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Central Illustration. The associations of lipoprotein (a) with cardiovascular diseases, and the joint effects
between lipoprotein (a) and other lipids on the risk of coronary artery disease. Abbreviations: Lp(a), lipoprotein

(a); Total-C, total cholesterol; LDL-C, low-density lipoprotein-cholesterol; TG, triglyceride.
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Abstract

Background: Although Lipoprotein(a) (Lp(a)) is associated with cardiovascular disease, it
is unclear whether the associated risk is similar in the presence of other concomitant risk
factors. Here, we aimed to investigate the interactions between Lp(a) and common
cardiovascular risk factors on coronary artery disease (CAD), calcific aortic valve stenosis
(CAVY) and ischemic stroke (IS).

Methods: We included 127,958 unrelated European-ancestry participants from UK Biobank
(54.7% women) with data available on Lp(a) and without a baseline history of CAD, CAVS
and IS. Multivariable-adjusted Cox proportional hazards interaction models were used to
study whether the associations of Lp(a) with outcomes varied based on the level of total
cholesterol (Total-C), low-density lipoprotein-cholesterol (LDL-C), triglycerides (TG) and
other cardiovascular risk factors.

Results: Higher Lp(a) levels were associated with higher risks of CAD, CAVS and IS. Per
10 mg/dL increase in Lp(a), hazard ratios [95% confidence interval] were 1.05 [1.04, 1.06],
1.06 [1.04, 1.09], and 1.01 [0.99, 1.03] for CAD, CAVS and IS, respectively. For CAD,
interactions were observed between Lp(a) and Total-C  (Pinteracion=0.001), LDL-C
(Pinteracion=4e-4) and TG (Pinteraciion=0.026). In more detail, participants with Lp(a) > 50
mg/dL in the highest quartile of Total-C, LDL-C and TG showed evidence of additive
interaction in CAD, with relative excess risk due to interaction (RERI) of 0.42 (0.17, 0.67),
0.44 (0.18, 0.71), and 0.39 (0.12, 0.67), respectively. No such interactions were observed in
CAVS and IS.

Conclusions: Lp(a)-associated CAD risk seems to particularly affect those having levels of
Total-C, LDL-C and TG above the thresholds from clinical guidelines.

Keywords: Lipoprotein(a) risk; interaction effects; common cardiovascular risk factors;
coronary artery disease; calcific aortic valve stenosis
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1. Introduction

Lipoprotein(a) [Lp(a)], first identified in 1963 (1), is a low-density lipoprotein (LDL)-like

particle characterized by a covalently bound apolipoprotein(a) molecule and its blood levels

are predominantly determined by genetic factors (2). The proportion of individuals with Lp(a)
>50 mg/dL ranges from 31% for Mexican individuals to 63% for non-Hispanic-Black

individuals (3). According to current guidelines, Lp(a) levels higher than 50 mg/dL are

regarded as a cardiovascular risk-increasing factor (4-7). Both prospective and genetic

evidence supports the associations of elevated Lp(a) with coronary artery disease (CAD) (7-

9), and ischemic stroke (IS) (10, 11). In addition, Lp(a) has recently been identified as a risk

factor for calcific aortic valve stenosis (CAVS) (12-16).

Except for lipoprotein apheresis, which is the only approved intervention for individuals with
elevated Lp(a) (17), there are currently no approved drug therapies for lowering Lp(a). It is
thus essential to know whether Lp(a) has homo- or heterogenous effects in subgroups with
different risk levels defined by the concomitant presence of other common cardiovascular
risk factors. This knowledge could benefit individuals with high Lp(a) to minimize Lp(a)-
associated risk through effective control of these modifiable risk factors. In addition, novel
Lp(a)-lowering agents are in development, including antisense oligonucleotides and small
interfering RNAs, which have shown effectiveness in Lp(a) reduction in clinical trials (18,
19). However, it remains unclear whether Lp(a)-lowering therapies provide similar benefits
in all patients, whether the effect is also observed on clinical outcomes, or whether their
effectiveness in disease risk reduction depends on baseline lipid profiles, metabolic status, or
other risk factors. Examining interactions between Lp(a) and additional cardiovascular risk
factors may provide evidence for interventions tailored to individuals who are likely to
benefit most.

Previous studies have mainly focused on the interaction effects of Lp(a) and low-density
lipoprotein-cholesterol (LDL-C) on atherosclerotic cardiovascular diseases, but showed
inconsistent findings (20-24). However, in addition to LDL-C, other risk factors, such as
body mass index (BMI) and blood pressure, are also important risk factors for cardiovascular
disease (25, 26). Nevertheless, the interactions between Lp(a) and these risk factors have not
been studied in detail. Therefore, the present study aimed to investigate the association of
Lp(a) with CAD, CAVS and IS, and the interaction effects of Lp(a) with other common
cardiovascular risk factors, including sex, age, family history, smoking, BMI, lipids, glycated
haemoglobin (HbA1c) and blood pressure.
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2. Methods

2.1 Study population and design

The present study was embedded in the prospective UK Biobank (UKB) cohort, which
recruited 502,628 participants aged 40-70 years across the entire United Kingdom during the
baseline survey between 2006 and 2010. Extensive phenotypic and genotypic details of the
participants have been collected since the baseline assessment, including sociodemographic
data, lifestyle, physical measures, biological samples (blood, urine and saliva), genome-wide
genotyping, and prospective follow-up on a wide range of health-related outcomes, etc. The
UKB cohort study was approved by the North-West Multicentre Research Ethics Committee
(MREC). All participants provided electronic written informed consent for the study. A
detailed description of the UKB cohort study has been presented elsewhere (27).

