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mediated [95% CI] = 19.0% [-10% to 32.3%], P = 0.08) and intracranial artery calcification
(14.9% [-10.9% to 19.1%], P =0.05). A limitation of our study is that studying the etiology of
ASCVD remains difficult within an epidemiological setting due to the limited availability of
surrogates for innate and especially adaptive immunity.

Conclusions

In this study, we found that an increased granulocyte count was associated with a higher
risk of ASCVD in the general population. Moreover, higher levels of granulocytes were asso-
ciated with larger volumes of arterial calcification. Arterial calcifications may explain a pro-
portion of the link between granulocytes and ASCVD.

Author summary

Why was this study done?

» Many people develop cardiovascular disease during their lifetime.

o Recent findings suggest a role of the immune system in the pathogenesis of cardiovascu-
lar disease.

o Currently, there is no low-cost treatment identified to treat dysregulations of the
immune system for preventing cardiovascular disease, because the exact immune cells
involved in cardiovascular pathology are unknown.

What did the researchers do and find?

« We repeatedly quantified the number of innate immune cells (granulocytes and plate-
lets) and adaptive immune cells (lymphocytes) from 7,730 people who participated in
the Dutch population-based Rotterdam Study and determined the relation of these cells
with the risk of cardiovascular disease.

o The risk of cardiovascular disease was higher among people with increased granulocytes
over time, while the risk was lower among people with increased lymphocytes.

What do these findings mean?

o The findings suggest that higher activity of the innate immune system and lower activity
of the adaptive immune system may be associated with higher risk of cardiovascular
disease.

o The relation between granulocytes and the risk of cardiovascular disease may be medi-
ated by subclinical atherosclerosis.

o The findings warrant future studies that could focus more specifically on targeting both
innate and adaptive immunity, rather than only innate immunity, and refine insights
into these pathways.
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) arises from various interacting pathophysio-
logical processes [1]. Recent findings point towards a key role of the immune system, which
can be broadly classified into innate and adaptive immunity [2]. Innate immunity refers to
immune responses present at birth, whereas adaptive immunity is acquired during life by
exposure to antigens [3]. The role of innate immunity in the pathophysiology of ASCVD has
been recognized on the basis of evidence from experimental and observational data [4-8]. To
date, however, no easy, accessible, low-cost treatment has been identified to effectively target
the innate immune system for preventing ASCVD [8]. Given the mechanistic diversity of
inflammatory pathways, considering other pathways could widen avenues for therapeutic tar-
gets, for example targeting the adaptive immune system. Adaptive immune cells may provide
protective responses at atherosclerotic sites, as has been shown in neurodegenerative disorders
[9,10] and also in cardiovascular disease in experimental and clinical studies [11]. Moreover,
repeatedly measuring inflammation may better capture the biologically dynamic processes of
these 2 immune systems than a single measurement, because of the assessment of changes over
time.

Recent work from the field of cancer research suggests that measuring granulocytes and
platelets provides important markers of innate immunity [12-14], whereas measuring lym-
phocytes yields information on adaptive immunity [15]. Furthermore, combining these mea-
surements into ratios, i.e., the granulocyte-to-lymphocyte ratio (GLR), platelet-to-lymphocyte
ratio (PLR), and systemic immune-inflammation index (SII), is thought to even better reflect
the relative balance between innate and adaptive immunity [16-18]. In this study, we first
determined the longitudinal association of these immunity components with risk of ASCVD
in the general population by using the framework of joint models for longitudinal and survival
data, and hypothesized that an increase in innate immunity markers and decrease in adaptive
immunity lead to increased risk of ASCVD. Second, we examined the association between the
immunity components and arterial calcifications to explore atherosclerosis as a possible
mediator.

Methods
Study population

The present study is embedded within the Rotterdam Study, a prospective population-based
cohort study in Rotterdam, the Netherlands. The Rotterdam Study started in 1989 with 7,983
persons (78% response rate) aged >55 years and residing in the district Ommoord, a suburb
of Rotterdam. This first subcohort (RS-I) was extended with a second subcohort (RS-II) in
2000, consisting of 3,011 persons (67% response rate) aged >55 years, and with a third subco-
hort (RS-III) in 2006, composed of 3,932 persons aged >45 years (65% response rate). The
design of the Rotterdam Study has been described in detail previously [19]. In brief, partici-
pants were examined at study entry and at follow-up visits every 3 to 5 years. They were inter-
viewed at home by a trained research nurse, followed by 2 visits at the research facility for
additional interviewing, laboratory assessments, and imaging.

