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Background Inflammation has been implicated in the pathogenesis of coronary heart disease, but the relevance and independence of 
individual inflammatory proteins is uncertain.

Objective To examine the relationships between a spectrum of inflammatory proteins and myocardial infarction (MI).

Methods 
and results

A panel of 92 inflammatory proteins was assessed using an OLINK multiplex immunoassay among 432 MI cases (diagnosed < 
66 years) and 323 controls. Logistic regression was used to estimate associations between individual proteins and MI, after 
adjustment for established cardiovascular risk factors and medication use, and stepwise regression to identify proteins with 
independent effects. Machine learning techniques (Boruta analysis and LASSO regression) and bioinformatic resources 
were used to examine the concordance of results with those obtained by conventional methods and explore the underlying 
biological processes to inform the validity of the associations. Among the 92 proteins studied, 62 (67%) had plasma concen
trations above the lower limit of detection in at least 50% of samples. Of these, 15 individual proteins were significantly asso
ciated with MI after covariate adjustment and correction for multiple testing. Five of these 15 proteins (CDCP1, CD6, IL1–8R1, 
IL-6, and CXCL1) were independently associated with MI, with up to three-fold higher risks of MI per doubling in plasma con
centrations. Findings were further validated using machine learning techniques and biologically focused analyses.

Conclusions This study, demonstrating independent relationships between five inflammatory proteins and MI, provides important novel 
insights into the inflammatory hypothesis of MI and the potential utility of proteomic analyses in precision medicine.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Lay Summary
• The PROCARDIS study conducted a hypothesis-free proteomic study using a panel of 92 inflammatory proteins in cases with early onset myo

cardial infarction (MI) and healthy controls and identified 15 proteins that were significantly associated with MI, including five proteins that inde
pendently contributed to risk of MI.

• The study used state-of-the-art analytical methods including conventional statistical analysis and machine learning approaches to characterize the 
proteomic associations with MI. It also integrated bioinformatic and genomic data to consider the biological relevance of the proteins independently 
associated with MI.

• The findings provide novel insights into the ‘inflammatory basis’ of MI and provide support for prioritizing a wider array of inflammatory proteins 
for further study than have been previously considered in order to discover if therapeutic modification could be used for treatment and pre
vention of MI.  
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Introduction
Coronary heart disease (CHD) is the leading cause of death worldwide. 
Observational and genetic studies have implicated inflammation in the 
pathogenesis of CHD,1–3 but the role of individual inflammatory pro
teins for risk of CHD is not fully understood. The initial observational 
studies of the inflammatory hypothesis of CHD examined the associa
tions of C-reactive protein (CRP) and fibrinogen (‘downstream’ mar
kers) with CHD.4,5 Subsequently, genetic studies using Mendelian 
randomization approaches refuted the causal relevance of both CRP 
and fibrinogen for CHD,6–8 but highlighted the higher risks of CHD as
sociated with inflammatory cytokines (‘upstream’ markers) that control 
the production of ‘downstream’ inflammatory markers, including 
interleukin-6 (IL-6).9–11 The CANTOS trial reported that inhibition 
of interleukin-1β (IL-1β) with Canakinumab, which lowers plasma levels 
of IL-6 and risk of major vascular events, and provided ‘proof of con
cept’ for the inflammatory hypothesis of CHD and its reversibility by 
targeted drug treatment in high-risk individuals, independent of 
LDL-C lowering therapy.12 Further studies have implicated additional 
inflammatory cytokines for risk of CHD.13–15

Advances in multiplex proteomic assays have enabled automated 
measurements of large numbers of inflammatory proteins using small 
volumes of plasma.16 Recognition of the importance of hypothesis-free 
testing of large panels of proteins for enhanced discovery of novel path
ways for risk of CHD and improved targeted approaches to patient 
care, have prompted the need for more rigorous epidemiological ap
proaches for the analysis of such data in observational studies of cardio
vascular disease (CVD).17

This hypothesis-free study measured plasma concentrations of 92 in
flammatory proteins, using an OLINK multiplex immunoassay, in order 
to examine associations with risk of early onset myocardial infarction 
(MI) in the PROCARDIS case-control study. The aim of the present 
study was to consider the use of both conventional and machine learn
ing approaches to: (i) assess the associations of individual inflammatory 
proteins with risk of MI after adjustment for established CHD risk fac
tors and medication use; and (ii) assess the independent relevance of 
the inflammatory proteins with risk of MI.