To minimize population stratification bias, the present study restricted participants to 315,585
unrelated individuals with European ancestry, based on the estimated kinship coefficients for
all pairs and the self-reported ancestral background (28). Besides, 75,916 individuals with
missing values of Lp(a) were excluded. Another 32,630 participants were excluded due to
being diagnosed with any the three examined diseases and/or the use of cholesterol-lowering
medication at baseline. Participants (n = 550) with a history of rheumatic fever or rheumatic
heart disease were also excluded. After excluding participants with missing data on covariates,
we ultimately included 127,958 participants. A flowchart displaying the inclusion process of
study participants is provided in Figure S1.

2.2 Lipoprotein (a) measurement

The concentrations of serum Lp(a) were measured in nanomoles per liter (nmol/L) by
immunoturbidimetric analysis on the Beckman Coulter AU5800 Platform (Randox
Bioscience, UK). To facilitate comparison with prior studies, the unit of Lp(a) was converted
from nmol/L divided by 2.15 to milligrams per deciliter (mg/dL) (29).

2.3 Other investigated variables

The present study investigated 12 common cardiovascular risk factors, which were collected
and measured at the moment of study enrolment. Information on sex, age, family history of
heart disease and smoking status was collected based on questionnaire. BMI was calculated
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from height and weight measured during the baseline assessment at one of the study centres.
Lipids, including total cholesterol (Total-C, mmol/L), LDL-C (mmol/L), high-density
lipoprotein cholesterol (HDL-C, mmol/L), and triglycerides (TG, mmol/L), were measured
based on blood samples with the Beckman Coulter AU5800 platform. HbAlc (mmol/mol)
was measured by HPLC analysis on a Bio-Rad VARIANT II Turbo based on blood samples
collected during baseline. In addition, blood pressure was measured twice in a resting sitting
position at the study centre, and the average of the two measurements was used. Correcting
blood pressure in participants taking antihypertensive medication was found to improve
analyses and hence the power of epidemiological studies compared to no medication
adjustment or the exclusion of treated individuals (30-33). In agreement with previous studies,
including genomics consortia that aimed to identify genetic variants associated with blood
pressure measures (34), if participants reported taking antihypertensive medication, 10 and 5
mmHg were added to the average measured systolic and diastolic blood pressure, respectively.

To assess and visualize effect modifications by the above 12 risk factors in subsequent
stratified analyses, participants were categorised according to each risk factor: sex groups
(female, male), three age groups ([40,50), [50, 60), [60, 70] years), with or without a family
history of heart disease (yes/no), three groups of smoking status (never, previous, current),
quartile groups for Total-C, LDL-C, HDL-C, and TG, three groups for BMI (< 25, [25, 30),
> 30 kg/m?), HbAlc (<42, [42, 48), > 48 mmol/mol), systolic blood pressure (< 120, [120,
140), > 140 mmHg) and diastolic blood pressure (< 80, [80, 90), > 90 mmHg).

Other covariates to be adjusted for in subsequent analyses, including Townsend Deprivation
index, alcohol consumption frequency, and physical activity, were measured and collected
during the baseline survey.

2.4 Cardiovascular Disease Outcomes

According to the International Classification of Diseases edition 10 (ICD-10), CAD is
defined as angina pectoris (I20), myocardial infarction (MI) (121 and 122), and acute and
chronic ischemic heart disease (IHD) (I24 and 125); CAVS was defined as one of the
nonrheumatic aortic valve disorders (135.0); IS is defined as cerebral infarction (163). These
variables have been generated by the UKB data management team through a standard
algorithm
(https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/first_occurrences_outcomes.pdf),
combining self-reported health conditions from baseline and linked data from hospital
admissions, primary care, and death registers. The linked data and its sources were presented
here (https://biobank.ndph.ox.ac.uk/showcase/exinfo.cgi?src=Data_providers_and_dates).
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Outcomes in the analysis were incident disease during the time period from recruitment to
October 31st, 2022. Follow-up time is computed from the baseline visit to the occurrence of
the disease event, death, loss-to-follow-up or the end of follow-up, whichever came first.

2.5 Statistical analysis

Main analyses

Baseline characteristics of the included study population were presented as mean (standard
deviation, SD) or median (interquartile range, IQR) for continuous variables and frequency
(proportion) for categoric variables. The associations of Lp(a) levels with incident CAD
events, CAVS events, and IS events were examined using Cox proportional hazards models
adjusted for sex, age, Townsend Deprivation index, smoking status, alcohol consumption
frequency, and physical activity.

The interaction effects, on a multiplicative scale, were assessed by testing the interaction term
between Lp(a) and each of the 12 risk factors using multivariable-adjusted Cox proportional
hazards models with covariates of sex, age, Townsend index, smoking status, alcohol
consumption frequency, and physical activity. After grouping individuals based on the
categorical variables of each risk factor, stratified analyses were conducted to investigate the
effect modifications by those risk factors. The heterogeneity among different strata was
assessed using the y? test. A P value for the interaction term below 0.0042 (0.05/12, where
12 represents the number of examined risk factors) was considered as statistically significant
with Bonferroni correction for multiple testing.

