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Abstract

Background and Recent investigations have suggested an interdependence of lipoprotein(a) [Lp(a)]-related risk for cardiovascular disease
Aims with background inflammatory burden. The aim the present analysis was to investigate whether high-sensitive C-reactive
protein (hsCRP) modulates the association between Lp(a) and coronary heart disease (CHD) in the general population.

Methods Data from 71 678 participants from 8 European prospective population-based cohort studies were used (65 661 without/
6017 with established CHD at baseline; median follow-up 9.8/13.8 years, respectively). Fine and Gray competing risk-ad-
justed models were calculated according to accompanying hsCRP concentration (<2 and >2 mg/L).
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Results

Conclusions

Among CHD-free individuals, increased Lp(a) levels were associated with incident CHD irrespective of hsCRP concentra-
tion: fully adjusted sub-distribution hazard ratios [sHRs (95% confidence interval)] for the highest vs. lowest fifth of Lp(a)
distribution were 1.45 (1.23-1.72) and 1.48 (1.23-1.78) for a hsCRP group of <2 and >2 mg/L, respectively, with no inter-
action found between these two biomarkers on CHD risk (Pinteraction = 0.82). In those with established CHD, similar asso-
ciations were seen only among individuals with hsCRP >2 mg/L [1.34 (1.03—1.76)], whereas among participants with a
hsCRP concentration <2 mg/L, there was no clear association between Lp(a) and future CHD events [1.29 (0.98-1.71)]
(highest vs. lowest fifth, fully adjusted models; P;yteraction = 0.024).

While among CHD-free individuals Lp(a) was significantly associated with incident CHD regardless of hsCRP, in participants
with CHD at baseline, Lp(a) was related to recurrent CHD events only in those with residual inflammatory risk. These find-
ings might guide adequate selection of high-risk patients for forthcoming Lp(a)-targeting compounds.

Structured Graphical Abstract

Key Question
Can high-sensitive C-reactive protein (hsCRP) modulate the association between lipoprotein(a) [Lp(a)] and coronary heart disease
(CHD)?

Key Finding
While among CHD-free individuals Lp(a) was significantly associated with incident CHD regardless of hsCRP, in participants with CHD at
baseline, Lp(a) was related to recurrent CHD events only in those with residual inflammatory risk.

Take Home Message
These findings might guide adequate selection of high risk patients for forthcoming Lp(a)-targeting trials.
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C-reactive protein as a possible modifier of lipoprotein(a)-related risk for coronary heart disease in Europe. CHD, coronary heart disease; Cl, con-
fidence interval; Lp(a), lipoprotein(a); FU, follow-up; F, fifth; hsCRP, high-sensitive C-reactive protein; sHR, sub-distribution hazard ratio.
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) is recognized as a con-
sequence of a tight interplay between lipoproteins and inflammatory
processes within the arterial wall."? Oxidized lipids, due to a variety of
biological actions, might trigger the local inflammatory processes within
the atherosclerotic plaque.™* Activation of the NLRP3 [nucleotide oligo-
merization domain (NOD)], leucine-rich repeat (LRR)-containing, and
pyrin domain (PYD)-containing protein 3] inflalmmasome has been sug-
gested as a possible underlying mechanism linking lipoproteins to vascular
inflammation.®* On the other hand, inflammation per se might be an im-
portant trigger or regulator of hepatic lipid metabolism, thus supporting
the concept of a bidirectional relationship between cholesterol and in-
flammatory pathways. In addition, we have solid trial evidence that the
combination of both inflammatory and lipid parameters improves our
ability to predict future ASCVD events.®

Among the ‘conventional’ lipid parameters, lipoprotein(a) [Lp(a)] is
very distinguishable, having a variety of unique features.® Being an import-
ant risk factor for ASCVD and aortic valve stenosis, Lp(a) represents a
proatherogenic lipoprotein with a profound genetic background” which
is only marginally influenced by lifestyle. It also possesses a strong
pro-inflammatory potential, having higher inflammatory potency on an
equimolar basis than eg low-density lipoproteins (LDL).2 Such
pro-inflammatory effects of Lp(a), most probably determining its ather-
ogenicity, might be mainly attributable to an enrichment in oxidized phos-
pholipids (oxPLs),” which, inter alia, might enhance cytokine expression
and release, as well as increased monocyte chemotaxis.

Two recent studies in primary and secondary prevention set-
tings'®"" suggest that the inflammatory burden mediates the prognos-
tic capacity of Lp(a), showing that elevated Lp(a) associates with future
ASCVD risk only in individuals with residual infllammatory risk [i.e. high-
sensitive C-reactive protein (hsCRP) levels >2 mg/L]. However, these
results'®'" have been either based on post-hoc analysis in a highly se-
lected study population with very high cardiovascular disease (CVD)
risk, including established ASCVD,m or conducted within a multi-ethnic
population with significant variation in Lp(a) levels and relatively low
number of CVD events."" In contrast, data from a community-dwelling
population, including 68 090 participants of the Copenhagen General
Population Study (CGPS), revealed that Lp(a) was associated with fu-
ture risk of ASCVD independently of hsCRP concentration.'

In general, an interdependence of Lp(a) with systemic inflammation
could have important clinical implications concerning the proper selection
of a target population, which would benefit mostly from an ASCVD risk
reduction through pharmacologic Lp(a)-lowering. However, discrepant
findings on Lp(a)-hsCRP interaction for future ASCVD risk, "> which
might be, at least partially, reflected by the different baseline risks between
studied populations, underscore the need for additional data.

Therefore, the aim of the present analysis was to investigate (i)
whether the association between Lp(a) and risk of coronary heart dis-
ease (CHD) might be modulated by accompanying systemic low-grade
inflammation among individuals from the general population across
Europe and (i) whether such interplay might depend on the presence
or absence of CHD at baseline.

Material and methods

Study overview

The present analysis was conducted within the collaborative Biomarker
for Cardiovascular Risk assessment across Europe (BiomarCaRE project;

http:/www.biomarcare.eu), which has the primary aim to determine the
value of established and emerging biomarkers for improved CVD risk
prediction. The design and rationale of the BiomarCaRE consortium
have been published previously."* Briefly, BiomarCaRE is an EU-funded
initiative based on the MONICA Risk, Genetics, Archiving and
Monograph (MORGAM) Project, which harmonized data from various
population-based cohort studies across Europe.™

All participating cohort studies had received approval by the respon-
sible local ethical review boards. Written informed consent was ob-
tained from each subject upon entry into the study. The study was
performed according to the principles of Good Clinical Practice and
the Declaration of Helsinki.

