a range of clinical outcomes (including
LDL-C as a positive control), stratified for sex. Similar
MR studies using both summary and individual par-
ticipant data have been described before,®® and MR
methods using individual participant data have been
shown to provide similar estimates as 2-sample MR
analyses using summary data.®'® We used summary
data from a genome-wide association study (GWAS)
on LDL-C in up to 188 577 participants from the Global
Lipid Genetics Consortium." The design of the UK
Biobank study has been described elsewhere'?; all par-
ticipants provided written consent and the UK Biobank
has gained study approval from the North West Multi-
centre Research Ethics Committee. This research has
been conducted under Application Number 44 972,
We included participants who self-identified as being
from a White British, White Irish, or other White back-
ground. We excluded participants that were more than
third degree related (kinship coefficient >0.0844). Sex
was defined as genetically reported male (XY) and fe-
male (XX), and we excluded participants with discord-
ant genetically determined sex and self-reported sex.
We will further report our results using the biological
terms male and female.'® Genotyping was performed
using the Affymetrix UK BILEVE Axiom array or the
Affymetrix UK Biobank Axiom array. Anthropometric
markers and biomarkers were collected at the base-
line visit.

Selection of Genetic Variants and
Construction of Instruments

To prevent Winner’s curse and weak instrument bias,
genetic variants were identified based on external
GWAS data on LDL-C from the Global Lipid Genetics
Consortium; selecting all common (minor allele fre-
quency >0.01) independent (R?><0.001; using 25 000
participants from the UK Biobank as reference sample)
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genetic variants associated with LDL-C with a P value
<5x1078 (Table S1)."" We calculated genetic scores for
each participant of the UK Biobank cohort by sum-
ming the number of LDL-C increasing alleles a partici-
pant has, weighed by the effect that specific allele has
on LDL-C levels as found by the Global Lipid Genetics
Consortium GWAS. Because the original LDL-C GWAS
was conducted in a cohort with both male and female
participants, we also constructed an unweighted score
with these single-nucleotide polymorphisms and we
constructed additional weighted scores where we ex-
tracted male- and female-specific estimates for these
single-nucleotide polymorphisms from a UK Biobank
GWAS."

Outcomes

We investigated the effects of genetically increased
LDL-C levels on the following individual CVD end
points: first occurrence of CVD (which is a composite
of the first occurrence of either a prevalent or incident
event of ischemic heart disease, death due to ischemic
heart disease, a coronary intervention procedure, as
well as the UK Biobank definition of ischemic stroke),
all the subcomponents of the CVD composite, periph-
eral artery disease, AVS, atrial fibrillation, HF, aortic
aneurysm and dissection, and type 2 diabetes. These
outcomes are defined by International Classification of
Diseases, Tenth Revision (ICD-10) codes, International
Classification of Diseases, Ninth Revision (ICD-9)
codes, procedure codes, and self-report (Table S2).
Finally, we also investigated the effects of our genetic
score on a subset of up to 41 025 patients who un-
derwent a carotid ultrasound following a standardized
protocol.'”® We used the mean cIMT on 4 different an-
gles (120, 150, 210, 240 degrees) in our analysis, as
well as the pooled average of the mean cIMT of the 4
angles.

Statistical Analysis

The effects of the genetic instruments on continuous
markers such as LDL-C and cIMT were assessed by
linear regression, and the effects of the genetic instru-
ments on clinical outcome were assessed by logistic
regression. All analyses accounted for age and for sex
in both conventional and interaction analyses. A 1-unit
increase in the genetic instrument represents an SD
genetically increased LDL-C, as reported by the Global
Lipid Genetics Consortium, which we will also refer to
as “genetically increased LDL-C.”"" To illustrate the di-
rectional concordance of our data with data from clini-
cal trials, we used the genetic score to dichotomize
each sex group by the median of the genetic score for
each sex. This approach (sometimes called “Nature’s
randomized trial”) creates 2 groups randomized by their
(approximately randomly inherited) allele distribution,
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which is similar to the procedure used in a randomized
clinical trial.'® We then measured the differences in
baseline characteristics and specifically LDL-C lev-
els between these groups, as well as the difference
in the first occurrence of CVD. We then standardized
the effects of our randomization scheme toward the
risk on major cardiovascular events per 1 mmol/L re-
duction in LDL-C, by dividing the effects of our genetic
instrument on CVD by the effects of our genetic in-
strument on LDL-C,'” and calculated heterogeneity
statistics between male and female participants using
the meta package.'® Because there is a possibility that
the weights from the initial GWAS are driven by sex-
specific factors, we performed sensitivity analyses:
First, we used unweighted instruments in interaction
analyses. Second, we calculated male- and female-
specific weighted genetic scores for each group and
calculated heterogeneity statistics. Finally, to investi-
gate potential pleiotropy, we performed leave-one-out
analyses where we iteratively excluded 1 genetic vari-
ant from our genetic instrument and estimated the in-
teraction of the LDL-C genetic instrument with sex on
CVD. A nominal P value of 0.05 was used as threshold
for statistical significance, and in case of the 11 end
points, we considered a P value below 4.54x10-° (0.05
divided by 11) to be the multiple testing corrected level
of significance. The analyses were performed using R
v4.0.3.'° Genetic variants in the UK Biobank were ex-
tracted from the BGEN files using Rbgen.?® The plots
were made using the ggplot2?' package and the meta
package.'®

RESULTS

Description of UK Biobank Cohort

We included a total of 425 043 participants in the study,
of whom 229 279 were female (54.3%). Demographic
characteristics stratified for sex are listed in Table 1. A
total of 39 032 participants suffered from a first CVD
event; 11 620 of these events occurred in female par-
ticipants (5.1%), and 27 412 (14.0%) in male partici-
pants. When each sex group was stratified based on
the median of the weighted genetic instrument, poten-
tial confounding cardiovascular risk factors were simi-
larly distributed within the 2 dichotomized groups for
each sex (Table 2).