Methods
Participants
In the PROCARDIS case-control study of CHD, participants were recruited 
from four European countries (United Kingdom, Italy, Sweden, and 
Germany) between 2004 and 2008. Cases had an MI before age 66 years 
as detailed by at least two of three documented sources (e.g. typical ischae
mic chest pain and pathological development of Q-waves or elevated plas
ma cardiac biomarkers). Blood samples were collected on average between 
5 and 10 years after onset of their reported coronary artery disease event. 
Controls were recruited from the same population who had no personal or 
sibling history of CHD before age 66 years, and it was planned to recruit 
one control of the same sex, ethnicity, and within 5 years of age of 
cases.18,19 A subset of 900 unrelated individuals (450 MI cases and 450 con
trols) with complete data on relevant covariates [age, sex, smoking status 
(based on reported smoking habits 10 years prior to enrolment), hyperten
sion status, diabetic status, body mass index, LDL-C, HDL-C, triglycerides, 
and CRP, as well as medication use including statin and aspirin use], were 
selected for the present proteomic study.

Proteomic assays
A total of 92 inflammation-related proteins (see Supplementary material 
online, Table S1) were measured using a OLINK immunoassay panel that 
used a proximity extension assay (OLINK, Uppsala, Sweden).20 The 
OLINK assay uses oligonucleotide antibody pairs to bind selected proteins 
and form unique DNA constructs which are amplified and subsequently 
quantified using a real-time polymerase chain reaction. These data were 

pre-processed to generate normalized protein expression (NPX) values, 
which are presented on a doubling scale (i.e. log base 2), with high NPX va
lues representing high plasma protein levels.21 Additional details of OLINK 
measurements, including lower limits of detection and coefficients of vari
ation for the inflammatory panel proteins, are provided at https://www. 
olink.com.21

Of the 900 participants selected for the study, the measurements from 
blood samples of 106 participants that were mailed to the laboratory 
were excluded based on assay information subsequently available suggest
ing possible artefacts due to delayed separation of plasma from red cells on 
protein concentrations (see Supplementary material online, Figure S1). In 
addition, 39 samples that failed OLINK quality control were excluded (a 
sample plate median value is calculated each of two internal controls. For 
each sample, the results of these internal controls are allowed to deviate 
± 0.3 NPX from the plate median. If the sample deviates more 0.3 NPX, 
the sample will fail quality control).22

Of 92 measured proteins, 24 proteins were excluded because >50% parti
cipants had values below the lower limits of detection. In addition, quality con
trol analyses identified six proteins with large deviations between countries of 
sample collection that may reflect handling errors (see Supplementary material 
online, Figure S2) and were thus excluded. Overall, the main statistical analyses 
were undertaken on 62 proteins in 755 participants in whom plasma samples 
were separated within 4 h of blood collection.

Statistical methods
Logistic regression was used to estimate the associations of individual in
flammatory proteins with MI risk after adjustment for established CHD 
risk factors (sex, age, smoking status, hypertension, diabetes, LDL-C, 
HDL-C, triglycerides, and BMI) and medication use (statins and aspirin). 
To account for multiple testing, P < 8.06 × 10−4 (Bonferroni correction 
for 62 tests at P = 0.05) was used as a conservative threshold for defining 
a significant association between individual proteins and MI risk. A Boruta 
analysis was also used to identify inflammatory proteins associated with 
MI risk. Boruta is a machine learning classification technique designed to se
lect variables (or features) from multi-dimensional datasets that show asso
ciations not consistent with random chance. The Boruta analysis involved 
multiple random forest runs (n = 1000) in which permuted copies of the 
62 proteins (referred to as shadow variables), representing proteins with 
the same distributions as the original proteins but no correlation with MI, 
were examined. Proteins were classified as ‘confirmed’ if better, or ‘re
jected’ if not better than the shadow variables. Those not classified at the 
maximum number of runs were labelled as ‘tentative’ (see Supplementary 
material online, Methods for additional details).

Stepwise logistic regression was used to identify which of the proteins 
significantly associated with MI were independent (with all models adjusted 
for established CHD risk factors and medication use), using a P-value 
threshold for entering and staying in the model of 0.05. To examine the sta
bility of the proteins selected by stepwise logistic regression (i.e. to ascertain 
that the protein selection was not biased by one or more influential obser
vations), this was repeated for each of 1000 resamples (with replacement) 
to assess the frequency of the selected proteins.