Study population and outcome

A flowchart of the study population derivation is presented in Figure 1.
In the first step, we identified 10 individual cohorts (all with harmonized
endpoint and phenotypic data) with available information on hsCRP
at baseline [Northern Sweden (n=10450), FINRISK (n=8444),
DAN-MONICA (n=7582), Scottish Heart Health Extended Cohort
(SHHEC) (n=15999), PRIME/Belfast (n=2745), MONICA/KORA
Augsburg (Cooperative Health Research in the Region of Augsburg)
(n=28842), Malattie ATerosclerotiche Istituto Superiore di Sanita
(MATISS) cohort (n =4489), MONICA Brianza (n =4932), Moli-Sani
(n=24325), MONICA Catalonia (n=5505)], resulting in a total of
93 313 individuals. Detailed cohort descriptions, including enrolment
and follow-up (FU) procedures, are provided elsewhere.'®'>"¢ |n the
second step, we excluded two cohorts from the analysis due to missing
data on Lp(a) (PRIME/Belfast) or an analytical issue in Lp(a) determin-
ation [DAN-MONICA, due to significant variations in Lp(a) levels be-
tween three surveys, compared with the remaining BiomarCARE
cohorts]. Finally, we excluded all participants with hsCRP values
>10 mg/L [n=3294 (4.39%)], as these values might reflect acute in-
flammation or underlying pathological immune-related disease.

The final study sample comprised 71 678 individuals. All study parti-
cipants were followed up prospectively for 2.5-25 years for occurrence
of CHD events, defined as fatal or non-fatal (definite or possible) myo-
cardial infarction (M), coronary death, unstable angina pectoris, coron-
ary revascularization, and unclassifiable death (i.e. death with insufficient
evidence of coronary origin and no competing cause). Most centres
clinically validated the events using MONICA diagnostic criteria. The
MORGAM manual provides further information on endpoint

e 14
classifications.

Data collection and risk factor definition
For detailed information on data collection and risk factor definition,
please see the online supplementary material. Briefly, the following har-
monized variables were available for each cohort: age, sex, body mass
index (BMI), systolic and diastolic blood pressure, smoking status, alco-
hol, educational level, medication use, information on fasting status,
family history of premature CHD, and disease history/status (arterial
hypertension, diabetes). Established CHD at baseline was defined ei-
ther as a history of M| and/or unstable angina pectoris and/or history
of coronary revascularization and/or stable angina pectoris or CHD
(all self-reported or physician-diagnosed).

Laboratory measurements

Baseline hsCRP concentration and Lp(a) mass were determined from
the locally frozen stored blood samples and analysed centrally in
the BiomarCaRE central laboratory in either Mainz (until 2011) or
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10 European population-based cohorts with hsCRP measurements at baseline

+ Northern Sweden (n=10,450)

* FINRISK (n=8,444)

*  DAN-MONICA (n=7,582)

*  SHHEC (n=15,999)

* PRIME/Belfast (n=2,745)

+  MONICA/KORA Augsburg (n=8,842)
MATISS (n=4,489)

* MONICA Brianza (n=4,932)

+  Moli-Sani (n=24,325)

*  MONICA-Catalonia (n=5,505)

Excluded:
* n=581 missing information on CHD
* n=5,553 hsCRP missings -
* n=7,582 DAN-MONICA cohort (Lp(a) analytical issue)
+  0=5,014 Lp(a) missings:

* n=2,745 PRIME/Belfast cohort

* 0= 2,269 from remaining cohorts
* n=3,294 hsCRP values > 10 mg/L

Figure 1 Flow chart of the study

Hamburg (since 2011), Germany. High-sensitive C-reactive protein was
measured by latex immunoassay (Architect c8000, Abbott Labs,
Rockville, MD, USA)."® The limit of quantification for hsCRP was
0.1 mg/L. Lipoprotein(a) assessment was performed by fully auto-
mated, particle-enhanced turbidimetric immunoassay (Biokit Quantia
Lp(a)-Test; Abbott Diagnostics, USA) as reported previously."” The
limit of detection was 0.38 mg/dL with a measurement range of 1.3—
90.0 mg/dL. Lipoprotein(a) values >90 mg/dL were set at 90 mg/dL.
The cohort-specific intra- and interassay coefficients of variation
for hsCRP and Lp(a) are provided in Supplementary data online,
Table S1. The remaining lipid parameters [total cholesterol, high-density
lipoprotein cholesterol (HDL-C) or triglycerides) were either mea-
sured locally at each participating centre by routine methods and sub-
mitted to WHO-MONICA international quality control or centrally in
the BiomarCaRE central laboratory. Low-density lipoprotein choles-
terol (LDL-C) levels were calculated using the Friedewald formula with-
out any additional hypertriglyceridaemia-related adjustments. Non—
HDL-C was calculated as total cholesterol minus HDL-C.

Statistical analysis

In the present analysis, we first investigated the entire BiomarCaRE
population and then divided it into a CHD-free population, including in-
dividuals without established CHD at baseline and a second group, in-
cluding individuals with established CHD at baseline.

Baseline characteristics of the study participants are reported in a de-
scriptive way and shown as frequencies (percentage) for binary variables
and as medians with their lower and upper quartile (interquartile range,
IQR) for continuous variables.

The median FU times and event rates were estimated by the Kaplan—
Meier potential FU estimator.'® Event rates were calculated for the
complete follow-up.

Median FU 9.76

n = 65,661 Median FUS.76 ye= o ([

;1 without CHD =) | n=237283 events
g _at baseline
n=6,017 Outcome CHD ,

with CHD ————— n=1,373 events

at baseline Median FU 13.78 yrs. . |

Lipoprotein(a) was categorized into fifths using cohort-specific quin-
tiles (Q). The mean cut-point values for the whole population were
3.44, 6.63, 11.26, and 24.85 mg/dL, for the CHD-free population at
baseline were 3.44, 6.63, 11.22, and 24.7 mg/dL, while in those with
prevalent CHD the corresponding values were 3.64, 7.16, 12.66, and
28.08 mg/dL. Detailed information about the cohort-specific quintiles
are shown in Supplementary data online, Tables S3—S5.

To assess a possible impact of hsCRP concentrations on
Lp(a)-associated risk for CHD events, Fine and Gray models accounting
for competing risk of death from a non-CHD cause, stratified by sex
and study cohort, were calculated using individual-level data from the
available cohorts. Both biomarkers were transformed prior to the ana-
lysis [hsCRP, log-transformed; Lp(a), cubic root-transformed], where
needed. The data are presented as sub-distribution hazard ratios
(sHRs) with their 95% confidence interval (Cl).

As a first step, the models were analysed in accordance with hsCRP
concentration of <2 and >2 mg/L for better comparability with previ-
ously published studies.'®"* Next, we divided a hsCRP group of
<2 mg/L into a hsCRP group of <1 and >1-<2 mg/L. For each model,
several levels of adjustment were performed. Model 1 adjusted for age,
and Model 2 additionally adjusted for systolic blood pressure, antihy-
pertensive drugs, diabetes mellitus, BMI, daily smoker, family history
of CHD, average daily alcohol consumption, and highest level of education.
The third (fully adjusted) model was further adjusted for lipid-lowering
medication. We also performed a cubic spline regression analysis for the
relationship between continuous Lp(a) and future CHD risk across
the spectrum of hsCRP values [fully adjusted model (Model 3)] within
the entire population and after stratification of the study population
according to the presence of CHD at the time of enrolment.