Distribution of Genetic Instrument and
Effect on LDL-C and CVD

A total of 80 independent genetic variants that were
associated with LDL-C at genome-wide significance
level were used to generate the genetic instrument
(Table S1). The median weighted genetic instrument for
both female and male participants was 6.64 (interquar-
tile range 6.42; 6.84, P for difference 0.035) and the
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Table 1. Baseline Values Stratified for Sex

Sex-Specific Effect of Increased LDL-C on CVD Risk

Female participants Male participants P value

n 229 279 195 764
Age at baseline, y, median [IQR] 58.00 [51.00, 63.00] 59.00 [51.00, 64.00] <0.001
Total cholesterol, mmol/L (median [IQR]) 5.84[5.12, 6.61] 5.47[4.72,6.23] <0.001
LDL-C, mmol/L (median [IQR]) 3.58[3.02, 4.19] 3.46[2.88, 4.05] <0.001
High-density lipoprotein cholesterol mmol/L (median [IQR]) 1.56 [1.33, 1.83] 1.24 [1.07, 1.45] <0.001
Triglycerides, mmol/L (median [IQR]) 1.34[0.97, 1.90] 1.70 [1.19, 2.45] <0.001
Apolipoprotein B, g/L (median [IQR]) 1.02[0.87, 1.19] 1.02[0.86, 1.18] <0.001
Apolipoprotein A1, g/L (median [IQR]) 1.62 [1.45, 1.79] 1.41 [1.27, 1.56] <0.001
Lipoprotein(a), nmol/L (median [IQR]) 21.30[9.73, 59.81] 19.00 [9.00, 60.00] <0.001
Systolic blood pressure, mm/Hg (median [IQR]) 135.00 [123.00, 150.00] 141.00 [130.00, 154.00] <0.001
Diastolic blood pressure, mm/Hg (median [IQR]) 80.00 [73.00, 87.00] 84.00 [77.00, 91.00] <0.001
Average mean carotid intima media thickness, ym (median 649.75 [585.50, 729.50] 694.75 [611.25, 794.50] <0.001
[IQR])
Body mass index, kg/m? (median [IQR]) 26.05 [23.41, 29.62] 27.32 [25.00, 30.07] <0.001
Smoking status, % <0.001

Never smoked 133 833 (58.6) 94 591 (48.5)

Former smoking 74190 (32.5) 76 665 (39.3)

Current smoking 20471 (9.0) 23829 (12.2)
Townsend deprivation index (median [IQR]) -2.27 [-8.70, 0.18] -2.26 [-3.71, 0.33] <0.001
Education score (median [IQR]) 7.99 [2.57,18.72] 8.42 [2.76, 19.91] <0.001
Lipid-lowering therapy, % 28 773 (12.5) 44 870 (22.9) <0.001
Cardiovascular disease, % 11 620 (5.1) 27 412 (14.0) <0.001
Diabetes, % 7454 (3.3) 13 670 (7.0) <0.001
Weighted LDL-C score (median [IQR]) 6.64 [6.42, 6.84] 6.64 [6.42, 6.84] 0.035
Unweighted LDL-C score (median [IQR]) 82.00 [79.00, 86.00] 82.00 [79.00, 86.00] 0.005

This table outlines differences in clinical parameters stratified by biological sex, at the baseline visit.
Townsend deprivation index is a measure of material deprivation. Education score is a measure of educational deprivation. IQR indicates interquartile range;

and LDL-C, Low-density lipoprotein cholesterol.

unweighted instrument was 82 (interquartile range 79;
86, P for difference 0.005, Figure 1B, Table 1). Using the
entire cohort, the weighted LDL-C genetic instrument
was strongly associated with LDL-C (0.65 mmol/L,
95% ClI, 0.64-0.65 mmol/L). The LDL-C instrument
was highly associated with CVD in all participants (OR,
1.45; 95% CI 1.40-1.50).

Effect of Genetically Increased LDL-C on
CVD Is Different in Female Participants
Compared With Male Participants

We observed significant interactions between our ge-
netic instrument and sex for all lipid traits except for
lipoprotein(a) and apolipoprotein Al (@apoAl) (Figure 1A,
Table S3). LDL-C levels of female participants in-
creased with =0.13 mmol/L more than for male par-
ticipants per 1 SD genetically increased LDL-C (female
participants 0.71, 95% ClI, 0.70-0.72; male participants
0.57 mmol/L, 95% ClI, 0.56-0.59; P for interaction:
5.08x10789), To account for potential mediation by lipid-
lowering therapy, we corrected LDL-C concentration
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in patients receiving lipid-lowering therapy by divid-
ing their LDL-C by 0.68, which is in accordance with
a previously described method.?? The difference be-
tween men and women remained significantly different
(0.05 mmol/L difference, P for interaction: 1.95x107°,
Table S4). In contrast, the increased odds for CVD
were lower for female participants than for male par-
ticipants, per 1 SD genetically increased LDL-C (female
participants: OR, 1.32; 95% Cl, 1.24-1.40; male partici-
pants: OR, 1.52; 95% Cl, 1.46-1.58; P for interaction:
9.88x1075, Figure 2). We observed sex-specific differ-
ential effects in the association of genetically increased
LDL-C with the first occurrences of ischemic heart
disease (female participants: OR, 1.34; 95% Cl, 1.26—
1.44; male participants: OR, 1.60; 95% ClI, 1.563-1.68; P
for interaction 7.99x10-9), HF (female participants: OR,
1.08; 95% Cl, 0.95-1.22; male participants: OR, 1.29;
95% ClI, 1.19-1.41; P for interaction 1.54x1079), and
AVS (female participants: OR, 2.09; 95% ClI, 1.68-2.61;
male participants: OR, 1.42; 95% ClI, 1.22-1.66; P for
interaction 4.48x1072, all interaction estimates can be
found in Table S3). After correcting for multiple testing,
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Figure 1. Genetic instrument distribution and effect on lipids and CVD, stratified for sex.

A, difference in lipids due to 1 SD genetically increased LDL-C in female participants and in male participants, with 95% Cls. Values
on the top represent P value for interaction. B, Boxplot summarizing the distribution of the genetic instrument in the cohort (in
median and interquartile range), stratified for female and male participants. ApoA indicates apolipoprotein A; ApoB, apolipoprotein
B; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; and Lp(a),
lipoprotein(a).

all effects remained significant, except for the effect  to ischemic stroke, coronary interventions, peripheral
on HF. We did not observe sex-specific differential artery disease, atrial fibrillation, aortic aneurysm and
effects for the outcomes ischemic stroke, death due dissection and type 2 diabetes.
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Figure 2. The effects of an SD genetically increased LDL-C on clinical outcome,

stratified for sex.

Forest plot with odds ratios per 1 SD genetically increased LDL-C for CVD, its subcomponents
and other cardiovascular outcome, stratified for female participants and male participants.
Values on the right side of the panel represent P values for interaction. LDL-C indicates low-

density lipoprotein cholesterol; and OR, odds ratio.
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Effect of Genetically Increased LDL-C

on Carotid Intima Media Thickness

Is Different in Female Participants
Compared With Male Participants

Our genetic instrument was significantly associated
with mean cIMT in both male and female participants,
but the mean increase in the pooled cIMT measure-
ments, per 1 SD genetically increased LDL-C increase,
was smaller in female participants compared with
male participants (female participants: 11.8 um, 95%
Cl, 7.5-16.0 ym; male participants: 22.3 um, 95% ClI,
16.8-27.8 um; P for interaction 2.90x1073). The interac-
tion terms for all 4 ultrasound angles were significant
(Figure 3).