Furthermore, previous international guidelines identified Lp(a) levels > 50 mg/dL as a
cardiovascular risk-increasing factor and suggested Lp(a) < 30 mg/dL as a threshold to rule
out risk, with 30-50 mg/dL representing an intermediate ‘grey zone’ (4-6). Therefore, for the
identified significant multiplicative interactions on the corresponding diseases, we grouped
participants according to the combination of the suggested Lp(a) cut-offs (i.e., < 30 mg/dL,
30-50 mg/dL, > 50 mg/dL) and categorical risk factors. The joint effects of Lp(a) and risk
factors on the corresponding disease were then estimated using participants with Lp(a) <30
mg/dL and the lowest level of risk factor as the reference group. We further tested the additive
interaction by calculating the relative excess risk due to interaction (RERI) and the
attributable proportion (AP) (35, 36).
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Sensitivity analysis

In line with the principles of triangulation of findings done in observational studies (37), we
explored the associations of Lp(a) with CAD, CAVS, and IS in two-sample Mendelian
randomization (MR) analyses. A total of 43 genetic variants with a linkage < 0.4 in the LPA
gene region were found to be conditionally and significantly (P < 5e-8) associated with Lp(a)
levels in data sets external to the UKB (Table S1) (38). Summary association statistics of the
43 genetic variants with each outcome were estimated or extracted from large databases,
namely CARDIoGRAMplusC4D (39) and MEGASTROKE (40) for CAD and IS,
respectively, and UKB and FinnGen study (41) for all three outcomes. Detailed MR methods,
including the UKB genotyping data, can be found in the supplementary material. Estimates
by two-sample MR were expressed as odds ratios (ORs) for per 10mg/dL increase in Lp(a)
levels.

We also investigated the interaction between the LPA genetic risk score (LP4 GRS) and the
12 risk factors as the sensitivity analyses using multivariable-adjusted Cox proportional
hazards models with the covariates of sex, age, and the first ten genetic principal components
(PCs). The LPA GRS was scaled and calculated by adding the number of effect alleles of the
above mentioned 43 genetic variants, weighted by their corresponding effects on Lp(a) (38).
The LP4 GRS explained about 57.7% of the variance in Lp(a) levels among the included
participants in the present study. The risk of LP4 GRS in subgroups defined by risk factors
were assessed using stratified analysis. However, collider bias would be introduced when
conducting conditional analysis on a variable that is directly affected by two other variables
or is a causal descent of a collider in a causal diagram (42). In line with this principle, and
the evidence that Lp(a) associates with metabolic factors (e.g., lipids) (43, 44), these
metabolic risk factors in the present study could be colliders (Figure S2). Therefore, based
on the method proposed by Coscia et al. (42), we constructed the residual colliders, which
were derived from the regression of the potential colliders (BMI, Total-C, LDL-C, TG, HDL-
C, HbAlc, SBP and DBP) on the LPA GRS, and then estimated the risk of LP4 GRS in strata
defined by quantiles of the residual colliders. In addition, consistent with previous studies
(45, 46), we additionally corrected the measured Total-C and LDL-C concentration by
subtracting the contribution of the cholesterol content from Lp(a), denoted as Total-C_cor
and LDL-C_cor. All of the above analyses conducted for Total-C and LDL-C were repeated
for Total-C_cor and LDL-C _cor.

Results based on the multivariable-adjusted Cox proportional hazards models were expressed

as hazard ratios (HR) and 95% confidence intervals (95% CI). All statistical analyses were
performed using R software (version 4.3.1).
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3. Results

3.1 Baseline Characteristics of Study Population

The study characteristics are presented in Table 1 stratified by sex. The final study population
encompassed 127,958 unrelated European-ancestry participants, with 54.7% women and a
median age of 56 [IQR: 49, 62] years. The median levels of Lp(a) were 9.75 [IQR: 4.51,
27.78] mg/dL and 8.56 [IQR: 4.14, 27.30] mg/dL in women and men, respectively.

With a median follow up of 13.6 [IQR: 12.9, 14.2] years, 7,740 participants developed CAD,
1,132 participants developed CAVS, and 1,469 developed IS, with incidence rates of 469 (95%
CI: 458, 479), 67 (63, 71) and 86 (82, 91) per 100,000 person-years, respectively.

Table 1. Baseline characteristics of the included population stratified by sex

Overall Women Men
n 127958 69944 58014
. 56.00 56.00 56.00
Age (median [IQR]) [49.00, 62.00]  [49.00,62.00]  [49.00, 62.00]
Sex = Male (%) 58014 (45.3) 0(0.0) 58014 (100.0)
Townsend index (mean (SD)) -1.60 (2.91) -1.60 (2.87) -1.60 (2.95)

47980 (37.5)

28057 (40.1)

19923 ( 34.3)

Family history of HD = Yes (%)
Smoking status (%)

Never 72171 (56.4) 41579 (59.4) 30592 (52.7)

43099 (33.7) 22538 (32.2) 20561 (35.4)

12688 (9.9) 5827 (8.3) 6861 (11.8)

. 9.20 9.75 8.56

Lpa, mg/dL (median [IQR]) [4.33, 27.56] [4.51,27.78] [4.14,27.30]

BMI, kg/m? (mean (SD)) 26.77 (4.45) 26.36 (4.79) 27.26 (3.95)

Total-C, mmol/L (mean (SD)) 5.89 (1.04) 5.98 (1.07) 5.77 (1.00)

Total-C_cor”, mmol/L (mean (SD)) 5.80 (1.04) 5.90 (1.06) 5.69 (1.00)

LDL-C, mmol/L (mean (SD)) 3.71 (0.80) 3.70 (0.83) 3.71 (0.77)

LDL-C_cor’, mmol/L (mean (SD))  3.62 (0.80) 3.61 (0.82) 3.62 (0.77)
TG, mmol/L (median [IQR]) 1.43[1.01,2.07] 1.27[0.93,1.80] 1.66[1.16, 2.40]

HDL-C, mmol/L (mean (SD)) 1.48 (0.38) 1.63 (0.38) 1.31 (0.31)

HbA 1c, mmol/mol (mean (SD)) 34.79 (4.29) 34.75 (4.06) 34.83 (4.56)
SBP, mmHg (mean (SD)) 136.45 (18.47)  133.45(18.91)  140.05 (17.24)

DBP, mmHg (mean (SD)) 82.03 (10.13) 80.22 (9.91) 84.21 (9.95)

*: representing the values of Total-C and LDL-C were corrected by subtracting the contribution of the cholesterol
content from Lp(a).