We then performed an additional analysis for the association of
hsCRP and Lp(a) (separately, as a sole biomarker) with future CHD
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events with similar levels of adjustment. Model 1 included age, and
Model 2 was additionally adjusted for systolic blood pressure, antihy-
pertensive drugs, diabetes mellitus, BMI, daily smoker, family history
of CHD, average daily alcohol consumption, and highest level of educa-
tion. Within Model 3, further adjustment for non—-HDL-C (in case of
hsCRP) was performed. Model 4 [or Model 3 in case of Lp(a)] was fi-
nally adjusted for lipid-lowering medication.

Because of the exploratory nature of the analysis, a significance
threshold was not defined for P-values. R version 4.0.3 software (R
Foundation for Statistical Computing, Vienna, Austria) was used to per-
form all statistical analyses.

Results

Overall, 71 678 individuals from the general population were included
in the present analysis. Among them, 65 661 study participants were
free of CHD at the time of enrolment (termed CHD-free cohort).
The remaining 6017 participants had established CHD at baseline
(CHD cohort). Table 1 describes the baseline demographic, clinical,
and biochemical characteristics of the overall population, as well as in
the sub-categories of hsCRP concentration (<1; >1-<2, and >2 mg/L).
In general, CHD-free individuals were slightly younger and demonstrated
amore favourable risk profile than those with prevalent CHD at baseline.
Considering biomarker concentrations, median Lp(a) was found to be
slightly higher [9.2 mg/dL (IQR 4.2-20.4 mg/dL) vs. 8.5 mg/dL (IQR
3.6-20.1 mg/dL)] and hsCRP slightly lower [median 1.2 mg/L (IQR 0.6—
2.5 mg/L) vs. 1.7 mg/L (IQR 0.8-3.4 mg/L)] among those without CHD
compared with individuals with CHD at baseline. Finally, a steady increase
in hsCRP concentration was associated with worsening of risk profile of
participants (Table 7). For the baseline characteristics of each individual
cohort, please see Supplementary material online (see Supplementary
data online, Tables $2—54).

In general, the correlation between Lp(a) and hsCRP was very low
with Spearman correlation coefficients found to be 0.03 within entire
population and among individuals without CHD at baseline and 0.02
among those with established CHD at baseline.

During a median FU of 9.91 (95% Cl 9.86-9.95) years, overall 4656
future CHD events occurred. Among CHD-free individuals at baseline,
5.0% of them (n = 3283) developed an incident CHD event during a
median FU of 9.76 (95% Cl 9.68-9.81) years (event rate over max
FU period of 25.96 years—16.8%). In the CHD cohort, 1373 events oc-
curred over a median FU of 13.78 (95% CI 13.77-13.79) years (22.8%
of cohort; event rate over the max FU period—44.42%).

If analysed separately from each other, elevated concentrations of bio-
markers [Lp(a) or hsCRP] were associated with future CHD events (see
Supplementary data online, Tables S5-S7). For instance, within the entire
population as well as among those without CHD at baseline, sHRs for
Lp(a) [highest vs. lowest fifth of Lp(a) distribution] were found to be
1.44 (95% 1.30-1.60) and 1.48 (95% Cl 1.30-1.67) (both P <.001), re-
spectively (see Supplementary data online, Tables S5 and S6). Within
the cohort with established CHD at baseline, the fully adjusted sHRs
for Lp(a) (highest vs. lowest fifth) was found to be 1.33 (95% Cl 1.09-
1.61; P=.0041) (see Supplementary data online, Table S7).

Similarly, an increased hsCRP concentration (>2 vs. <1 mg/L) was as-
sociated with a 50% increased risk of incident CHD [sHR 1.50 (95% ClI
1.37-1.65); P < .001; fully adjusted model] in entirely population and with
a 41% increased risk [sHR 1.41 (95% CI 1.26-1.57); P < .001; fully ad-
justed model] in CHD-free individuals (see Supplementary data online,
Tables S5 and Sé). In those with established CHD at baseline, the

corresponding sHRs were 143 (95% Cl 1.20-1.71; P<.001) (for
hsCRP >2 vs. <1 mg/L), again after multivariable adjustment for trad-
itional cardiovascular risk factors and concomitant lipid-lowering medica-
tion use (see Supplementary data online, Table S7).