Sensitivity Analyses Confirm the
Observed Interactions Between
Genetically Increased LDL-C and Sex

We performed sensitivity analyses using an un-
weighted instrument to determine to what extent the
sex-averaged LDL-C weights influenced the previ-
ously presented analyses. There was no meaningful
difference between the effects, using both an un-
weighted genetic score and scores using male- and
female-specific weights. Most notably, the effects on
all clinical outcome measures remained in concord-
ant direction while using the unweighted score, with
HF losing nominal significance and AVS being sig-
nificant after multiple testing (Table S5). Sex-specific

Sex-Specific Effect of Increased LDL-C on CVD Risk

weighted scores showed similar effects compared
with the weighted genetic score, with significant het-
erogeneity for CVD and ischemic heart disease and
nominally for HF. Heterogeneity for AVS was sugges-
tive (Table S6). Leave-one-out analyses showed that
for exclusion of each single-nucleotide polymorphism,
the interaction term of the genetic instrument with sex
on CVD remained significant (Table S7, Figure S1). To
further assess the issue of multiple testing, we em-
ployed a Kolmogorov-Smirnov test on the 11 inter-
action P values for each genetic instrument.?® The P
values for these tests were 0.008, 0.003, and 0.0005
for the weighted score, unweighted score, and sex-
specific weighted score, respectively, indicating that
the results for each genetic score are unlikely to be
driven by false positive results. Finally, a recent GWAS
on biological sex reported on the possibility of spuri-
ous genetic associations owing to the influence of a
trait on sex-differential participation in population stud-
ies.?* Because there is a possibility that LDL-C could
lead to sex-differential participation in the UK Biobank,
we further investigated this issue. First, we cross-
referenced variants from our genetic instrument with
the 160 identified hits in the GWAS of sex. We found
1 variant that was in low linkage with a variant in this
GWAS (R?=0.274), whereas all other variants used as
instruments in our study were independent from sex-
related variants (R°<0.01). Second, sex-differential par-
ticipation bias can be identified through identification of
sex-related discordant genetic allele frequencies. Allele
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Figure 3. Effect of 1 SD genetically increased LDL-C on mean IMT.

Bar plot comparing the difference in mean carotid intima media thickness (cIMT) between male
and female participants per 1 SD genetically increased LDL-C, Including 95% CI. Values on the
top represent P-value for interaction. LDL-C indicates low-density lipoprotein cholesterol.
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frequencies were highly correlated between male and
female participants, both in the entire cohort (correla-
tion coefficient of 1.00), as well as in subgroups with or
without CVD (again with correlation coefficient of 1.00
irrespective of CVD status; see Figure S2). Additionally,
the mean weighted genetic instrument was not numer-
ically different between the groups (Table 1). Finally, we
explored if any of the included genetic variants in our
score were directly associated with sex. Three variants
were hominally associated with sex at an alpha of 0.05.
Excluding these 3 variants from the instrument did not
change our results for CVD (female participants: OR,
1.33; 95% ClI, 1.25-1.41; male participants: OR, 1.52;
95% Cl, 1.45-1.58; P for interaction 3.01x1074).

Comparing the Concordance of the
Genetic Evidence to Clinical Trial Data

To provide a clinically meaningful illustration and to
compare the directional concordance of the genetic
estimates with clinical trial data, we next divided each
sex group into 2 groups based on the median of the
genetic instrument in each group (creating 2 groups
randomized by their genetic variation, similar to ran-
domization in a clinical trial) and standardized the dif-
ference in CVD risk estimates to a 1 mmol/L reduction
in LDL-C. Baseline values for each group are listed
in Table 2. We observed that a lifelong genetically
1 mmol/L reduction in LDL-C levels was associated
with an OR for CVD of 0.69 in female participants (95%
Cl, 0.62-0.77) and an OR of 0.49 (95% Cl, 0.45-0.54)
in male participants, with significant heterogeneity of
the estimates (1°=95.2%, 95% Cl, 85.5-98.4%; Q P
value=5.5x108, Figure 4). This is directionally con-
cordant with the data previously aggregated by the
Cholesterol Treatment Trialists’ Collaboration (CTT,
risk ratio [RR] in women: 0.85; 95% Cl, 0.75-0.96; RR
in men: 0.72; 95% Cl, 0.67-0.77; 1°=80.2%, 95% ClI,
14.9-95.4; Q P value=0.0259). It should be noted that
the lifetime effect size observed in this genetic study
cannot be compared with the (short-term) effect size
found in clinical trials as aggregated by the CTT.

DISCUSSION

In this study we used MR to investigate sex-specific
differences of the causal association of LDL-C with
the risk for CVD. We observed that the association
of genetically increased LDL-C with the risk for a first
cardiovascular event is smaller in female participants
compared with male participants. We also observed
that genetically increased LDL-C was associated with
a smaller effect in female participants for the cardio-
vascular suboutcomes ischemic heart disease and
HF, whereas genetically increased LDL-C was as-
sociated with a stronger effect on the risk for AVS in
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Group Effect OR/RR  [95% CI]
Study type = Genetic
Women —— 0.69 [0.62-0.77]
Men - 0.49 [0.45-0.54]
Random effects model —————SEEE—— 0.58 [0.42-0.80]
Heterogeneity: /* = 95%, %% = 20.65 (p < 0.01)
Study type = Statin trials
Women —— 0.85 [0.75-0.96]
Men S 0.72 [0.67-0.77]
Random effects model —— 0.78 [0.66-0.91]
Heterogeneity: 12 = 80%, %> = 5.05 (p = 0.02)
T T T T T 1
04 05 06 0708091
OR/RR (95% Cl)

Figure 4. Visualization of directional concordance of
genetic data with clinical trial data.

Forest plot illustrating the concordance of the genetic data and
statin trial data on the significant difference between male and
female participants on the risk ratio (genetic) and rate ratio (statin
trials) for cardiovascular events, scaled to 1 mmol/L LDL-C
reduction, as defined by the CTT. The genetic data is based
on dichotomization of the genetic risk instrument, effectively
creating 2 groups within the separate male and female groups,
similar to 2 groups in a clinical trial. CTT indicates Cholesterol
Treatment Trialists’ Collaboration; LDL-C, low-density lipoprotein
cholesterol; OR, odds ratio; and RR, rate ratio.

female participants. In support of our observations,
we found that genetically increased LDL-C was asso-
ciated with smaller increases in mean carotid intima
media levels in female participants compared with
male participants. These results were replicated using
unweighted and sex-specific weighted genetic scores.
Together, these results suggest that the causal effect
of LDL-C on cardiovascular risk is attenuated in women
compared with men and provide further evidence for
causal sex-specific differences in the pathogenesis of
atherosclerosis.