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HbAlc: glycated haemoglobin; HD: heart
disease; HDL-C, high-density lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein
cholesterol; Lp(a), lipoprotein (a); SD: standard deviation; SBP: systolic blood pressure; Total-C, total cholesterol;
TG, triglycerides.
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3.2 Associations of Lp(a) with cardiovascular diseases

After adjustment for considered confounders, the HRs of per 10 mg/dL increase in Lp(a)
were 1.05 (95% CI: 1.04, 1.06), 1.06 (95% CI: 1.04, 1.09), and 1.01 (95% CI: 0.99, 1.03) for
the risk of developing CAD, CAVS, and IS, respectively. The associations estimated by the
inverse-variance weighted (IVW) method using two-sample MR analysis in each database
and their pooled estimates are presented in Figure S3. Briefly, the pooled estimated ORs (95%
CI) for the effects of per 10 mg/dL increase in Lp(a) on CAD, CAVS and IS risk were 1.06
(95% CI: 1.05, 1.07), 1.08 (95% CI: 1.07, 1.10) and 1.02 (95% CI: 1.01, 1.02), respectively.
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Subgroup N (%) Events IncidenceRate HR [95% CI] ionTerm
Sex : 0.091 0.0748
Women 69944 (55%) 2769 302 [291, 314] i —— 1.036 [1.020, 1.052]
Men 58014 (45%) 4971 676 [657, 695] i —— 1.054 [1.042, 1.067]
Age ' 0.0886 0.6199
40 ~ 49 35252 (28%) 937 199 [187, 213] : ———=—— 1.060 [1.033, 1.088]
50 ~ 59 45165 (35%) 2316 393 [377, 409] —— 1.045 [1.028, 1.063]
60 ~70 47541 (37%) 4487 758 [736, 781] : |=== 1.046 [1.034, 1.059]
Family history of HD ' 0.3993 0.3658
No 79978 (63%) 4281 414 [401, 426] ; —.— 1.052 [1.039, 1.065]
Yes 47980 (37%) 3459 562 [543, 581] i —— 1.043 [1.029, 1.057]
Smoking ' 0.2838 0.6154
Never 72171 (56%) 3676 391 [378, 404] H —e— 1.044 [1.030, 1.058]
Previous 43099 (34%) 2941 534 [515, 553] : —— 1.050 [1.034, 1.066]
Current 12688 (10%) 1123 705 [664, 747] ——=—— 1.057 [1.033, 1.083]
BMI i 0.957 0.4141
<25 48659 (38%) 2075 327 [313, 341] ' —— 1.047 [1.028, 1.066]
25~30 54151 (42%) 3576 513 [496, 530] ' —— 1.055 [1.040, 1.069]
>=30 25148 (20%) 2089 653 [626, 682] : —— 1.039 [1.020, 1.058]
Total-C ' 0.0011 0.0307
1.71~5.17 31998 (25%) 1525 367 [349, 386] :>—-—~ 1.027 [1.004, 1.052]
5.17 ~5.83 31995 (25%) 1842 445 [425, 466] : —_— 1.027 [1.007, 1.048]
5.83~6.54 32000 (25%) 2048 496 [475, 518] —— 1.046 [1.028, 1.065]
6.54 ~122 31965 (25%) 2325 568 [546, 592] : —=—  1.062[1.045, 1.079]
Total-C_cor H 9e-04 0.0086
1.7~5.08 31990 (25%) 1535 369 [351, 388] ' — 1.026 [1.005, 1.048]
5.08 ~5.74 31989 (25%) 1851 447 [427, 468] : —— 1.035[1.016, 1.055]
5.74 ~6.45 31989 (25%) 2039 495 [473, 516] ' —=——  1.059 [1.040, 1.078]
6.45~ 12 31990 (25%) 2315 565 [543, 589] : —=— 1.069 [1.051, 1.087]
LDL-C : 4e-04 0.012
0.802~3.15 32009 (25%) 1333 319 [302, 337] '—'—' 1.030 [1.004, 1.057]
3.15~3.66 31996 (25%) 1748 422 [403, 443] :>—'—< 1.025 [1.004, 1.046]
3.66 ~4.21 31970 (25%) 2120 515 [494, 538] ' —— 1.036 [1.017, 1.054]
421~85 31983 (25%) 2539 622 [598, 646] ' —=— 1.064 [1.048, 1.080]
LDL-C_cor : 4e-04 0.0043
0.791~3.07 31990 (25%) 1348  323[306, 341] —— 1,019 [0.997, 1.041]
3.07~357 31989 (25%) 1772 428 [408, 448] : —— 1.052[1.032, 1.072]
3.57 ~4.12 31989 (25%) 2112 513 [492, 536] : —— 1.052 [1.033, 1.071]
4.12~84 31990 (25%) 2508 614 [590, 638] —=— 1.072[1.054, 1.089]
TG : 0.0263 0.1429
0.231~1.01 32048 (25%) 1156 275 [259, 291] '>—-—< 1.028 [1.003, 1.053]
1.01~1.43 31983 (25%) 1685 407 [388, 427] ' ——=—— 1.059[1.039, 1.080]
1.43~2.07 31970 (25%) 2169 529 [507, 551] : —— 1.044 [1.026, 1.062]
207~113 31957 (25%) 2730 672 [647, 697] ' ——=—  1.060 [1.043, 1.076]
HDL-C H 0.2891 0.6479
043~1.21 31995 (25%) 2792 687 [662, 713] : —=—  1.057 [1.040, 1.074]
1.21~1.44 32043 (25%) 2119 513 [491, 535] —— 1.046 [1.028, 1.064]
144~1.71 31985 (25%) 1623 391 [372, 410] : —_— 1.051[1.031, 1.072]
1.71~3.78 31935 (25%) 1206 290 [274, 307] ' —— 1.039 [1.016, 1.063]
HbA1c ' 0.1614 0.223
<42 123434 (96%) 7162 449 [438, 459] —=— 1.051[1.041, 1.061]
42 ~48 3214 (3%) 373 952 [858, 1054] —_—— 1.016 [0.971, 1.062]
>=48 1310 (1%) 205 1308 [1135, 1499] —————=——  1.019[0.960, 1.082]
SBP : 0.9231 0.4099
<120 23201 (18%) 658 215[199, 233] >—:—-—< 1.028 [0.995, 1.062]
120 ~ 140 53282 (42%) 2524 363 [349, 378] i —=—  1.054[1.037, 1.071]
>= 140 51475 (40%) 4558 700 [680, 721] ' —— 1.048 [1.035, 1.061]
DBP ' 0.5079 0.8946
<80 53864 (42%) 2339 333 [320, 347] : —— 1.044 [1.027, 1.062]
80 ~90 44747 (35%) 2785 483 [465, 501] ' = 1.049 [1.033, 1.065]
>=90 29347 (23%) 2616 702 [675, 729] ! —— 1.049 [1.033, 1.066]
—