Next, we investigated whether baseline hsCRP concentrations might
modify the association between Lp(a) levels and future CHD events.
Assuming that hsCRP values >2 mg/L reflect a high residual inflamma-
tory risk, as well as for better comparison with previously published
data, the study population was first divided according to hsCRP concen-
tration of <2 vs. >2 mg/L (Figure 2). Within the entire population,
increased Lp(a) mass was associated with future CHD events irrespect-
ive of hsCRP concentrations at baseline, showing an sHR of 1.39 (95%
Cl 1.21-1.61) [highest vs. lowest fifth of the Lp(a) distribution; fully ad-
justed model; P < .001] in the group with hsCRP <2 mg/L and an sHR of
1.46 (95% Cl 1.26-1.70) [highest vs. lowest fifth of Lp(a) distribution;
fully adjusted model; P<.001] in those with a hsCRP >2 mg/L
(Pinteraction = 0.62). (Figure 2A; Supplementary data online, Table S8).
Further stratification of the study population according to the absence
or presence of CHD at baseline showed that in CHD-free individuals
very similar results compared with the entire population were found:
the magnitude of the association was almost identical between those
with hsCRP concentrations <2 and >2 mg/L [sHR of 1.45 (95%
1.23-1.72) and of 1.48 (95% Cl 1.23-1.78), respectively, for highest
vs. lowest fifth of Lp(a) distribution; fully adjusted models; both
P <.001; Pisteraction =0.82] (Figure 2B; Supplementary data online,
Table S9). In contrast, in the CHD cohort, elevated Lp(a) was associated
with future events among those with hsCRP concentration >2 mg/L
[sHR 1.34 (95% CI 1.03-1.76); P=.021] and only borderline in those
with hsCRP concentration <2 mg/L [sHR 1.29 (95% CI 0.98-1.71);
P =.071] (both for the highest vs. lowest fifth; fully adjusted models;
Pinteraction = 0.024) (Figure 2C; Supplementary data online, Table 10).
Next, we further divided the hsCRP group of <2 mg/L into those
with hsCRP < 1 and >1-<2 mg/L. The results of such analysis are pre-
sented again for the entire population first and then after stratification
according to CHD status at baseline (Figure 3 as well as Supplementary
data online, Tables S8-S10). Within the entire population, increased
Lp(a) values were associated with future CHD events independently
of accompanying hsCRP concentrations with very similar risk estimates
among all three hsCRP groups. So, comparing extreme fifths of the
Lp(a) distribution revealed a sHR of 140 [(95% ClI 1.14-1.72),
P =.0011] in these with very low hsCRP concentration of <1 mg/L
and 1.36 [(95% Cl 1.11-1.67), P=.0032] and 1.46 [(95% CI 1.25-
1.70), P <.001] in individuals with hsCRP level of >1-<2 and >2 mg/L,
respectively (fully adjusted model; Pinteraction=0.93) (Figure 3A;
Supplementary data online, Table S8). Coronary heart disease—free in-
dividuals with a very low hsCRP concentration of <1 mg/L at baseline
demonstrated a 56% increased risk for future CHD in the highest fifth
compared with the lowest fifth of the Lp(a) distribution after multivari-
able adjustment [sHR 1.56 (95% CI 1.22-1.98, P < .001], whereas cor-
responding sHRs for the hsCRP group of >1-<2 and >2 mg/L were
1.32 (95% Cl 1.04-1.68) (P=.023) and 1.47 (95% ClI 1.22-1.77)
(P <.001), respectively (Pinteraction=0.89) (Figure 3B; Supplementary
data online, Table S9). Further stratification into hsCRP groups <1
and >1-<2 mg/L in those with established CHD at the time of enrol-
ment, however, revealed that increased Lp(a) was associated with fu-
ture coronary events in individuals having moderately elevated hsCRP
concentration (>1-<2 mg/L) [sHR 1.45 (95% CI 1.00-2.12); P=.05;
highest vs. lowest fifth, fully adjusted model], whereas in the group
with very low hsCRP of <1 mg/L, Lp(a) was not associated with future
coronary events [sHR 1.14 (95% CI 0.75—1.73) highest vs. lowest fifth, fully
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Figure 2 Risk of coronary heart disease (CHD) according to lipoprotein(a) and high-sensitive C-reactive protein (hsCRP) concentration (<2 and
>2 mg/L). (A) Entire population. (B) In individuals without CHD at baseline. (C) In individuals with established CHD at baseline. Fine and Gray competing
risk-adjusted models stratified by study cohort were calculated, and the data are presented as sub-distribution hazard ratios (sHRs) with their 95% ClI.
Biomarkers were transformed for the analysis [hsCRP, log-transformed; Lp(a), cubic root—transformed]. Fully adjusted model [adjustment for age, sex,
cohort, systolic blood pressure, antihypertensive drugs, diabetes mellitus, body mass index, smoking status (daily smoker), family history of CHD, aver-
age daily alcohol consumption, highest level of education, and lipid-lowering medication]
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Figure 3 Risk of coronary heart disease (CHD) according to lipoprotein(a) and high-sensitive C-reactive protein (hsCRP) concentration (<1, >1-<2,
and >2 mg/L). (A) Entire population. (B) In individuals without CHD at baseline. (C) In individuals with established CHD at baseline. Fine and Gray com-
peting risk-adjusted models stratified by study cohort were calculated, and the data are presented as sub-distribution hazard ratios (sHRs) with their
95% Cl. Biomarkers were transformed for the analysis [hsCRP, log-transformed; Lp(a), cubic root—transformed]. Fully adjusted model [adjustment for
age, sex, cohort, systolic blood pressure, antihypertensive drugs, diabetes mellitus, body mass index, smoking status (daily smoker), family history of
CHD, average daily alcohol consumption, highest level of education, and lipid-lowering medication]
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Figure 4 Cubic spline regression analysis for the relationship between continuous lipoprotein(a) and future coronary heart disease (CHD) risk across
the spectrum of high-sensitive C-reactive protein (hsCRP) values. (A) Entire population. (B) In individuals without CHD at baseline. (C) In individuals
with established CHD at baseline. Fully adjusted model [adjustment for age, sex, cohort, systolic blood pressure, antihypertensive drugs, diabetes mel-
litus, body mass index, smoking status (daily smoker), family history of CHD, average daily alcohol consumption, highest level of education, and
lipid-lowering medication]. Per 1 unit increase of cubic root—transformed Lp(a)

adjusted model; P =.54; P teraction < 0.01] (Figure 3C; Supplementary data
online, Table $10).

Figure 4 shows the results of cubic spline regression analysis (fully ad-
justed model) for the relationship between continuous Lp(a) (per unit
increase) and future CHD risk across the total spectrum of hsCRP va-
lues for all study participants (Figure 4A) as well after stratification of the
study population according to CHD status at baseline to those without
(Figure 4B) and with CHD (Figure 4C) at baseline. Interestingly, using
hsCRP values as continuous traits, we observed very similar results
to those obtained by using several hsCRP cut-offs. It could be shown
that in CHD-free individuals, Lp(a) was associated with incident CHD
across all hsCRP values and this association became even stronger
with increasing hsCRP values, although the Cls at a very low hsCRP
concentration were rather wide. In contrast, in individuals with manifest
CHD at time of enrolment, no association between high Lp(a) and out-
come was seen at extremely low hsCRP values, while the association
between Lp(a) and incident CHD became meaningful only at hsCRP va-
lues of around 1 mg/L and higher-.

Discussion

The present analysis of ~72 000 participants from the general popula-
tion represents the largest data set so far simultaneously exploring a

possible Lp(a)~hsCRP interaction for future coronary events in 2 study
subgroups—in those who were free of CHD at baseline and in indivi-
duals with established CHD at the time of enrolment (Structed
Graphical Abstract). Our major findings are that for the vast majority
of study participants, hsCRP concentration does not affect the associ-
ation between high Lp(a) mass and future CHD events. The only group
where increased Lp(a) was not associated with outcome was the group
of CHD patients with very low hsCRP levels of <1 mg/L. The results
were similar if hsCRP was categorized using several cut-offs or by using
it as a continuous trait. The current data, together with previously pub-
lished studies, suggest that the impact of hsCRP on Lp(a)-related
ASCVD/CHD risk probably might depend on the overall baseline risk.

Only a few studies so far have investigated the interdependence
of Lp(a) with background hsCRP concentrations with different re-
sults."®"? Two studies reported very similar results, showing that high-
er Lp(a) levels were associated with future CVD events only in those
with residual inflammatory risk (hsCRP >2 mg/L) [Assessment of
Clinical Effects of Cholesteryl Ester Transfer Protein Inhibition with
Evacetrapib in Patients at High Risk of Vascular Outcomes'®
(ACCELERATE Trial), including 10 503 study participants at very high
risk (mean FU 28 months; 714 major adverse cardiovascular events),
and Multi-Ethnic Study of Atherosclerosis’ (MESA), including 4679 in-
dividuals from the general population (mean FU 13.6 years; 684 ASCVD
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events)]. In contrast to the abovementioned studies, the results from
the CGPS,"? conducted in 68 090 individuals from the general popula-
tion, demonstrated similar ASCVD risk estimates for elevated Lp(a)
among those with hsCRP <2 and >2 mg/L over a median FU of 8.1
years (n = 5104 ASCVD events).