Our results showing that the association of genet-
ically increased LDL-C on CVD is different between
male participants and female participants supports
observational evidence that women are at lower risk
for CVD. The added value of MR over and above ob-
servational epidemiology is that it reduces the impact
of potential biases.® Our data are in accordance with
observations in randomized clinical trials evaluating the
effect of LDL-C lowering by statins on CVD risk. In a re-
cent meta-analysis of the CTT, a sex-specific differen-
tial effect of statin therapy on the occurrence of a first
CVD event was found (Figure 4).° Apart from the effect
on clinical CVD events, we also observed a differen-
tial effect of LDL-C on arterial wall thickness, as being
ascertained by cIMT. Progression of cIMT has been
shown to be a predictor of coronary artery disease
and can thus function as an intermediate phenotype
for atherosclerosis progression.?®

Interestingly, the differential effect on CVD risk found
by the CTT is observed only in patients on statins with-
out a known history of CVD, whereas no significant
sex difference in clinical outcome was observed in
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the setting of secondary prevention trials investigat-
ing statins, ezetimibe, and PCSKQ inhibitors.>?%27 The
severe decrease in sample size by selecting only par-
ticipants with a primary event would prevent us from
testing the hypothesis of the sex-differential effect of
genetically increased LDL-C in a secondary prevention
setting. However, some data on a sex-specific differ-
ence in secondary prevention are available. Among
others, a meta-analysis on all trials with PCSK9 in-
hibitors reported on a sex-specific attenuation in the
LDL-C reduction in female patients,?® and in the CTT
meta-analysis the effects of statins in secondary pre-
vention followed a similar pattern as in primary preven-
tion (RR for male patients, 0.79; 99% CI, 0.76-0.82;
RR for female patients, 0.84; 99% ClI, 0.77-0.91; P for
heterogeneity=0.43). Future studies should investi-
gate this matter, for example through the Genetics of
Subsequent Coronary Heart Disease consortium.?®
Our analysis does not provide a mechanistic expla-
nation for the difference in risk. However, there is a vast
amount of literature on sex-differences in pathophysio-
logical processes in atherosclerosis and on the impact
of sex hormones on lipid metabolism.*® Among others,
invasive and noninvasive imaging studies have shown
that there is a significant sex difference in plaque mor-
phology and anatomy, with male patients having more
diffuse eccentric atheroma burden and more frequent
thrombotic plaque and ulceration, which suggests that
other, maybe non-LDL-C-related risk factors may be
more relevant in female patients.3"32 Moreover, sex
hormones have been shown to have differential effects
on all cell types and many cellular pathways involved
in atherosclerosis, including oxidative stress, smooth
muscle cell proliferation, increased vasodilation, and
macrophage lipid metabolism.3"3  Androgens, for
example, have been shown to induce foam cell for-
mation, atherogenic gene expression, and vascular
endothelial cell apoptosis, which are processes that
might be driven by increased LDL-C.3" In turn, stud-
ies in cynomolgus macague monkeys and atheroscle-
rotic mouse models have shown that an ovariectomy
in these animals increased plaque burden, which was
reversible by estrogen therapy.®? Sex hormones also
have been shown to affect lipoprotein composition,
which could result in a differential proatherogenic ef-
fect even in the setting of similar cholesterol concentra-
tion between male patients and female patients.®° It is
important to note that the results of preclinical models
using nonhuman primates, minipigs, rabbits, or mice
are conflicting with observations within human stud-
ies. Studies on the latter 3 animal models consistently
show larger atherosclerotic plaques in females com-
pared with males.3? However, it has also been shown
that plaque burden (determined by morphology and in-
flammation) instead of plaque size is a more important
predictor for CVD.3? Combined, these data suggest

J Am Heart Assoc. 2022;11:e024248. DOI: 10.1161/JAHA.121.024248

Sex-Specific Effect of Increased LDL-C on CVD Risk

that it is likely the sex-specific biological response to
increased LDL-C that drives the attenuation observed
in this study.

In contrast to the effect on CVD, we observed an in-
creased risk for genetically increased LDL-C on AVS in
female participants compared with male participants.
AVS is the most prevalent valvular disease in the world,
and it is the most frequent indication for aortic valve
replacement.®* The prevalence is similar between male
and female sex, but sex-related differences have been
found for the clinical presentation, progression, and
pathophysiology of AVS.%% High plasma LDL-C levels
have been shown to increase the risk for AVS, and
our results support a previous MR study showing that
LDL-C is a causal risk factor for the development of
AVS %8 |n addition, a recent study in patients suffering
from familial hypercholesterolemia found a 5.71-fold
increase in aortic valve replacements in patients with
familial hypercholesterolemia compared with healthy
relatives. The study showed a trend toward a lower risk
for aortic valve replacement in male patients with famil-
ial hypercholesterolemia (HR, 0.56; 95% CI, 0.28-1.11)
compared with female patients with familial hypercho-
lesterolemia.®” It has been suggested that the under-
lying pathophysiology is different in men and women,
which is supported by the finding that in the setting of
equal hemodynamic valvular impairment, aortic valves
in women were shown to be characterized by less cal-
cification compared with men.®*3® It is possible that,
owing to the cumulative effect of LDL-C, female pa-
tients reach the threshold for symptomatic AVS quicker
than male patients and that this drives the difference in
our study. Other studies found potential differences in
the pathophysiology of valvular dysfunction.®* Among
others, it was suggested that fibrosis instead of cal-
cification is a more important contributor to AVS in
women, which could indicate a sex-differential cellular
response to LDL-C instead. Future studies should fur-
ther investigate the sex-differential effect of LDL-C on
the pathophysiology of AVS. We also observed nom-
inally significant sex-specific differences in the risk for
HF (which is likely due to the downstream effects of
CAD diagnosis), which remained nominally significant
in the sensitivity analyses using sex-specific weighted
scores. Although this potential association did not
reach significance after multiple testing, we note that
a Bonferroni correction as used here is often regarded
as being conservative and that many of the included
clinical outcomes are phenotypically correlated.