In addition, stepwise logistic regression with a P-value threshold of 0.157 
[based on less than 100 events-per-variable (EPV). EPV is the ratio between 
sample size and number of variables; and quantifies the balance between the 
amount of information provided by the data and number of estimates],23

and LASSO logistic regression were used to assess concordance of the se
lected proteins by the primary conventional stepwise regression analyses 
(see Supplementary material online, Methods). All analyses were performed 
using SAS 9.4 and R 3.6.2.

Results
Baseline characteristics
Selected characteristics of the 432 MI cases and 323 controls are shown 
in Table 1. The mean (SD) age at blood collection was 62 (7) years in MI 
cases and 58 (7) in controls. MI cases had higher proportions of hyper
tension, diabetes and heart failure than controls, in addition to higher 
mean levels of BMI. MI cases also had higher proportions of statin, 
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aspirin, and blood pressure-lowering medication use than controls 
(49% vs. 11%; 63% vs. 6%; 77% vs. 18% for use of statin, aspirin, and 
blood-pressure-lowering medications, respectively) at the time of blood 
collection. Consequently, plasma concentrations of LDL-C were lower in 
MI cases than in controls. In contrast, the mean levels of CRP (2.20 vs. 
1.2 mg/L) were higher in MI cases than in controls (2.20 vs. 1.2 mg/L).

Correlation between established CHD risk 
factors and individual proteins
The pairwise Spearman correlations between established CHD risk fac
tors (age, LDL-C, HDL-C, triglycerides, BMI, fibrinogen, CRP) and pro
teins concentrations in controls varied between −0.28 and 0.53 (see 
Supplementary material online, Figure S3), with the strongest correlation 
between CRP and IL-6 (r = 0.53). Age was correlated with many of the 
inflammatory proteins, varying between a correlation of −0.18 to 0.37, 
and therefore age-adjusted pairwise correlations between inflammatory 
proteins are shown in Supplementary material online, Figure S4. Of the 
1891 age-adjusted pairwise correlations, which varied between −0.23 
and 0.74, 97% showed positive correlations and 2% had a correlation 
over |r|=0.5. The strongest of these correlations was between IL-7 and 
CXCL1 (r = 0.74), which were substantially greater than the well- 
documented correlation observed between CRP and IL-6, illustrating 
the interdependency of these inflammatory pathways.

Associations of individual proteins with MI
Plasma protein concentrations in MI cases and controls typically had 
relatively few outliers, with extreme observations chiefly found at 
high, rather than low plasma protein concentrations (see 
Supplementary material online, Figure S5). After adjusting for estab
lished CHD risk factors and medication use, 15 proteins were signifi
cantly associated with MI (Figure 1A and Supplementary material 
online, Figure S6). LIFR and uPA were most strongly associated with 
MI, with a six- to eight-fold higher risk of MI per doubling in plasma 

concentrations (OR: 8.16; 95%CI 3.00 to 22.20; OR: 6.10; 95%CI 
2.55 to 14.62; respectively). CSF1, HGF, CD40, CD5, IL-18R1, and 
CDCP1 were each associated with about four- to five-fold higher risks 
of MI. The remaining proteins were associated with 1.5 to 2-fold higher 
risks of MI per doubling in plasma protein concentrations (Figure 1A). Of 
the 32 proteins selected by the Boruta analysis (which did not take into 
consideration covariate adjustments), 10 overlapped with the 15 pro
teins identified by conventional approaches (Figure 1B, Supplementary 
material online, Figure S6). The distribution of the 15 proteins and their 
corresponding ORs for MI by fifths of plasma concentrations indicated 
approximately linear positive associations of MI with plasma protein 
concentrations (see Supplementary material online, Figure S7).

Independent associations of proteins with 
risk of MI
Stepwise logistic regression analyses (adjusted for CHD risk factors and 
medication use) indicated that of the 15 proteins associated with MI in 
PROCARDIS, five proteins (CDCP1, CD6, IL-18R1, IL-6, and CXCL1) 
were independently associated with MI (Figure 2). In the final joint mod
el (including CHD risk factors, medication use and the five independent 
proteins), CDCP1 was associated with a three-fold higher risk of MI per 
doubling in plasma concentrations (OR: 2.83; 95%CI 1.65 to 4.85), 
while IL-6 was associated with a 1.5-fold higher risk of MI (OR: 1.52; 
95% CI: 1.09 to 2.21). Assessment of the stability of the five independ
ent proteins identified in the primary analysis (see Supplementary 
material online, Methods) indicated all proteins were selected in 
>50% of resamples (considered the threshold for confirmation), with 
the exception of IL-18R1 that was selected in slightly fewer (46%) re
samples (Figure 2 and Supplementary material online, Table S2).