The present data on the independence of Lp(a)-related CHD risk
from accompanying hsCRP concentrations among CHD-free indivi-
duals at baseline are in line with those from the CGPS, despite a
much broader endpoint had been used in CGPS. However, our data
are discordant with the results from MESA, potentially due to the well-
known inter-racial differences in Lp(a),'® resulting in much higher Lp(a)
levels at baseline in MESA than in our populations. Moreover, the MESA
cohort was older than the BiomarCARE population and had used a
much broader ASCVD outcome, whereas we focused only on CHD
events. Finally, the number of study participants and, more importantly,
the number of achieved ASCVD endpoints was considerably lower in
MESA than in the current analysis.

With regard to the interaction between Lp(a) and hsCRP, seen
among patients of the CHD cohort, the present results are similar to
the results from the ACCELERATE Trial, which also demonstrated
no association between increased Lp(a) and CHD events in those
with hsCRP concentration < 2 mg/L. However, the considerable size
of our data set allowed us to extend the ACCELERATE findings, since
we were able to stratify hsCRP concentrations more precisely, using an
additional cut-off of 1 mg/L. More importantly, it could be shown that
elevated Lp(a) mass was still associated with future coronary events
even in those with hsCRP levels between 1 and 2 mg/L. Although con-
siderable differences exist between the present study and the
ACCELERATE trial attributable to population selection and design, dif-
ferences in Lp(a) measurements (mass vs. molar), and possible effects of
evacetrapib treatment on the studied biomarkers,?® both investigations
raise the possibility that an interaction between Lp(a) and hsCRP for
ASCVD/CHD risk might be dependent on the overall baseline risk,
which was much higher in participants of the ACCELERATE trial and
in our study participants with CHD at baseline (both including very
high-risk individuals with established ASCVD) than in CGPS or in our
CHD-free participants at baseline, where Lp(a) associated risk for
ASCVD/CHD was independent of the residual inflammatory risk.

Although the global burden of ASCVD has been drastically reduced
within the last decades, mainly by targeting conventional risk factors and
LDL-C in particular, significant residual risk remains, with low-grade in-
flammation being one of the strongest risk modifiers. Indeed, there is
clear evidence that inhibition of an inflammatory pathway involving
the NLRP3 inflammasome, in the absence of lipid lowering, results in
a substantial reduction of future cardiovascular risk.?' Furthermore,
the idea that low-grade inflammation, as reflected by hsCRP levels,
might affect Lp(a)-associated risk for CHD seems to be very appealing,
suggesting another avenue to reduce residual risk even more success-
fully. Recent studies showed a solid pathophysiological background
for the tight interplay between Lp(a) and systemic low-grade inflamma-
tion, where the NLRP3 inflammasome—IL-1beta/IL-6/CRP pathway
might represent a mechanistic link within the Lp(a)—inflammation
axis.”! Indeed, oxPLs, which are preferentially carried on by Lp(a) in
the circulation,?” might act as danger-associated molecular patterns,
thereby activating the NLRP3 inflammasome with subsequent
IL-1beta/IL-6/CRP release."** So, individuals with elevated Lp(a) ex-
hibit increased inflammatory activity in the arterial wall, as demon-
strated by positron emission tomography/computed ‘comography.9
Furthermore, subsequent lowering of Lp(a) by antisense oligonucleotide
led to attenuation of a pro-inflammatory state of circulating monocytes

on the transcriptional and functional level.>* On the other hand, Lp(a)
might also be considered as an acute phase reactant,”® most probably
due to the presence of an IL-6 response element within the LPA
gene.”® Further evidence for the specificity of the IL-6 pathway in regu-
lating Lp(a) production comes from experimental studies, showing that
monoclonal antibodies directed against the IL-6 receptor (e.g. tocilizu-
mab or sarilumab) reduced Lp(a) levels by 30%—40%, whereas
anti-TNF-a monoclonal antibodies (adalimumab) failed to lower Lp(a) le-
vel substantially.>’~2° More recently, the results of the RESCUE trial, in-
vestigating ziltivekimab, a fully human monoclonal antibody directed
against the IL-6 ligand, in a very high-risk population with hsCRP >
2 mg/L, showed a dose-dependent reduction of Lp(a) from baseline of
up to 25% and of hsCRP up to 92%. Interestingly, no changes in other
lipid parameters were seen, thereby suggesting an important role of
the IL-6 pathway for Lp(a) regulation.>° Despite those data, the final evi-
dence whether inflammation increases Lp(a) or Lp(a) promotes low-
grade inflammation should come from randomized clinical trials or at
least from Mendelian randomization studies, evaluating the Lp(a)—inflam-
mation interdependency.

Our findings in individuals with a very low hsCRP concentration
(<1 mg/L) merit particular consideration. Although in the group of
CHD-free study participants with a hsCRP values <1 mg/L at baseline,
Lp(a)-associated risk estimates were similar to those in the two remain-
ing hsCRP groups, the association between Lp(a) and future coronary
events among those with established CHD and very low hsCRP level
(<1 mg/L) at baseline seems to be more complex. We found that indi-
viduals within the third fifth of the Lp(a) distribution revealed rather un-
expectedly a reduced CHD risk compared with the first one, whereas
no differences in CHD risk were observed between extreme fifths
[highest vs. lowest fifth of Lp(a)] after multivariable adjustment.
Interestingly, 1 recently published study, conducted among 851 con-
secutive Ml patients, demonstrated a U-shaped relationship between
Lp(a) level and overall mortality and recurrent cardiovascular events
during a median FU of 19 months with even higher risk estimates in pa-
tients with very low (<7 nmol/L) Lp(a) concentrations compared with
those with high Lp(a) (=125 nmol/L)." Surprisingly, very low Lp(a)
concentrations were also associated with higher odds of glycoprotein
lIb/llla inhibitor use, suggesting a higher procoagulatory state in those
patients. Although very intriguing, our finding on the predictive role
of Lp(a) in CHD patients with very low hsCRP concentration of
<1 mg/L should be interpreted with caution, because of the small num-
ber of events in each Lp(a) fifth, and needs to be replicated in larger po-
pulations. In addition, a pathophysiologic basis for such interaction has
still to be established, presuming that our findings are not subject to
type | error. To this end, first evidence from targeted proteomics is
available suggesting the involvement of differential regulatory pathways
in those with residual inflammatory risk but low baseline hsCRP in a
secondary prevention setting.32

Several limitations of our study merit consideration. First, the pre-
sent data may not be extrapolated to other ethnic populations or
age groups, since only populations from Europe were included in this
analysis. Second, Lp(a) was assessed in mass units (mg/dL), whereas
Lp(a) measurement in molar terms is more desirable due to existing
complexity related to apo(a) particle heterogeneity.>> However, the
Lp(a) assay used in the BiomarCaRE population is not affected by
apo(a) isoforms.>* Furthermore, the studied biomarkers were mea-
sured at only one time-point and therefore the results could be subject
to regression dilution bias. In addition, CHD assessment at baseline
mainly relied on medical reviews or was self-reported, which might
have led to misclassification. Finally, no data on IL-6 are available within
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the present analysis, which probably would provide much deeper in-
sight into the Lp(a)—inflammation axis.