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus
MC (registration number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and
Sport (Population Screening Act [WBO], license number 1071272-159521-PG). The Rotter-
dam Study personal registration data collection is filed with the Erasmus MC Data Protection
Officer under registration number EMC1712001. The Rotterdam Study has been entered into
the Netherlands Trial Register (https://www.trialregister.nl) and into the WHO International
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Clinical Trials Registry Platform (https://www.who.int/ictrp/network/primary/en/) under the
shared catalogue number NTR6831. All participants provided written informed consent to
participate in the study and to have their information obtained from treating physicians.

For the current study, the analysis plan was drafted in January 2019 (S1 Analysis Plan). This
study is reported as per the Strengthening the Reporting of Observational Studies in Epidemi-
ology (STROBE) guideline (S1 STROBE Checklist).

Laboratory tests for granulocytes, platelets, and lymphocytes were introduced from 2002
onwards, corresponding with the following assessment rounds in the Rotterdam Study (base-
line in this study): fourth round of RS-I, second round of RS-II, and first round of RS-III
(n =9,996 in total).

Assessment of blood cell counts and their derived ratios

Fasting blood samples were drawn during each visit at the research center, with a maximum
of 3 visits during follow-up. From 7,730 participants, 5,085 participants were available for a
second blood cell assessment, and 270 participants were available for a third blood cell assess-
ment. Full blood count measurements were performed using the Coulter AcT diff2 Hematol-
ogy Analyzer (Beckman Coulter, Brea, CA, US) directly after the blood sample was drawn.
Laboratory measurements included absolute granulocyte, platelet, and lymphocyte counts in
10° per liter. GLR and PLR were calculated as the ratio of granulocyte count to lymphocyte
count and as the ratio of platelet count to lymphocyte count, respectively. SII was defined as
platelet count times GLR [20].

Assessment of stroke and coronary heart disease

The clinical outcomes of interest included first fatal or nonfatal stroke or coronary heart dis-
ease (CHD) separately as well as combined into ASCVD as previously described. Follow-up
data were collected through general practitioners and subsequent collection of information
from letters by medical specialists and discharge reports, in cases of hospitalization. CHD
included (1) nonfatal myocardial infarction (MI) and (2) CHD mortality (mortality with defi-
nite MI, definite CHD, or possible CHD as underlying cause of death) [21]. Stroke was defined
as a syndrome of rapidly developing symptoms of focal or global cerebral dysfunction lasting
>24 hours or leading to death, with apparent vascular cause [22,23]. We categorized strokes as
ischemic or hemorrhagic, based on neuroimaging reports and clinical symptoms, or as
unspecified if we were unable to differentiate the stroke type further. Subarachnoid hemor-
rhages due to ruptured aneurysms were not considered as stroke. Follow-up was virtually com-
plete until 1 January 2015 (96.6% of potential person-years observed). ASCVD furthermore
included other ASCVD mortality.

Assessment of arterial calcification

Non-contrast computed tomography (CT) images were obtained using a 16-slice or 64-slice
multidetector CT scanner (Somatom Sensation 16 or 64; Siemens, Forchheim, Germany).
Using a cardiac scan and an extracardiac scan that reached from the aortic root to the intracra-
nial vasculature (1 centimeter above the sella turcica), we visualized the following vessels: coro-
nary arteries, aortic arch, extracranial internal carotid arteries, and intracranial internal
carotid arteries. Radiation dose and other imaging parameters of both scans are described else-
where [24,25].

The amount of calcification in the coronary arteries, aortic arch, and extracranial carotid
arteries was quantified using widely used, commercially available dedicated software (Syngo.
via; Siemens). Calcification in the coronary arteries comprised a summation of calcification in
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the left main, left anterior descending, left circumflex, and right coronary artery. Calcification
in the aortic arch was scored from the origin of the aortic arch (defined as the image in which
the ascending and descending aorta merge into the inner curvature of the aortic arch) to the
first 1 cm of the branches originating from the arch. Calcification in the extracranial carotid
arteries was assessed within 3 cm proximal and distal of the bifurcation on both sides and
summed.

Intracranial internal carotid artery calcification was assessed from the horizontal segment
of the petrous internal carotid artery to the top of the internal carotid artery. Scoring was done
semi-automatically, because automated software is not yet available for this region (the close
relationship between calcification and the skull base precludes the use of commercial software
given a high false-positive rate). Regions of interest were manually drawn in the course of the
intracranial internal carotid artery on both sides, after which the number of pixels within these
regions above 130 Hounsfield units was summed and multiplied by the pixel size and the slice
increment in order to obtain a volume in cubic millimeters [26,27].