It is of note that multiple lipid classes have been
affected by our genetic score, with total cholesterol,
high-density lipoprotein cholesterol, triglycerides, and
apolipoprotein B (apoB) also being affected, increas-
ing the risk for horizontal pleiotropy. However, this
risk is likely to be limited given the fact that, based
on the potentially affected pathways involved, apoB,
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triglycerides, and total cholesterol changes can be
expected for an LDL-C derived genetic score. It is cur-
rently widely accepted that the majority of the CVD
risk is mediated through apoB-containing lipoproteins.
Because LDL-C is the main apoB-containing lipopro-
tein, our reported differential cardiovascular effects
due to LDL-C may primarily represent differential car-
diovascular effects due to a concentration change in
apoB-containing lipoprotein.3%4° Indeed, we observed
a more prominent effect on apoB levels in female par-
ticipants compared with male participants, which thus
further supports our observation that atherogenic lipo-
proteins have an attenuated effect on CVD in women.
The relatively small effect of our score on triglycerides
and high-density lipoprotein cholesterol and no signif-
icant difference in the sex-differential effect on apoAt
are further evidence that the influence of horizontal
pleiotropy is likely limited. Further risk on (unobserved)
horizontal pleiotropy is minimized because of the use
of 80 independent variants throughout the genome,
which may result in balanced, instead of directional,
horizontal pleiotropy. Finally, because a recent GWAS
on biological sex by Pirastu and coworkers found that
sex-differential participation could influence genetic
studies,®* we further investigated this potential source
of bias. Our results are suggesting a minimal impact, if
any, of this type of bias.

Our results suggest that LDL-C is a less import-
ant predictor for cardiovascular risk in women than
in men and we hypothesize that treatment of other
risk factors (eg, hypertension, coagulation, inflamma-
tion) might be of more importance.*! In other words,
our data thus not only suggest that the prospective
risk differs per sex but also that the relative contri-
bution of predictors might be dependent on sex as
well. Moreover, our data warrant further evaluation
of potential benefits and risks of lipid-lowering ther-
apy. Although the risk for serious adverse events for
all lipid-lowering compounds is very low, our data
might imply that the evaluation of the benefits com-
pared with experienced side effects (eg, myalgia for
statins) could differ based on sex. Our study also has
implications for future LDL-C-lowering clinical trials in
a primary prevention setting, because the observed
sex difference implies that more female participants
are needed to ensure sufficient power to detect a
significant effect.* Our observations possibly apply
to many more therapeutic agents in other fields and
might implicate that sex-specific dose finding studies
should be conducted for certain therapeutic com-
pounds, especially for compounds with a relatively
unfavorable benefit/harm ratio. In the case of novel
clinical trials involving “polypills” (with for example
multiple complementary CVD-targeting compounds),
specific combinations of compounds and concentra-
tions can be made based on sex. MR can be helpful
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to provide a first clue of a sex-specific difference and
can thus aid in the optimal selection of complemen-
tary drugs and in power calculations for clinical trials.

Our study has limitations. First, although we em-
ployed various sensitivity analyses to further minimize
the possibility of bias, we cannot entirely exclude bias
risk. Future (genetic or drug) studies in different cohorts
should validate our findings. Second, this study inves-
tigates the lifetime effect of increased LDL-C, because
of the use of genetic variation. Although we have illus-
trated the directional concordance of our results with
clinical trial data, caution is warranted in translating our
effect sizes to drug treatment effects. Third, our study
includes participants of European descent. Caution is
warranted in extrapolating our results to patients with
a different ethnic background. Fourth, epidemiological
studies report that although women have lower abso-
lute cardiovascular risk before menopause, this attenu-
ation largely disappears in the years after menopause.
Owing to the (largely) cross-sectional nature of the UK
Biobank, we could not investigate a potential interac-
tion between menopause and the causal effects of ge-
netically increased LDL-C.

CONCLUSIONS

In conclusion, we found that genetically increased
LDL-C has a sex-specific differential causal effect on
the risk for CVD, ischemic heart disease, HF, and AVS.
These observations implicate that women are less sus-
ceptible to LDL-C-associated CVD and more suscepti-
ble to LDL-C-associated AVS compared with men. Our
observations may benefit analyses for treatment guid-
ance, clinical trial design, and dose-finding studies and
warrant more sex-specific evaluations of the relative
contribution of cardiovascular risk factors to disease.
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Table S1: genetic variants included in the study, and their effect on LDL-C

SNP EA NEA beta se P value
rs4970834 | C T 0.1503 | 0.0047 <1.00E-200
rs6511720 | G T 0.2209 | 0.0061 <1.00E-200
rs7254892 | G A 0.4853 | 0.0119 <1.00E-200
rs1367117 | A G 0.1186 | 0.004 9.48E-183
rs11591147 | G T 0.497 0.018 8.58E-143
rs12721109 | G A 0.4462 | 0.0183 2.99E-122
rs6544713 | T C 0.0806 | 0.0041 4.84E-83
rs12916 C T 0.0733 | 0.0038 7.79E-78
rs10401969 | T C 0.1184 | 0.0072 2.65E-54
rs2954029 | A T 0.0564 | 0.0036 2.10E-50
rs579459 C T 0.0665 | 0.0045 2.42E-44
rs2000999 | A G 0.065 0.0046 4.22E-41
rs174583 C T 0.0522 | 0.0038 7.00E-41
rs247616 C T 0.0547 | 0.0041 2.57E-37
rs7551981 | T G 0.0472 | 0.0038 1.36E-33
rs11485618 | A G 0.05 0.0039 3.73E-33
rs6882076 | C T 0.0456 | 0.0038 3.31E-31
rs6065311 | C T 0.0417 | 0.0036 1.66E-30
rs964184 G C 0.0855 | 0.0078 2.01E-26
rs2587534 | A G 0.0391 | 0.0037 8.06E-25
rs75687619 | T G 0.1735 | 0.0161 8.05E-24
rs9987289 | G A 0.0714 | 0.0066 8.53E-24
rs1564348 | C T 0.0481 | 0.005 2.76E-21
rs10893499 | A G 0.0521 | 0.0053 3.86E-21
rs1169288 | C A 0.0375 | 0.004 6.45E-21
rs17725246 | C T 0.0472 | 0.0049 1.49E-20
rs6016381 | T C 0.0363 | 0.0038 6.85E-20
rs2738459 | A C 0.0532 | 0.0058 2.26E-19
rs10947332 | A G 0.0504 | 0.0056 6.97E-18