The current study has also several strengths. The present analysis is
based on the largest data set with long-term FU investigating Lp(a)—
hsCRP interdependency so far. Moreover, similar risk factor data
collection procedures, thorough FU for endpoints and careful data
harmonization, led to a high-quality combined data set from eight
European general population-based studies. Furthermore, centralized
measurements of studied biomarkers by the same assay minimize ana-
lytical imprecision in Lp(a) measurements between individual
BiomarCaRE cohorts.

In conclusion, in participants, who were free of CHD at baseline,
systemic inflammation has no effect on Lp(a)-associated risk for
CHD, since increased Lp(a) was robustly associated with CHD events
across all hsCRP strata in the present analysis. These data, together
with data from CGPS, including more than 150 000 individuals from
the general population in Europe, provide clear evidence of no
Lp(a)~hsCRP interaction in the primary prevention setting. In contrast,
in those at very high risk (i.e. in those with prevalent CHD), the inter-
play of Lp(a) with inflammation seems to be more complex. A better
understanding of such interaction might result in better identification
and more personalized treatment of the target population who might
benefit most from Lp(a)-lowering therapies. Nonetheless, various
questions still need to be adequately addressed, especially in light of
forthcoming Lp(a)-lowering trials, where proper criteria for patient se-
lection might be a key element for successful Lp(a)-mediated CHD risk

reduction.>

Acknowledgements

We are indebted to all study participants and acknowledge the contri-
bution of all field staff members in the participating studies, MORGAM
Data Centre, and BiomarCaRE core laboratory.

Supplementary data

Supplementary data are available at European Heart Journal online.

Declarations

Disclosure of Interest

All authors have completed the International Committee of Medical
Journal Editors (ICJME) disclosure of potential conflicts of interest
(CQI) form at www.icmje.org/coi_disclosure.pdf and declare the fol-
lowing: no support from any organization for the submitted work, no
financial relationships with any organizations that might have an interest
in the submitted work in the previous 3 years, and no other relation-
ships or activities that could appear to have influenced the submitted
work. Outside the scope of the present work, N.A. reports grant
and personal fees from Novartis; S.B. reports grants and personal
fees from Abbott Diagnostics, Bayer, SIEMENS Healthineers, and
AMGEN, grants from Singulex, consulting fees from Thermo Fisher,
and personal fees from AstraZeneca, Medtronic, Pfizer, Roche, and
Novartis; V.S. reports personal fees from Sanofi and grants from
Bayer AG; St.S. reports grants and personal fees from Actelion Ltd;
R.B.S. reports personal fees from BMS/Pfizer; C.W. reports lecture
fees from AstraZeneca. W.K. reports receiving consulting fees and lec-
ture fees from AstraZeneca, Novartis, and Amgen; consulting fees from
Pfizer, The Medicines Company, DalCor Pharmaceuticals, Kowa,

Corvidia Therapeutics, Esperion, Genentech, OMEICOS, Novo
Nordisk, LIB Therapeutics, TenSixteen Bio, New Amsterdam
Pharma, and Daiichi Sankyo; lecture fees from Berlin-Chemie,
Bristol-Myers Squibb, and Sanofi; and grant support and provision of re-
agents from Singulex, Abbott, Roche Diagnostics, and Dr Beckmann
Pharma. All other authors declare no conflict of interest.

Data Availability

The data are not available in a public repository. Access to the data is
dependent upon ethics approval and restricted by the legislation of
the European Union and the countries providing data to the study.
Furthermore, approval by the principal investigator of each cohort
study and the MORGAM/ BiomarCaRE Steering Group is required to
release the data. The MORGAM Manual at https://www.thlfi/
publications/morgam/manual/contents.htm gives more information on
access to the data.

Funding

Research is funded by Seventh Framework Programme FP7 Health
(HEALTH-F2-2011-278913; HEALTH-F3-2010-242244; HEALTH-
F4-2007-201413), Biomed (BMH4-CT98-3183), Fifth Framework
Programme (QLG2-CT-2002-01254); European Union’s Horizon 2020
(825903, 847770), Medical Research Council (G0601463/no. 80983).
This has supported central coordination, workshops, and part of the activ-
ities of the MORGAM Data Centre, the MORGAM Laboratories, and the
MORGAM Participating Centres; MORGAM Participating Centres are
funded by regional and national governments, research councils, charities,
and other local sources. RB.S. has received funding from the ERC under
the European Union’s Horizon 2020 (648131), Bundesministerium fiir
Bildung und Forschung (BMBF 01Z2X1408A), and German Center for
Cardiovascular Research (DZHK eV.) (81Z21710103). FK. has received
funding from the National Institute of Health Research United Kingdom.
V.S. was supported by the Finnish Foundation for Cardiovascular
Research and the Juho Vainio Foundation. T.Z. was supported by
the German Center for Cardiovascular Research (DZHK e.V.)
(81Z20710102). S.B. reports grant from Abbott Diagnostics, during
the conduct of the study. S.S6. has been supported by the Swedish
Heart-Lung Foundation (20140799, 20120631, and 20100635), the
County Council of Visterbotten (ALF, VLL-548791), and Umead
University.

Ethical Approval

All participating cohort studies had received approval by the respon-
sible local ethical review boards. Written informed consent was ob-
tained from each subject upon entry into the study. The study was
performed according to the principles of Good Clinical Practice and
the Declaration of Helsinki.

Pre-registered Clinical Trial Number
None supplied.

References
1. Libby P, Hansson GK. From focal lipid storage to systemic inflammation. f Am Coll Cardiol
2019;74:1594-607. https:/doi.org/10.1016/j.jacc.2019.07.061
2. Tufién J, Back M, Badimén L, Bochaton-Piallat ML, Cariou B, Daemen M, et al. Interplay
between hypercholesterolaemia and inflammation in atherosclerosis: translating experi-
mental targets into clinical practice. Eur | Prev Cardiol 2018;25:948-55. https:/doi.org/10.
1177/2047487318773384

20z Iudy 60 U0 Jasn sayjolqiqenusz 4S9 Aq 8822252/ ¥01L/Z LIS/ o101Me/[uESyINS/WOoD dno-dlwapede//:sd)y Woij PapeojumMoq


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad867#supplementary-data
http://www.icmje.org/coi_disclosure.pdf
https://www.thl.fi/publications/morgam/manual/contents.htm
https://www.thl.fi/publications/morgam/manual/contents.htm
https://doi.org/10.1016/j.jacc.2019.07.061
https://doi.org/10.1177/2047487318773384
https://doi.org/10.1177/2047487318773384

1054

Arnold et al.