Sensitivity analyses yielded broadly concordant results to those evalu
ated in the primary analyses with an additional six proteins being identi
fied by the different selection approaches considered. Stepwise 
regression (with a P-value threshold based on EPV) identified CCL20 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics of myocardial infarction cases and controls

Controls Cases
(n = 323) (n = 432)

Baseline Characteristics

Age, Years 57.8 (7.1) 62.2 (6.7)

Sex, Female,% 87 (26.9%) 83 (19.2%)
Smoker,% 89 (27.6%) 191 (44.2%)

Hypertension, % 79 (24.5%) 206 (47.7%)

Diabetes, % 14 (4.3%) 54 (12.5%)
Heart Failure, % 2 (0.6%) 62 (14.4%)

Body mass index, kg/m2 26.2 (3.6) 28.0 (4.1)

Statin use, % 37 (11.5%) 213 (49.3%)
Aspirin use, % 19 (5.9%) 274 (63.4%)

Antihypertensive use, % 58 (18.0%) 333 (77.1%)

Lipids and biomarkers
LDL-C, mmol/L 3.2 (0.8) 2.9 (0.8)

HDL-C, mmol/L 1.4 (0.4) 1.1 (0.3)

Triglycerides, mmol/La 1.2 (1.1–1.2) 1.6 (1.5–1.7)
Fibrinogen, mg/L 3.6 (0.8) 4.0 (0.9)

CRP, mg/La 1.2 (1.0–1.3) 2.2 (1.9–2.4)

aGeometric means and 95% confidence intervals. 
CRP, C-reactive protein; LDL-C, low-density lipoprotein; HDL-C, high-density lipoprotein. Smoking status based on reported smoking habits 10 years prior to enrolment into the 
PROCARDIS study.
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Figure 1 Associations of individual inflammatory proteins with MI using (A) logistic regression and (B) Boruta analysis. (A) Logistic regression. 
Estimated odds ratios (ORs) of proteins with risk of MI are shown per NPX unit higher after adjustment for age, sex, smoking, hypertension, diabetes 
status, plasma lipids (LDL-C, HDL-C, and triglycerides), body mass index and medication use (statin and aspirin). A P-value of 8.06 × 10−4 (Bonferroni 
correction for multiple testing, 0.05/62) was used as a threshold for defining significant associations with MI risk. (B) Boruta analysis indicates protein 
‘importance’ for MI risk.
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and FGF-19 in addition to the five proteins from the primary analysis, and 
all seven proteins were confirmed in corresponding stability analyses (i.e. 
50% of resamples), with the exception of CCL20 which was selected in 
only 49% (Figure 2 and Supplementary material online, Table S2). Finally, 
LASSO logistic regression selected 11 proteins independently associated 
with MI, including the five proteins selected in the primary analysis and 
the two additional proteins observed in the stepwise EPV analysis, as 
well as CCL25, CD40, uPA, and LIFR (Figure 2).

External observational and genetic 
support for proteins associated with MI
In order to assess the validity of the primary analyses and their biological 
basis, we screened the findings of external observational and genetic 
studies, and bioinformatic resources (Figure 2). We identified evidence 
supporting each of the individual proteins that had been shown to be in
dependently associated with MI in this study (i.e. CDCP1, IL-18R1, IL-6, 
and CXCL1). Observational evidence provided support (i.e. directionally 
consistent significant associations based on individual study defined stat
istical significance: Supplementary material online, Table S3) with either 
CVD mortality or CHD/MI for associations for CDCP1, IL-18R1, and 
IL-6.26,27 Genetic support was shown for IL-6 through IL6R, while weak
er evidence (genetic variants, within the protein coding gene ± 250 kb, 
and with P ≤ 0.01 for associations with CHD) was identified for the other 
four proteins (see Supplementary material online, Table S3).

Biological relevance of proteins associated 
with MI
FUMA (Functional Mapping and Annotation) gene-set enrichment ana
lysis based on Gene Ontology terms and including the 15 proteins in
dividually associated with MI in the present study suggested that 

these proteins were over-represented in 298 biological processes (ad
justed P-value less than 5% false discovery rate threshold). The top five 
biological processes were inflammation response; cytokine mediated 
signalling pathway; regulation of signalling receptor activity; response 
to cytokine and positive regulation of intracellular signal transduction 
(see Supplementary material online, Figure S8). Likewise, FUMA gene- 
set enrichment analysis limited to the five proteins independently asso
ciated with MI in PROCARDIS also impacted 49 biological processes. 
The top five biological processes included inflammatory response, posi
tive regulation of T-cell cytokine production, cellular response to biotic 
stimulus, CD4 positive alpha beta T-cell cytokine production, and regu
lation of T-cell cytokine production (Figure 3). IL-6 was represented in 
all 49 biological processes; IL-18R1, CD6, CXCL1 were represented in 
between 28% and 72% of the processes; however, CDCP1 was not re
presented in any of the processes.