1

Figure 1. The interactions between Lp(a) and the common cardiovascular risk factors, and the risk of
developing coronary artery disease for per 10 mg/dL increase of Lp(a) in subgroups. Abbreviations: BMI, body
mass index; CI, confidence interval; DBP, diastolic blood pressure; HbAlc: glycated haemoglobin; HD: heart
disease; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol;
Lp(a), lipoprotein (a); SBP: systolic blood pressure; Total-C, total cholesterol; TG, triglycerides. LDL-C_cor and
Total-C_cor represent the corrected LDL-C and Total-C. The ‘IncidenceRate’ shows the incidence rate of developing
CAD per 100,000 person-years in different subgroups. The ‘Heterogeneity’ shows the P-values of ¥ tests for HRs
among subgroups. The ‘InteractionTerm’ shows the P-values of tests for the interaction terms between Lp(a) and the
original risk factors.
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3.3 Interaction between Lp(a) and other risk factors

With Bonferroni correction, we observed evidence for interaction of Lp(a) with Total-C
(Pinteraction [ P value for the interaction term] = 0.001) and LDL-C (Pinteraciion = 4€-4) on CAD
risk. In addition, we observed an interaction between TG and Lp(a) on CAD risk (Piuseraction =
0.026) at a nominal threshold of P < 0.05 but not after correction for multiple testing.
Stratified analyses showed a higher risk of CAD associated with Lp(a) in participants with
higher levels of Total-C and LDL-C (Figure 1). For CAVS risk, the interaction between Lp(a)
and sex (Pinseraciion=0.0029) was observed, with HRs for per 10 mg/dL increase in Lp(a) being
1.02 (95% CI: 0.98, 1.06) and 1.09 (95% CI: 1.06, 1.13) in women and men, respectively
(Figure S4). We did not observe evidence for additional interaction effects for CAVS and IS
(Figure S4 and Figure S5).

The joint effects of Lp(a) with Total-C, LDL-C and TG on CAD risk are presented in Figure
2, and detailed in Table S2. Compared to the reference group with Lp(a) <30 mg/dL and lipid
concentrations in the lowest quartile, groups with higher Lp(a) and/or higher lipids
concentrations showed an increased risk of CAD. The highest CAD risks were found in
groups with Lp(a) > 50 mg/dL and Total-C, LDL-C and TG concentrations in the highest
quartile, being 1.94, 2.13, and 2.18 times higher, respectively, compared to the reference
group. The additive interactions were also observed in the group with Lp(a) > 50 mg/dL and
highest quartile levels of Total-C, LDL-C and TG, with RERI (95% CI) being 0.42 (0.17,
0.67),0.44 (0.18,0.71), and 0.39 (0.12, 0.67) respectively, and AP (95% CI) being 0.21 (0.10,
0.33), 0.21 (0.09, 0.33), and 0.18 (0.06, 0.30) respectively (Table 2).

The interactions between the LP4 GRS and examined risk factors on CAD risk showed
similar results (Figure 3) to the findings for measured Lp(a) levels. With increasing levels of
Total-C and LDL-C, the risk of developing CAD per one-SD increase in LP4 GRS also
increased. Except for the nominal evidence for the interaction between LP4 GRS and sex on
CAVS (Pinteraction=0.046), no other interactions between LP4 GRS and these risk factors were
detected for CAVS and IS (Figure S6 and Figure S7). After considering potential collider bias,
the results remained similar to those from the main analyses (Figure S8-S10). The interaction
and stratification results for Total-C_cor and LDL-C_cor were similar to those results for
Total-C and LDL-C, respectively (Figure 1 and Figure 3).
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Figure 2. The joint effects between Lp(a) and (A) Total-C, (B) LDL-C, and (C) TG on coronary artery disease.
LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein (a); Total-C, total cholesterol; TG, triglycerides.
Hazard ratios were calculated using Cox proportional hazards regression analysis after adjusting for age, sex,
Townsend index, smoking status, alcohol consumption frequency, and physical activity. Individuals with Lp(a) < 30
mg/dL and lowest levels of (A) Total-C, (B) LDL-C and (C) TG are the reference group. * indicated P < 0.05, **
indicated P < 0.01, *** indicated P < 0.001, **** indicated P < 0.0001.