3.

Pizzuto M, Pelegrin P, Ruysschaert JM. Lipid-protein interactions regulating the canon-
ical and the non-canonical NLRP3 inflammasome. Prog Lipid Res 2022;87:101182.
https:/doi.org/10.1016/j.plipres.2022.101182

. Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the IL-1 pathway in atherosclerosis.

Circ Res 2018;122:1722-40. https:/doi.org/10.1161/CIRCRESAHA.118.311362

. Ridker PM, MacFadyen ]G, Glynn RJ, Bradwin G, Hasan AA, Rifai N. Comparison of

interleukin-6, C-reactive protein, and low-density lipoprotein cholesterol as biomarkers
of residual risk in contemporary practice: secondary analyses from the Cardiovascular
Inflammation Reduction Trial. Eur Heart | 2020;41:2952-61. https:/doi.org/10.1093/
eurheartj/ehaa160

. Kronenberg F, Mora §, Stroes ESG, Ference BA, Arsenault BJ, Berglund L, et al.

Lipoprotein(a) in atherosclerotic cardiovascular disease and aortic stenosis: a
European Atherosclerosis Society consensus statement. Eur Heart | 2022;43:
3925-46. https:/doi.org/10.1093/eurheartj/ehac361

. Coassin S, Kronenberg F. Lipoprotein(a) beyond the kringle IV repeat polymorphism:

the complexity of genetic variation in the LPA gene. Atherosclerosis 2022;349:17-35.
https:/doi.org/10.1016/j.atherosclerosis.2022.04.003

. Tsimikas S. A test in context: lipoprotein(a): diagnosis, prognosis, controversies, and

emerging therapies. | Am Coll Cardiol 2017;69:692—711. https:/doi.org/10.1016/j.jacc.
2016.11.042

. van der Valk FM, Bekkering S, Kroon J, Yeang C, Van den Bossche J, van Buul |D, et al.

Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflammation and an inflam-
matory monocyte response in humans. Circulation 2016;134:611-24. https:/doi.org/10.
1161/CIRCULATIONAHA.116.020838

. Puri R, Nissen SE, Arsenault BJ, St John J, Riesmeyer ]S, Ruotolo G, et al. Effect of

C-reactive protein on lipoprotein(a)-associated cardiovascular risk in optimally treated
patients with high-risk vascular disease: a prespecified secondary analysis of the
ACCELERATE trial. JAMA Cardiol 2020;5:1136—43. https:/doi.org/10.1001/jamacardio.
2020.2413

. Zhang W, Speiser JL, Ye F, Tsai MY, Cainzos-Achirica M, Nasir K, et al. High-sensitivity

C-reactive protein modifies the cardiovascular risk of lipoprotein(a): Multi-Ethnic Study
of Atherosclerosis. | Am Coll Cardiol 2021;78:1083-94. https:/doi.org/10.1016/}.jacc.
2021.07.016

. Thomas PE, Vedel-Krogh S, Kamstrup PR, Nordestgaard BG. Lipoprotein(a) is linked to

atherothrombosis and aortic valve stenosis independent of C-reactive protein. Eur
Heart | 2023;44:1449-60. https:/doi.org/10.1093/eurheartj/ehad055

. Zeller T, Hughes M, Tuovinen T, Schillert A, Conrads-Frank A, Hd R, et al. BiomarCaRE:

rationale and design of the European BiomarCaRE project including 300,000 partici-
pants from 13 European countries. Eur | Epidemiol 2014;29:777-90. https:/doi.org/
10.1007/s10654-014-9952-x

. MORGAM Project. MORGAM manual. MORGAM Project e-publications. http:/www.

thlfi/publications/morgam/manual/contents.htm (1 November 2022, date last

accessed).

. Kulathinal S, Niemeld M, Niiranen T, Saarela O, Palosaari T, Tapanainen H, et al.

Description of MORGAM cohorts. MORGAM Project e-publications [Internet]. 2005;
(2). URN:NBN:fi-fe20051214. https:/www.thl.fi/publications/morgam/cohorts/index.
html.

. Blankenberg S, Zeller T, Saarela O, Havulinna AS, Kee F, Tunstall-Pedoe H, et dl.

Contribution of 30 biomarkers to 10-year cardiovascular risk estimation in 2 population
cohorts: the MONICA, risk, genetics, archiving, and monograph (MORGAM) biomarker
project. Circulation 2010;121:2388-97. https:/doi.org/10.1161/CIRCULATIONAHA.
109.901413

. Waldeyer C, Makarova N, Zeller T, Schnabel RB, Brunner FJ, Jorgensen T, et dl.

Lipoprotein(a) and the risk of cardiovascular disease in the European population: results
from the BiomarCaRE consortium. Eur Heart | 2017;38:2490-8. https:/doi.org/10.
1093/eurheartj/ehx166

. Schemper M, Smith TL. A note on quantifying follow-up in studies of failure time. Control

Clin Trials 1996;17:343—6. https:/doi.org/10.1016/0197-2456(96)00075-x

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Mehta A, Jain V, Saeed A, Saseen JJ, Gulati M, Ballantyne CM, et al. Lipoprotein(a) and
ethnicities. Atherosclerosis 2022;349:42-52. https:/doi.org/10.1016/j.atherosclerosis.
2022.04.005

Nicholls S, Ruotolo G, Brewer HB, Wang MD, Liu L, Willey MB, et al. Evacetrapib alone
or in combination with statins lowers lipoprotein(a) and total and small LDL particle
concentrations in mildly hypercholesterolemic patients. | Clin Lipidol 2016;10:519—
527.e4. https://doi.org/10.1016/}.jacl.2015.11.014

Arnold N, Lechner K, Waldeyer C, Shapiro MD, Koenig W. Inflammation and cardio-
vascular disease: the future. Eur Cardiol 2021;16:€20. https:/doi.org/10.15420/ecr.
2020.50

Koschinsky ML, Boffa MB. Oxidized phospholipid modification of lipoprotein(a): epi-
demiology, biochemistry and pathophysiology. Atherosclerosis 2022;349:92-100.
https:/doi.org/10.1016/j.atherosclerosis.2022.04.001

Liang JJ, Fraser IDC, Bryant CE. Lipid regulation of NLRP3 inflammasome activity
through organelle stress. Trends Immunol 2021;42:807-23. https:/doi.org/10.1016/j.it.
2021.07.005

Stiekema LCA, Prange KHM, Hoogeveen RM, Verweij SL, Kroon J, Schnitzler ]G, et al.
Potent lipoprotein(a) lowering following apolipoprotein(a) antisense treatment reduces
the pro-inflammatory activation of circulating monocytes in patients with elevated lipo-
protein(a). Eur Heart | 2020;41:2262-71. https:/doi.org/10.1093/eurheartj/ehaal71
Moriarty PM, Gorby LK, Stroes ES, Kastelein JP, Davidson M, Tsimikas S. Lipoprotein(a)
and its potential association with thrombosis and inflammation in COVID-19: a testable
hypothesis. Curr Atheroscler Rep 2020;22:48. https:/doi.org/10.1007/s11883-020-
00867-3