2202 ‘0g dunc uo /(q Bios feuino _bl.|€//:d11L| wioJj papeo jumoqg

rs3757354 | C T 0.0382 | 0.0044 2.09E-17
rs7832643 | T G 0.0339 | 0.0038 2.67E-17
rs10903129 | G A 0.0328 | 0.0037 3.03E-17
rs13277801 | C T 0.0338 | 0.0038 3.99E-17
rs2642438 | G A 0.0352 | 0.0042 7.32E-16
rs3798221 | G T 0.0368 | 0.0045 1.06E-15
rs8017377 | A G 0.0303 | 0.0038 2.52E-15
rs4722551 | C T 0.0391 | 0.0049 3.95E-14
rs12670798 | C T 0.0344 | 0.0043 4.81E-14
rs10832962 | T c 0.032 0.004 6.62E-14
rs2737252 | G A 0.0314 | 0.0041 7.04E-14
rs2419604 | A G 0.0302 | 0.004 7.49E-14
rs1800562 | G A 0.0615 | 0.008 8.25E-14
rs492602 G A 0.0293 | 0.0039 9.42E-14
rs10495907 | A G 0.0406 | 0.0052 1.26E-13
rs4970712 | C A 0.0339 | 0.0044 2.46E-13
rs6504872 | T c 0.0274 | 0.0037 3.48E-13
rs10490626 | G A 0.0508 | 0.0069 1.70E-12
rs12748152 | T c 0.0499 | 0.0066 3.21E-12
rs4530754 | A G 0.0275 | 0.0036 3.58E-12
rs3184504 | C T 0.0268 | 0.0038 4.20E-12
rs16831243 | T C 0.0378 | 0.0055 9.06E-12
rs1801689 | C A 0.1028 | 0.0139 9.81E-12
rs9875338 | G A 0.027 0.0037 2.21E-11
rs17111652 | T c 0.0845 | 0.0121 2.26E-11
rs4942486 | T c 0.0243 | 0.0037 2.26E-11
rs10102164 | A G 0.0316 | 0.0045 3.74E-11
rs2886232 | T c 0.0451 | 0.0064 3.88E-11
rs3798220 | C T 0.1579 | 0.0223 6.12E-11
rs1883025 | C T 0.0296 | 0.0044 6.14E-11
rs6909746 | C T 0.0263 | 0.0037 7.86E-11
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rs9973286 | C G 0.0577 | 0.0087 1.12E-10
rs314253 T c 0.0242 | 0.0038 3.44E-10
rs364585 G A 0.0249 | 0.0038 4.28E-10
rs1800961 | C T 0.0685 | 0.0106 6.03E-10
rs7569093 | C G 0.0719 | 0.0112 7.58E-10
rs3780181 | A G 0.0445 | 0.0074 1.76E-09
rs17404153 | G T 0.0336 | 0.0054 1.83E-09
rs267733 A G 0.0331 | 0.0053 5.29E-09
rs2328223 | C A 0.0299 | 0.005 5.63E-09
rs2710642 | A G 0.0239 | 0.0038 6.09E-09
rs2030746 | T c 0.0214 | 0.0038 8.61E-09
rs7640978 | C T 0.0392 | 0.0069 9.84E-09
rs5763662 | T c 0.0767 | 0.0121 1.19E-08
rs6818397 | T G 0.0224 | 0.004 1.68E-08
rs780093 T c 0.0223 | 0.0037 2.36E-08
rs11581665 | C T 0.0292 | 0.0053 2.84E-08
rs4253776 | G A 0.0311 | 0.0059 3.35E-08
rs10195252 | T c 0.0238 | 0.0039 3.81E-08
rs7264396 | C T 0.0246 | 0.0045 4.41E-08
rs11563251 | T C 0.0345 | 0.0062 4.50E-08
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Table S2: Definition of clinical outcome

Outcome ICD-9 codes ICD-10 codes Death Self-re- Procedures (OPCS)
name port
Ischemic 410.X, 411.X, 412.X, 121X, 122X, 123.X, 1075
heart disease | 414.0.X, 414.8.X, 124.1, 124.8, 124.9,
414.9.X 125.1, 125.2, 125.3
125.5, 125.6, 125.8,
125.9
Coronary in- K40, K41, K42, K43, K44,
tervention K45, K46, K49, K501,

K502, K504, K75
Peripheral ar-  440.X, 443.8, 4439, 170X, 173.8, 173.9, 170.X, 173.8, 173.9, 1067

tery disease 444 X 174.X 174.X
Heart failure 428.X 111.0, 113.0, 113.2, 111.0, 113.0, 113.2, 1076

150.X 150.X
Death due to 121.X, 122.X, 123X,
ischemic 124.X, 125.1, 125.2,
heart disease 125.3, 125.5, 125.6,

125.6, 125.8, 125.9

Atrial fibrilla- | 427.3.X 148.X 148.X 1471,
tion (and flut- 1483
ter)
aortic steno- 135.0 135.0 1490
sis
Aortic aneu- 441.X 171.X 171.X 1492,
rysm and dis- 1591,
section 1592
ischaemic 434X, 436.X 163.X, 164.X 163.X, 164.X 1583
stroke
Type 2 diabe- - All instances from field 2443 (n=23667), Excluding all patients diagnosed with gestational diabetes
tes (field 4041, n=905) and excluding all patients in whom diabetes was diagnosed below the age of 36

(field 2976, n=2722)

- Allfurther instances in which a patient has a HbA1C equal to or above 48 mmol/mol. (n=2049). Patients
with a HbA1C above 184 mmol/mol were considered outliers and were excluded (n=5).
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Table S3: Effect estimates and p-values of interaction terms using a weighted genetic score, where

the interaction term is the interaction between male sex and the genetic score.

Outcome Estimate | Odds ratio | Lower95% Cl | Upper 95% CI P value
Total cholesterol (mmol/L) -0.14 -0.16 -0.12 1.22E-38
LDL-C (mmol/L) -0.13 -0.15 -0.12 5.03E-60
HDL-C (mmol/L) 0.01 0.00 0.02 8.04E-03
Triglycerides (mmol/L) 0.04 0.02 0.06 1.23E-04
Apo B (mmol/L) -0.02 -0.03 -0.02 5.23E-25
Apo Al (mmol/L) 0.00 -0.01 0.00 8.27E-01
Lp(a) (nmol/dl) 0.30 -0.76 1.37 5.78E-01
Mean cIMT 240 degrees (um) 14.78 5.73 23.83 1.37E-03
Mean cIMT 120 degrees (um) 10.95 2.77 19.12 8.71E-03
Mean cIMT 150 degrees (um) 8.33 0.33 16.34 4.13E-02
Mean cIMT 210 degrees (um) 11.39 2.58 20.19 1.13E-02
Average mean cIMT over 4 angles | 10.51 3.60 17.43 2.90E-03
(um)