Table 2. The interactions on additive scale between Lp(a) and Total-C, LDL-C, and TG on
coronary artery disease in different interaction groups

RERI [95% CI] AP [95% CI]

30 <Lp(a) < 50 30 <Lp(a) < 50

mg/dL Lp(a) > 50 mg/dL meg/dL Lp(a) > 50 mg/dL
Total-C
(mmol/L)
5.17~5.83 0.22 [-0.04, 0.48] -0.04 [-0.28, 0.2] 0.17[-0.01,0.34]  -0.03 [-0.22, 0.16]
5.83~6.54 0.3510.08, 0.61] 0.17 [-0.07, 0.41] 0.23[0.07, 0.38] 0.11 [-0.04, 0.26]
6.54~12.2 0.34 [0.06, 0.63] 0.4210.17, 0.67] 0.20 [0.05, 0.35] 0.21 [0.10, 0.33]
LDL-C
(mmol/L)
3.15~3.66 0.03 [-0.24,0.31]  -0.12[-0.37,0.14]  0.03 [-0.19, 0.25] -0.09 [-0.3,0.12]
3.66 ~4.21 0.27 [-0.02, 0.56] 0.10 [-0.16, 0.36] 0.17 [0.00, 0.34] 0.06 [-0.1, 0.22]
4.21 ~8.50 0.42[0.11, 0.72] 0.44[0.18, 0.71] 0.22 [0.07, 0.36] 0.21 [0.09, 0.33]
TG
(mmol/L)
1.01 ~1.43 0.18 [-0.12, 0.47] 0.25[-0.01, 0.51] 0.13 [-0.08, 0.34] 0.15[0.00, 0.30]
1.43~2.07 0.3210.02, 0.61] 0.11 [-0.15, 0.37] 0.19[0.03, 0.35] 0.06 [-0.08, 0.21]
2.07~11.30 0.45710.14, 0.76] 0.39[0.12, 0.67] 0.22[0.08, 0.36] 0.18 [0.06, 0.30]

Abbreviations: RERI, relative excess risk due to interaction; AP: attributable proportion; CI, confidence interval;
Lp(a), lipoprotein (a); LDL-C, low-density lipoprotein cholesterol; Total-C, total cholesterol; TG, triglycerides.
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Subgroup N (%) Events IncidenceRate HR [95% CI] InteractionTerm Heterogeneity
Sex : 0.2332 0.295
Women 88268 (57%) 3633 315 [305, 325] i —— 1.079[1.038, 1.122]
Men 67912 (43%) 5957 693 [676, 711] ——— 1.107 [1.076, 1.139]
Age : 0.9504 0.6663
40 ~ 49 41399 (27%) 1123 203 [192, 216] i — 1.094 [1.027, 1.166]
50 ~ 59 54983 (35%) 2844 396 [382, 411] { o 1.078 [1.034, 1.124]
60 ~70 59798 (38%) 5623 756 [736, 776] ‘ —— 1.104 [1.071, 1.138]
Family history of HD i 0.9858 0.9079
No 97574 (62%) 5320 422[411, 433] i 1.094 [1.061, 1.129]
Yes 58606 (38%) 4270 568 [551, 585] —— 1.091 [1.055, 1.129]
Smoking f 0.4715 0.3406
Never 88055 (56%) 4505 393 [381, 404] P 1.081[1.045, 1.118]
Previous 52264 (33%) 3639 545 [528, 563] —— 1.121[1.080, 1.163]
Current 15861 (10%) 1446 729 [692, 768] : —— 1.087 [1.026, 1.152]
BMI : 0.76 0.4712
<25 58660 (38%) 2534 332319, 345] —— 1.086 [1.038, 1.135]
25~30 65636 (42%) 4365 517 [502, 533] : — 1.112[1.075, 1.150]
>=30 31884 (20%) 2691 665 [640, 690] § o 1.077 [1.032, 1.125]
Total-C i <0.0001 5e-04
1.71~5.18 39094 (25%) 1907 376 [359, 393] '-'—-—~ 1.037 [0.985, 1.092]
518 ~5.85 39006 (25%) 2267 450 [431, 468] = 1.059 [1.011, 1.111]
5.85 ~6.56 39076 (25%) 2570 511 [491, 531] : —— 1.104 [1.057, 1.154]
6.56 ~12.2 39004 (25%) 2846 571 [550, 592] —=— 1.178[1.130, 1.229]
Total-C_cor : <0.0001 1e-04
17/ 6| 39045 (25%) 1912 377 [361, 395] >—i—'—< 1.028 [0.979, 1.079]
51~576 39045 (25%) 2286 453 [435, 472] —— 1.101[1.052, 1.153]
576~6.47 39045 (25%) 2575 512 [493, 532] e 1.114 [1.064, 1.165]
6.47 ~12.1 39045 (25%) 2817 564 [543, 585] i —=— 1.199 [1.147, 1.253]
LDL-C ' <0.0001 0.0041
0.802~3.16 39095 (25%) 1687 332 [316, 348] *7—-—4 1.046 [0.990, 1.105]
3.16 ~ 3.67 39039 (25%) 2159 428 [410, 446] i — 1.080 [1.030, 1.133]
3.67~4.22 39053 (25%) 2647 527 [508, 548] ' —— 1.078 [1.031, 1.126]
422~854 38993 (25%) 3097 622 [600, 644] ——  1.168[1.122, 1.216]
LDL-C_cor i <0.0001 4e-04
0.791~3.07 39045 (25%) 1710 337 [321, 353] '—?—'—< 1.029 [0.979, 1.083]
3.07~358 39045 (25%) 2166 429 [411, 447] : —=—  1.137[1.086, 1.191]
3.58~4.13 39045 (25%) 2660 530 [510, 551] E — 1.113 [1.064, 1.164]
4.13~8.44 39045 (25%) 3054 612 [591, 635] i —=— 1.186 [1.136, 1.238]
TG 0.0368 0.0265
0.231~1.02 39058 (25%) 1429 279 [265, 294] >—:—'—< 1.028 [0.969, 1.091]
1.02~1.44 39040 (25%) 2079 412 [394, 430] i —— 1.126 [1.072, 1.183]
1.44~207 39058 (25%) 2693 538 [518, 558] P 1.087 [1.040, 1.136]
207~113 39024 (25%) 3389 684 [661, 707] ' e 1.138 [1.096, 1.182]
HDL-C i 0.9185 0.5967
0.376 ~1.21 39213 (25%) 3476 699 [676, 723] e 1.102 [1.063, 1.143]
1.21~1.44 39038 (25%) 2622 521 [502, 542] —— 1.103 [1.055, 1.153]
144 ~1.71 38966 (25%) 1994 394 [377, 412] E’—'—< 1.060 [1.007, 1.117]
1.71~3.78 38963 (25%) 1498 295 [280, 311] i —— 1.109 [1.046, 1.175]
HbA1c 0.1598 0.0858
<42 150410 (96%) 8855 456 [446, 465] : —— 1.103 [1.078, 1.130]
42 ~48 4101 (3%) 477 957 [873, 1047] *—Oi—< 0.989 [0.886, 1.103]
>=48 1669 (1%) 258 1291 [1138, 1458] >—r‘—< 1.016 [0.887, 1.164]
SBP : 0.0516 0.1119
<120 27685 (18%) 813 223 [208, 239] —— 1.028 [0.949, 1.115]
120 ~ 140 64514 (41%) 3112 370 [357, 384] ' —— 1.083 [1.040, 1.127]
>= 140 63981 (41%) 5665 701 [682, 719] —— 1.118 [1.085, 1.151]
DBP i 0.0231 0.1895
<80 65263 (42%) 2950 348 [335, 360] : —— 1.067 [1.023, 1.112]
80 ~90 54825 (35%) 3449 488 [472, 505] ' === 1.096 [1.055, 1.139]
>=90 36092 (23%) 3191 696 [672, 721] ' —e— 1.125[1.082, 1.169]
—