Discussion
The present study, involving 432 cases and 323 controls, demonstrated 
that higher plasma concentrations of 15 inflammatory biomarkers were 
associated with higher risks of MI after adjustment for established CHD 
risk factors and medication use. Among these 15 inflammatory pro
teins, five proteins (CDCP1, CD6, IL-18R1, IL-6, and CXCL1) were in
dependently associated with MI. The high degree of concordance of the 
individual proteins identified using both conventional and machine 
learning approaches, in addition to support of such associations in external 
observational and genetic data, provides further support for the validity of 
the findings of the present study. The 15 proteins associated with MI in the 
present study included interleukins (n = 2), chemokines (n = 3), fibroblast 
growth factors (n = 1), and other proteins. The relevance and biology of 
the individual proteins associated with CHD are considered below.

Figure 2 Associations of inflammatory proteins independently associated with MI. Estimated ORs of proteins with risk of MI are shown per NPX unit 
higher. Notes: *Estimates are based on the joint model adjusted for CHD risk factors, medication use (statin and aspirin), and all other proteins shown in 
the figure.1 Two additional proteins (CCL20 and FGF-19) were flagged by stepwise EPV.2 Six additional proteins were flagged by LASSO logistic re
gression (CCL20, CCL25, FGF-19, CD40, uPA, and LIFR).3 Observational evidence obtained from Ferkingstad et al. Nat Genet 202126 and Wallentin 
et al.27 PloS Med 2021.4 Genetic evidence was derived from various sources. Phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/),24 UK 
Biobank atlas (http://geneatlas.roslin.ed.ac.uk/phewas/; and CARDIoGRAMplusC4D consortium summary statistic.25 Genetic variants within the pro
tein coding gene ± 250 kb and with a P ≤ 0.01 for their association with CHD/MI were considered as genetic evidence. For IL-6 and IL-18R1, two add
itional genes were considered (IL6R and IL18) besides the gene with the same name as the proteins. For the rest of the proteins, only one gene was 
considered (gene with the same name as proteins). Additional information can be found in Supplementary material online, Table S3.
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Interleukins
Interleukins, produced by leukocytes, and expressed on endothelial cell 
and smooth muscle cells are typically classified by their amino acid se
quence or homology of their receptors.28 The interleukins significantly 
associated with MI in the present study were derived from two differ
ent families (IL-6 and IL-1), which have been previously linked with ath
erosclerotic disease.28,29 This study confirmed the associations of high 
plasma concentrations of IL-6 and IL-18R1 with risk of MI, consistent 
with previous studies.9–11,26 IL-18R1 selectively binds IL-18, which has 
also been associated with higher risks of CVD.14,30 However, the pre
sent study also demonstrated the independent relevance of IL-6 and IL- 
18R1 for risk of MI, of each other and other relevant inflammatory 
proteins.

Chemokines
Chemokines direct leukocytes to local sites of inflammation and play a 
role in atherosclerosis and CVD.31 In the present study, two of the 
most commonly occurring classes of chemokines (C-C and C-X-C) 
were associated with MI. CXCL1 (C-X-C motif ligand 1) is a chemokine 
that has chemotactic activity for neutrophils. Higher plasma levels of 
CXCL1 were associated with higher risks of MI in this study, 
whilst previous reports have been somewhat inconsistent.26 In addition 
to production by immune cells, CXCL1 expression can be induced in
directly by IL-1, TNF-α, IL-17 and is mainly triggered by pathways 

involved in inflammation. Furthermore, CXCLC1 gene has a number 
of interacting proteins including CXCL6 (which has also been linked 
with higher risks of CHD)27 as well as other chemokines and interleu
kins, and is also co-expressed with IL-1β.32

CCL25 and CCL20 levels were each associated with MI in 
PROCARDIS, albeit neither were independent of the other proteins as
sociated with MI. CCL25 (C-C motif chemokine 25) plays a role in the 
development of T-cells and CCR9 is its unique receptor, which has also 
been linked with  MI through NF-κB and MAP signalling.33 CCL20 (C-C 
motif chemokine 20) is a chemokine ligand for C-C chemokine recep
tor CCR6.34 Both CCL25 and CCL20 have also been positively asso
ciated with higher risks of CVD in previous studies.27,35