Wade DP, Clarke ]G, Lindahl GE, Liu AC, Zysow BR, Meer K, et al. 5 control regions of
the apolipoprotein(a) gene and members of the related plasminogen gene family. Proc
Natl Acad Sci U S A 1993;90:1369-73. https:/doi.org/10.1073/pnas.90.4.1369

Schultz O, Oberhauser F, Saech J, Rubbert-Roth A, Hahn M, Krone W, et al. Effects of
inhibition of interleukin-6 signalling on insulin sensitivity and lipoprotein (a) levels in hu-
man subjects with rheumatoid diseases. PLoS One 2010;5:e14328. doi.org/10.1371/jour-
nal.pone.0014328. https:/doi.org/10.1371/journal.pone.0014328

Miuiller N, Schulte DM, Turk K, Freitag-Wolf S, Hampe J, Zeuner R, et al. IL-6 blockade by
monoclonal antibodies inhibits apolipoprotein (a) expression and lipoprotein (a) syn-
thesis in humans. J Lipid Res 2015;56:1034-42. https:/doi.org/10.1194/jlr.P052209
Gabay C, Burmester GR, Strand V, Msihid J, Zilberstein M, Kimura T, et al. Sarilumab and
adalimumab differential effects on bone remodelling and cardiovascular risk biomarkers,
and predictions of treatment outcomes. Arthritis Res Ther 2020;22:70. https:/doi.org/10.
1186/513075-020-02163-6

Ridker PM, Devalaraja M, Baeres FMM, Engelmann MDM, Hovingh GK, Ivkovic M, et al.
IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RESCUE): a
double-blind, randomised, placebo-controlled, phase 2 trial. Lancet 2021;397:2060-9.
https:/doi.org/10.1016/S0140-6736(21)00520-1

Wohlfahrt P, Jen¢a D, Melenovsky V, Franekova J, Jabor A, Sramko M, et al. Very low
lipoprotein(a) and increased mortality risk after myocardial infarction. Eur | Intern
Med 2021;91:33-9. https:/doi.org/10.1016/}.€jim.2021.04.012

Nurmohamed NS, Belo Pereira JP, Hoogeveen RM, Kroon J, Kraaijenhof JM, Waissi F,
et al. Targeted proteomics improves cardiovascular risk prediction in secondary preven-
tion. Eur Heart | 2022;43:1569-77. https:/doi.org/10.1093/eurheartj/ehac055
Kronenberg F. Lipoprotein(a) measurement issues: are we making a mountain out of a
molehill? Atherosclerosis 2022;349:123-35. https:/doi.org/10.1016/j.atherosclerosis.
2022.04.008

Simé JM, Camps |, Gémez F, Ferré N, Joven ). Evaluation of a fully-automated
particle-enhanced turbidimetric immunoassay for the measurement of plasma lipopro-
tein(a). population-based reference values in an area with low incidence of cardiovascu-
lar disease. Clin Biochem 2003;36:129-34. https:/doi.org/10.1016/s0009-9120(02)
00416-2

Malick WA, Goonewardena SN, Koenig W, Rosenson RS. Clinical trial design for
lipoprotein(a)-lowering therapies: JACC Focus Seminar 2/3. ] Am Coll Cardiol 2023;81:
1633—45. doi: 10.1016/j.jacc.2023.02.033.

20z Iudy 60 U0 Jasn sayjolqiqenusz 4S9 Aq 8822252/ ¥01L/Z LIS/ o101Me/[uESyINS/WOoD dno-dlwapede//:sd)y Woij PapeojumMoq


https://doi.org/10.1016/j.plipres.2022.101182
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1093/eurheartj/ehaa160
https://doi.org/10.1093/eurheartj/ehaa160
https://doi.org/10.1093/eurheartj/ehac361
https://doi.org/10.1016/j.atherosclerosis.2022.04.003
https://doi.org/10.1016/j.jacc.2016.11.042
https://doi.org/10.1016/j.jacc.2016.11.042
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
https://doi.org/10.1001/jamacardio.2020.2413
https://doi.org/10.1001/jamacardio.2020.2413
https://doi.org/10.1016/j.jacc.2021.07.016
https://doi.org/10.1016/j.jacc.2021.07.016
https://doi.org/10.1093/eurheartj/ehad055
https://doi.org/10.1007/s10654-014-9952-x
https://doi.org/10.1007/s10654-014-9952-x
http://www.thl.fi/publications/morgam/manual/contents.htm
http://www.thl.fi/publications/morgam/manual/contents.htm
https://www.thl.fi/publications/morgam/cohorts/index.html
https://www.thl.fi/publications/morgam/cohorts/index.html
https://doi.org/10.1161/CIRCULATIONAHA.109.901413
https://doi.org/10.1161/CIRCULATIONAHA.109.901413
https://doi.org/10.1093/eurheartj/ehx166
https://doi.org/10.1093/eurheartj/ehx166
https://doi.org/10.1016/0197-2456(96)00075-x
https://doi.org/10.1016/j.atherosclerosis.2022.04.005
https://doi.org/10.1016/j.atherosclerosis.2022.04.005
https://doi.org/10.1016/j.jacl.2015.11.014
https://doi.org/10.15420/ecr.2020.50
https://doi.org/10.15420/ecr.2020.50
https://doi.org/10.1016/j.atherosclerosis.2022.04.001
https://doi.org/10.1016/j.it.2021.07.005
https://doi.org/10.1016/j.it.2021.07.005
https://doi.org/10.1093/eurheartj/ehaa171
https://doi.org/10.1007/s11883-020-00867-3
https://doi.org/10.1007/s11883-020-00867-3
https://doi.org/10.1073/pnas.90.4.1369
https://doi.org/10.1371/journal.pone.0014328
https://doi.org/10.1194/jlr.P052209
https://doi.org/10.1186/s13075-020-02163-6
https://doi.org/10.1186/s13075-020-02163-6
https://doi.org/10.1016/S0140-6736(21)00520-1
https://doi.org/10.1016/j.ejim.2021.04.012
https://doi.org/10.1093/eurheartj/ehac055
https://doi.org/10.1016/j.atherosclerosis.2022.04.008
https://doi.org/10.1016/j.atherosclerosis.2022.04.008
https://doi.org/10.1016/s0009-9120(02)00416-2
https://doi.org/10.1016/s0009-9120(02)00416-2
https://doi.org/10.1016/j.jacc.2023.02.033

	C-reactive protein modifies �lipoprotein(a)-related risk for coronary heart disease: the BiomarCaRE project
	Introduction
	Material and methods
	Study overview
	Study population and outcome
	Data collection and risk factor definition
	Laboratory measurements
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding
	Ethical Approval
	Pre-registered Clinical Trial Number

	References