1

Figure 3. The interactions between LP4A GRS and the common cardiovascular risk factors, and the risk of
developing coronary artery disease for per one-SD increase of LPA GRS in subgroups. Abbreviations: BMI,
body mass index; CI, confidence interval; DBP, diastolic blood pressure; HbAlc: glycated haemoglobin; HD: heart
disease; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol;
Lp(a), lipoprotein (a); SBP: systolic blood pressure; Total-C, total cholesterol; TG, triglycerides. LDL-C_cor and
Total-C_cor represent the corrected LDL-C and Total-C. The ‘IncidenceRate’ shows the incidence rate of developing
CAD per 100,000 person-years in different subgroups. The ‘Heterogeneity’ shows the P-values of y* tests for HRs
among subgroups. The ‘InteractionTerm’ shows the P-values of tests for the interaction terms between LP4 GRS
and the original risk factors.

142



CHAPTER 7

4. Discussion

In the present study, using prospective analyses and two-sample MR analyses, we confirmed
the associations between elevated Lp(a) levels and the risks of CAD, CAVS and IS, with
CAVS in particular showing the largest risk estimates. For CAD, but not for CAVS and IS,
Total-C, LDL-C and TG showed evidence for interactions, both on a multiplicative and
additive scale, with Lp(a). In particular, participants with higher levels of Total-C, LDL-C
and TG had excessively higher Lp(a)-associated CAD risk. Evidence for an interaction
between Lp(a) and sex was observed for CAVS risk, with men having a stronger Lp(a)-
associated risk of CAVS than women. Evidence for these interactions was further supported
using genetically determined Lp(a) levels.

Evidence from population studies support a strong association between Lp(a) and
atherosclerotic cardiovascular disease (47). One previous study presented that using 43 LPA
genetic variants, each 10 mg/dL lower genetically-predicted Lp(a) was associated with a 5.8%
lower risk of coronary heart disease (38). Our study not only confirmed the Lp(a)-associated
CAD risk in prospective analyses, but also showed a 6% higher risk of CAD for each 10
mg/dL higher genetically-predicted Lp(a) using the same genetic variants. There is increasing
evidence showing Lp(a) as an independent and causal risk factor for CAVS, but most of the
previous genetic studies only used two SNPs in the LPA locus, i.e., rs10455872 and
rs3798220 (12-16), which may have resulted in limited statistical power. Our study, based on
all independent SNPs associated with Lp(a) levels in the LPA region, robustly showed that
elevated Lp(a) associated with higher risk of CAVS, which may even be higher than the risk
of Lp(a)-associated CAD risk. However, despite these findings, the clinical benefit of
lowering Lp(a) specifically for the examined diseases remains to be proven (16). Several
ongoing clinical trials are expected to provide insight in the clinical benefit of Lp(a) lowering
for preventing major adverse cardiovascular events (MACE) and CAVS, such as the
HORIZON clinical trial exploring the effect of pelacarsen on cardiovascular events
(NCT04023552), the OCEAN(a) outcomes trial for olpasiran (NCT05581303), and the
single-ascending dose study for lepodisiran (NCT05565742).