Fibroblast growth factor
FGF-19 (fibroblast growth factor 19) was associated with MI in the pre
sent study. FGF-19 is a hormone and growth factor that regulates bile 
acid synthesis and has multiple roles in glucose and lipid metabolism.36

Previous studies have reported that higher levels of FGF-19 were asso
ciated with higher risks of CVD.37

Other proteins
CDCP1 (CUB domain-containing protein 1) is a transmembrane glyco
protein involved in cell adhesion, autoimmune diseases and cancer. This 
protein was independently associated with MI risk in the present study 

Figure 3 Biological processes most relevant to the five inflammatory proteins independently associated with MI.
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and was positively associated with CHD and CVD mortality in single 
protein analyses.26,27 CD6 (T-cell surface glycoprotein CD6 isoform) 
is a cell adhesion molecule that mediates cell–cell contacts and regulates 
T-cell response via its interaction with ALCAM/CD166. The CD6 gene 
interacts with various proteins such as CD5, ALCAM, LGALS1, and 
LGALS3,32 which have been positively linked with CVD risk factors, 
and CVD.26,27 Support for associations of the remaining proteins indi
vidually associated with MI in the present study (LIFR, uPA, CSF1, HGF, 
CD40, CD5, and LAP TGF-Beta1) has been provided for CVD mortal
ity in another study.27

Potential strengths and limitations  
of present study
This study examined associations with a large number of individual 
proteins, in addition to assessing their independent relationships, and 
used external observational studies, in addition to genetic and bioinfor
matic resources to assess their biological relevance. However, the 
PROCARDIS study also had several relevant limitations. The blood 
samples in cases were collected about 5–10 years after a diagnosis of 
MI, and proteomic assays were conducted in blood samples that had 
been stored in liquid nitrogen for about 10 years after blood collection, 
which may impact the stability of the measured proteins.38 Plasma le
vels of CDCP1 and FGF-19 are influenced by storage, albeit this only 
accounted for about 5% of the total variation in plasma concentra
tions.39 The case-control design of the PROCARDIS study could also 
contribute the high proportion of protein concentrations being below 
the lower limit of detection. Moreover, plasma levels of several proteins 
could have been influenced by differences in sample handling (e.g. delays 
prior to centrifugation, freeze–thaw cycles, or sample transporta
tion).38 The PROCARDIS study did not systematically record data on 
history of other inflammatory diseases (such as rheumatoid arthritis 
or psoriasis), presence of CHD symptoms, recurrent CVD events, or 
detailed use of medications. Hence, the study was unable to account 
for possible effects of concomitant inflammatory diseases (albeit the 
prevalence is likely to be low in this population), CHD symptom sever
ity, time between disease onset and blood collection, or use of medica
tions, each of which may influence measured blood levels of 
inflammatory proteins. 

Measurement of a large number of inflammatory proteins using a 
comprehensive immunoassay panel in a case-control study is an effi
cient and cost-effective approach to evaluate associations of a large 
number of inflammatory proteins with risk of MI. However, observa
tional studies cannot fully exclude the effects of confounding or reverse 
causality, despite rigorous approaches adopted to avoid such biases in 
the present study. While the proteins identified as associated with MI 
were replicated by multiple analytical approaches, and supported by ex
ternal studies, further replication of these associations is still required in 
prospective studies to further reduce the risk of reverse causality and 
residual confounding and to assess their relevance for risk prediction. 
Future research integrating genomic and proteomic data in a wide 
range of populations is required to assess the causal relevance of these 
associations.

Conclusions
Overall, the findings of the present study demonstrated that 15 individual 
inflammatory proteins on the OLINK inflammatory panel were signifi
cantly associated with MI risk, of which five contributed independently 
to the risk of MI. Future Mendelian randomization studies will be neces
sary to explore the causal relevance of these proteins for MI, and their 
potential significance as biological and therapeutic targets in atheroscler
otic disease. Further analyses of the biological pathways in which these 
proteins are involved should be informative to distinguish canonical 

pathways and potential upstream regulators associated with MI. 
Understanding the role of inflammatory proteins and their related path
ways in the pathophysiology of MI could inform drug target prioritization 
that may lead to discovery of novel treatments for CHD and enhance 
precision medicine approaches to patient care.
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