CvD 0.14 1.15 1.07 1.24 9.88E-05
Ischemic heart disease 0.18 1.20 1.11 1.29 7.99E-06
Ischemic stroke -0.09 0.91 0.77 1.08 2.86E-01
Death due to ischemic heart disease | 0.09 1.09 0.87 1.38 4.48E-01
Coronary intervention -0.11 0.89 0.78 1.02 9.72E-02
Peripheral artery disease 0.09 1.09 0.91 1.30 3.31E-01
Aortic valve stenosis -0.38 0.68 0.52 0.89 4.48E-03
Atrial fibrillation 0.07 1.07 0.97 1.17 1.58E-01
Heart failure 0.18 1.20 1.04 1.39 1.54E-02
Aortic aneurysm and dissection 0.10 1.11 0.78 1.59 5.69E-01
Type 2 diabetes 0.00 1.00 0.91 1.09 9.60E-01
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Table S4: Accounting for potential mediation of the association of the genetic score with
LDL-C by lipid-lowering therapy

Original analysis

Analysis Estimates 95% low 95% high P value
Interaction -0.13 mmol/L 5.03x10°%°
Male 0.57 mmol/L 0.56 0.59
Female 0.71 mmol/L 0.70 0.72

Analysis with LDL-C corrected for lipid-lowering therapy
Analysis Estimates 95% low 95% high P value
Interaction -0.05 mmol/L 1.95x10°
Male 0.82 mmol/L 0.80 0.83
Female 0.87 mmol/L 0.86 0.89
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Table S5: Effect estimates and p-values of interaction terms using an unweighted genetic score,

where the interaction term is the interaction between male sex and the genetic score.

Outcome Estimate | Oddsratio | Lower95%Cl | Upper 95% CI P value
Total cholesterol (mmol/L) -0.01 -0.01 -0.01 1.28E-23
LDL-C (mmol/L) -0.01 -0.01 -0.01 5.90E-37
HDL-C (mmol/L) 0.00 0.00 0.00 6.78E-01
Triglycerides (mmol/L) 0.00 0.00 0.01 8.77E-12
Apo B (mmol/L) 0.00 0.00 0.00 5.60E-20
Apo Al (mmol/L) 0.00 0.00 0.00 1.10E-02
Lp(a) (nmol/L) -0.06 -0.13 0.00 6.07E-02
Mean cIMT 240 degrees (um) 0.52 -0.05 1.09 7.44E-02
Mean cIMT 120 degrees (um) 0.53 0.01 1.05 4.40E-02
Mean cIMT 150 degrees (um) 0.33 -0.18 0.83 2.08E-01
Mean cIMT 210 degrees (um) 0.40 -0.16 0.95 1.65E-01
Average mean cIMT over 4 angles

(um) 0.43 -0.01 0.87 5.30E-02
CvD 0.01 1.01 1.00 1.01 1.67E-02
Ischemic heart disease 0.01 1.01 1.00 1.01 6.39E-03
Ischemic stroke 0.00 1.00 0.98 1.01 3.73E-01
Death due to ischemic heart disease | 0.00 1.00 0.99 1.02 7.86E-01
Coronary intervention -0.01 0.99 0.99 1.00 8.60E-02
Peripheral artery disease 0.00 1.00 0.99 1.02 4.86E-01
Aortic valve stenosis -0.03 0.97 0.96 0.99 1.70E-03
Atrial fibrillation 0.00 1.00 1.00 1.01 6.87E-01
Heart failure 0.01 1.01 1.00 1.02 1.30E-01
Aortic aneurysm and dissection 0.00 1.00 0.98 1.02 9.74E-01
Type 2 diabetes 0.00 1.00 0.99 1.01 9.00E-01
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Table S6: Effect estimates of genetic risk score with male- or female-specific weights, and heterogeneity statistics on clinical outcome.

MALE FE-
MALE
outcome OR Lower | Upper | Pvalue | OR Lower | Upper | Pvalue |12 Q Qpval
95% Cl | 95% CI 95% Cl | 95% CI

CvD 1.90 1.78 2.04 1.71E- 1.45 1.34 1.58 1.15E- | 95.9% [88.1%; 98.5%)] 24.1 9.14E-07
73 18

Ischemic heart disease 2.08 1.93 2.24 | 9.41E- 1.49 1.36 1.63 8.21E- | 96.8% [91.4%; 98.8%] | 31.03 2.54E-08
83 18

Ischemic stroke 1.09 0.92 1.29 3.33E- 1.21 1.00 147 | 4.78E- 0.00% | 0.69 4.05E-01
01 02

Death due to ischemic heart dis- 1.93 1.61 2.32 2.05E- 1.58 1.17 2.15 3.14E- 14.70% | 1.17 2.79E-01

ease 12 03

Coronary intervention 2.35 2.12 2.60 3.15E- 2.49 2.10 2.95 4.25E- 0.00% 0.35 5.57E-01
62 26

Peripheral artery disease 1.43 1.20 1.70 5.45E- 1.26 1.04 1.54 1.82E- 0.00% | 0.83 3.62E-01
05 02

Aortic valve stenosis 1.86 1.44 2.41 2.12E- 2.69 1.98 3.66 2.72E- | 69.1% [0.0%; 93.0%] 3.24 7.19E-02
06 10

Atrial fibrillation 1.13 1.03 1.24 1.06E- 1.02 0.92 1.13 7.34E- | 51.4% [0.0%; 87.7%) 2.06 1.52E-01
02 01

Heart failure 1.52 1.32 1.75 4.99E- 1.11 0.93 1.31 2.49E- | 87.3% [50.3%; 96.7%] 7.86 5.10E-03
09 01

Aortic aneurysm and dissection 1.99 1.54 2.58 1.37E- 1.50 0.96 2.35 7.49E- 13.50% | 1.16 2.82E-01
07 02

Type 2 diabetes 0.80 0.73 0.88 1.40E- 0.90 0.82 1.00 | 4.49E- | 68.2% [0.0%; 92.8%] 3.15 7.60E-02
06 02
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Table S7: Estimates of the interaction between the genetic instrument (excluding SNP X) and sex on

CVD.