Our study identified a multiplicative interaction between Lp(a) and LDL-C for CAD risk
among healthy participants not taking lipid-lowering medication. We found that the lower
LDL-C levels, the lower the risk of CAD caused by elevated Lp(a) levels. Most previous
observational studies, including those in patients with CAD, support our results, showing that
the risk associated with Lp(a) for the first or recurrent cardiovascular incident and mortality
was modified by the LDL-C levels (20-23). Although one study did not find an interaction
between Lp(a) and corrected LDL-C levels, it still showed that the risk associated with
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elevated Lp(a) attenuated when LDL-C levels were less than 2.5 mmol/L in primary
prevention (24).

From intervention studies, evidence on the association of Lp(a) with cardiovascular risk for
patients taking LDL-C lowering therapy is inconsistent. In the JUPITER trial, for individuals
treated with rosuvastatin and with a median LDL-C of 1.4 mmol/L, elevated Lp(a) (= 50
mg/dL) was not found to be associated with cardiovascular risk with an HR of 1.67 [95% CI:
0.93, 3.02] (29). Another study showed that elevated levels of Lp(a) (> 30 mg/dL) were
associated with all-cause mortality and acute coronary syndrome, independent of the LDL-C
lowering interventions (48). Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors
have been shown to reduce Lp(a) levels by 20-25% (49), which accounted for 3.8% of the
total beneficial effects of PCSKO9 inhibitors on the risk of CAD (50). Given the effectivity of
PCSK9 inhibitors in lowering LDL-C, previous evidence suggests that PCSK9 inhibitors
could provide incremental clinical benefit for participants with high levels of both Lp(a) and
LDL-C (51). Notably, consistent with this clinical evidence, our results showed an interaction
between Lp(a) and LDL-C on the additive scale. In the group with the highest concentrations
of both Lp(a) and LDL-C, 21% of the CAD risk was attributable to their interaction, whereas
no such effect was observed in groups with lower levels of LDL-C. However, the extent to
which the effect of Lp(a) on the risk of CAD is modified by the LDL-C levels remains to be
firmly established.

Few studies have explored the interaction between Lp(a) levels and other common
cardiovascular risk factors (52-54). In line with these previous studies, we found no evidence
of a multiplicative interaction of Lp(a) with BMI, SBP and DBP in the cardiovascular
diseases. A previous study further identified an interaction between Lp(a) and BMI for first
incident acute myocardial infarction on additive scale with RERI (95% CI) of 2.45 (0.36,
4.54), but this additive interaction effect was only present at the fifth quintile of Lp(a) (>
246.9 mg/L) (52). In addition, our study found a multiplicative interaction between Lp(a) and
sex in CAVS risk. The important role of sex in the pathophysiology of the calcific aortic valve
disease has recently been recognized. Men have a higher incidence of calcific aortic valve
disease, with higher levels of calcification for the same degree of hemodynamic stenosis
when compared to women (55, 56). Our results showed a stronger association between Lp(a)
and CAVS risk in men than in women, aligning with the known sex-specific characteristics
of calcific aortic valve disease. This finding suggests that the higher CAVS risk in men may,
in part, be driven by Lp(a) (57).

Several structural features of Lp(a) have been proposed to underlie its pathological effects on
cardiovascular diseases. Lp(a) not only contains the proatherogenic component LDL-C, but
is also a major carrier of oxidized phospholipids, which accumulate in injured vessels and
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aortic valve leaflets when Lp(a) concentrations are high, leading to local endothelial
dysfunction, lipid accumulation, calcification, and inflammation (2). Specifically, evidence
supports a causal association of Lp(a) with atherosclerotic cardiovascular disease and CAVS
(2, 6, 16). In addition, previous studies have demonstrated causal associations between
atherogenic lipids, such as LDL-C and TG, and CAVS (58, 59). However, our study observed
the interactions between Lp(a) and lipids only in CAD but not in CAVSS, suggesting that the
mechanisms linking Lp(a) to CAVS may differ from those linking atherogenic lipids to CAVS.

Furthermore, the association between elevated Lp(a) and IS risk is less well-explored
compared to CAD, and large population-based cohort studies have reported conflicting
results. However, recent meta-analyses and genetic association studies do support Lp(a) as a
risk factor for IS (10, 11). Within our study population, we only observed a weak association
between Lp(a) and IS risk based on prospective multivariable-adjusted analyses (HR: 1.01
[0.99, 1.03]) and MR analyses (OR: 1.02 [1.01, 1.02]). The inconsistent findings regarding
the association between Lp(a) and IS risk may stem from the differences in the location, and
underlying pathology of the ischemic stroke event. While elevated Lp(a) levels have been
associated with an increased risk of large-artery atherosclerotic stroke (11, 60), its role in
small-vessel strokes remains less clear. Future studies are required to better understand the
associations of different stroke subtypes with Lp(a).

Our study has several limitations that merit consideration when interpreting the results. First,
it remains possible that other unmeasured confounders could be responsible for the higher
cardiovascular risks observed when both Lp(a) and other risk factors were elevated. While
the present study was conducted in a large study population, our study included a relatively
small number of cases, especially for CAVS and IS, resulting in limited statistical power.
Additionally, although Lp(a) is primarily genetically determined and remains relatively stable
throughout life, certain physiological conditions, such as hormonal changes and thyroid
dysfunction, may influence its levels (61). Our study relied on a single baseline measurement
of Lp(a), which does not account for potential temporal variations over time and limits the
accuracy of our findings for cardiovascular risk. Furthermore, the present study was, for
reasons of sample size, restricted to European-ancestry participants only; interpretation of the
present results for other population groups should be done with caution.

In conclusion, the present study confirms the association between Lp(a) and CAD, CAVS
and IS. Lp(a)-associated CAD risk particularly affects those having higher levels of Total-C,
LDL-C or TG, and the joint effects of high levels of Lp(a) and concurrent hyperlipidemia
should not be overlooked. Our findings therefore suggest that it is important to control
dyslipidemia for people with high Lp(a) levels.
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