Excluded SNP | estimate | SE P value OR 95% Cllow | 95% Cl high
rs11591147 0.123 0.038 1.31E-03 | 1.13 1.05 1.22
rs12721109 0.135 0.039 4.56E-04 | 1.14 1.06 1.24
rs12670798 0.137 0.037 1.99E-04 | 1.15 1.07 1.23
rs3798220 0.138 0.037 1.92E-04 | 1.15 1.07 1.23
rs6544713 0.138 0.037 2.14E-04 | 1.15 1.07 1.24
rs2000999 0.139 0.037 1.75E-04 | 1.15 1.07 1.24
rs75687619 0.140 0.037 1.77E-04 | 1.15 1.07 1.24
rs12916 0.140 0.037 1.85E-04 | 1.15 1.07 1.24
rs3798221 0.140 0.037 1.51E-04 | 1.15 1.07 1.24
rs2642438 0.141 0.037 1.39E-04 | 1.15 1.07 1.24
rs4942486 0.141 0.037 1.36E-04 | 1.15 1.07 1.24
rs6065311 0.141 0.037 1.41E-04 | 1.15 1.07 1.24
rs10947332 0.141 0.037 1.37E-04 | 1.15 1.07 1.24
rs6504872 0.141 0.037 1.33E-04 | 1.15 1.07 1.24
rs2954029 0.141 0.037 1.44E-04 | 1.15 1.07 1.24
rs492602 0.141 0.037 1.31E-04 | 1.15 1.07 1.24
rs4722551 0.141 0.037 1.32E-04 | 1.15 1.07 1.24
rs6818397 0.141 0.037 1.30E-04 | 1.15 1.07 1.24
rs1169288 0.141 0.037 1.32E-04 | 1.15 1.07 1.24
rs964184 0.141 0.037 1.40E-04 | 1.15 1.07 1.24
rs6016381 0.141 0.037 1.30E-04 | 1.15 1.07 1.24
rs7254892 0.142 0.039 3.25E-04 | 1.15 1.07 1.24
rs2737252 0.142 0.037 1.24E-04 | 1.15 1.07 1.24
rs6882076 0.142 0.037 1.28E-04 | 1.15 1.07 1.24
rs17725246 0.142 0.037 1.24E-04 | 1.15 1.07 1.24
rs2710642 0.142 0.037 1.16E-04 | 1.15 1.07 1.24
rs10893499 0.142 0.037 1.19E-04 | 1.15 1.07 1.24
rs1367117 0.142 0.038 1.86E-04 | 1.15 1.07 1.24
rs1564348 0.143 0.037 1.14E-04 | 1.15 1.07 1.24
rs780093 0.143 0.037 1.11E-04 | 1.15 1.07 1.24
rs11581665 0.143 0.037 1.08E-04 | 1.15 1.07 1.24
rs9987289 0.143 0.037 1.13E-04 | 1.15 1.07 1.24
rs7832643 0.143 0.037 1.11E-04 | 1.15 1.07 1.24
rs7551981 0.143 0.037 1.15E-04 | 1.15 1.07 1.24
rs3780181 0.143 0.037 1.07E-04 | 1.15 1.07 1.24
rs10401969 0.143 0.037 1.23E-04 | 1.15 1.07 1.24
rs4253776 0.143 0.037 1.06E-04 | 1.15 1.07 1.24
rs4530754 0.143 0.037 1.03E-04 | 1.15 1.07 1.24
rs6909746 0.143 0.037 1.01E-04 | 1.15 1.07 1.24
rs1800961 0.144 0.037 1.00E-04 | 1.15 1.07 1.24
rs10195252 0.144 0.037 9.95E-05 | 1.15 1.07 1.24
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rs1801689 0.144 0.037 1.02E-04 | 1.15 1.07 1.24
rs8017377 0.144 0.037 9.99E-05 | 1.15 1.07 1.24
rs13277801 0.144 0.037 1.00E-04 | 1.15 1.07 1.24
rs1883025 0.144 0.037 9.73E-05 | 1.15 1.07 1.24
rs3184504 0.144 0.037 9.77E-05 | 1.15 1.07 1.24
rs2419604 0.144 0.037 9.66E-05 | 1.15 1.07 1.24
rs12748152 0.144 0.037 9.51E-05 | 1.15 1.07 1.24
rs9875338 0.144 0.037 9.35E-05 | 1.16 1.07 1.24
rs2328223 0.144 0.037 9.29E-05 | 1.16 1.07 1.24
rs5763662 0.144 0.037 9.02E-05 | 1.16 1.07 1.24
rs16831243 0.145 0.037 9.05E-05 | 1.16 1.07 1.24
rs314253 0.145 0.037 8.89E-05 | 1.16 1.07 1.24
rs10495907 0.145 0.037 8.84E-05 | 1.16 1.08 1.24
rs3757354 0.145 0.037 8.77E-05 | 1.16 1.08 1.24
rs1800562 0.145 0.037 8.91E-05 | 1.16 1.08 1.24
rs2738459 0.145 0.037 9.43E-05 | 1.16 1.07 1.24
rs247616 0.145 0.037 9.18E-05 | 1.16 1.08 1.24
rs267733 0.145 0.037 8.33E-05 | 1.16 1.08 1.24
rs17404153 0.145 0.037 8.28E-05 | 1.16 1.08 1.24
rs17111652 0.145 0.037 8.59E-05 | 1.16 1.08 1.24
rs7640978 0.145 0.037 8.27E-05 | 1.16 1.08 1.24
rs7264396 0.145 0.037 8.17E-05 | 1.16 1.08 1.24
rs10903129 0.145 0.037 8.33E-05 | 1.16 1.08 1.24
rs10490626 0.145 0.037 8.24E-05 | 1.16 1.08 1.24
rs2886232 0.145 0.037 8.21E-05 | 1.16 1.08 1.24
rs11563251 0.146 0.037 7.90E-05 | 1.16 1.08 1.24
rs364585 0.146 0.037 7.86E-05 | 1.16 1.08 1.24
rs2030746 0.146 0.037 7.76E-05 | 1.16 1.08 1.24
rs4970712 0.146 0.037 7.83E-05 | 1.16 1.08 1.24
rs9973286 0.147 0.037 7.30E-05 | 1.16 1.08 1.25
rs7569093 0.147 0.037 7.38E-05 | 1.16 1.08 1.25
rs4970834 0.147 0.038 1.13E-04 | 1.16 1.08 1.25
rs10832962 0.148 0.037 6.15E-05 | 1.16 1.08 1.25
rs10102164 0.148 0.037 5.96E-05 | 1.16 1.08 1.25
rs11485618 0.148 0.037 6.43E-05 | 1.16 1.08 1.25
rs174583 0.149 0.037 5.87E-05 | 1.16 1.08 1.25
rs2587534 0.149 0.037 5.47E-05 | 1.16 1.08 1.25
rs579459 0.150 0.037 5.61E-05 | 1.16 1.08 1.25
rs6511720 0.168 0.039 1.36E-05 | 1.18 1.10 1.28
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Figure S1
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The SNP on the Y axis is the SNP left out of the genetic instrument, and the estimate is per 1 SD in-
crease in genetically increased LDL-C. The red line is the observed estimate for the entire score.
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Figure S2
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Frequencies for each genetic variant per sex, shown here for the entire dataset and for patients with
or without CVD. The red line is a reference line with intercept 0 and slope 1.