Covariates

We assessed education, smoking, and use of antihypertensive, lipid-lowering, and antidiabetic
medication at baseline by interview. Diastolic and systolic blood pressures were measured
twice on the right arm with a random-zero sphygmomanometer, of which the mean was used.
Total cholesterol and high-density lipoprotein (HDL) cholesterol were measured with a Coul-
ter AcT diff2 Hematology Analyzer. Body mass index (BMI) was computed from measure-
ments of height and weight (kg/m?). Diabetes mellitus was defined as use of antidiabetic
medication, fasting serum glucose level > 7.1 mmol/l (>127.9 mg/dl), or random non-fasting
serum glucose level > 11.1 mmol/l (>200.0 mg/dl) [28]. High-sensitivity C-reactive protein
(hs-CRP) was determined in serum that was drawn during the third assessment round in the
Rotterdam Study, i.e., third round of RS-I (1996-1999), which was stored at —20°C until per-
formance of the hs-CRP measurements in 2003 to 2004. hs-CRP was measured using Rate
Near Infrared Particle Inmunoassay (Immage Immunochemistry System, Beckman Coulter).
History of cancer was obtained from general practitioners’ medical records (including hospital
discharge letters), the Dutch Hospital Data registry, and regional histopathology and cytopa-
thology registries. Furthermore, we assessed history of immune-modulating medication use—
nonsteroidal anti-inflammatory drugs (NSAIDs) (ATC code MO01), immunosuppressives
(ATC code L04), and methotrexate (ATC code L01BA01)—by number of prescriptions
between 1 January 1995 and blood draw date.

Statistical analysis

Because the blood cell counts and their derived ratios have a skewed distribution and to adhere
to the linearity assumptions, the analysis was based on the natural logarithmic (Ln) transfor-
mation of their values. We first determined the association of the granulocyte, platelet, and
lymphocyte counts and their derived ratios with the risk of stroke and CHD separately as well
as ASCVD, using the framework of joint models for longitudinal and survival data [29]. For
the longitudinal data, a linear mixed effects model was used, in which we specified the immu-
nity component as the dependent variable and time as the independent variable to assess the
mean change in immunity components. Random intercepts and slopes were used to incorpo-
rate individual response trajectories. For modeling survival data, we used a Cox regression
model in which we included the true underlying profile of the blood cell counts as estimated
from the longitudinal model. Here the baseline risk function assumed a piecewise constant
with 6 knots placed at equally spaced percentiles of the observed event times. Joint models
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allow accounting for (1) measurement error during follow-up, i.e., biological variation, (2) the
effect of factors at an earlier time point on the values of blood cell measurements at a later time
point [30], and (3) the correlations in the repeated measurements of the blood cell counts.
Because we are using log-log models (logY; = o + BlogX; + €), we report hazard ratios (HRs)
with 95% confidence intervals (Cls) obtained by exponentiating Ln(2) times the estimated
coefficients from the Cox model. These HRs correspond to the increase in risk for a doubling
of the blood cell count or ratio. We computed 2 nested models: Model I was adjusted for base-
line age (continuous, centered as age minus mean age) and sex; model II was additionally
adjusted for education, smoking status, BMI, diabetes mellitus, systolic and diastolic blood
pressure (continuous, centered as blood pressure minus mean blood pressure), antihyperten-
sive medication, total cholesterol, HDL cholesterol, and lipid-lowering medication. For assess-
ment of the association between individual blood cell counts and ASCVD, we performed the
analyses with adjustment for the baseline blood cell counts of the remaining 2 blood cell types.
Follow-up time was used as the time scale and started at the date of first laboratory assessment;
follow-up continued until date of stroke, CHD, death, loss to follow-up, or 1 January 2015,
whichever came first. We also investigated the association of the blood cell counts and their
ratios with ischemic and hemorrhagic stroke separately. We assessed the joint model assump-
tions by examining the proportional hazards assumption using Schoenfeld residuals, and
goodness of fit using Cox-Snell residuals for the survival part and marginal residuals for the
longitudinal part.

In sensitivity analyses, we additionally excluded participants with a history of cancer or a
history of immune-modulating medication at baseline. In addition, we performed additional
adjustments for NSAID use. We explored effect modification by stratifying by age, sex, hs-
CRP (at a cutoff of 2 mg/1), use of lipid-lowering medication, coronary artery calcification vol-
ume (at a cutoff of 10 mm?), and smoking, all at baseline. We formally tested interaction
between these factors and blood cell counts on the multiplicative scale by adding interaction
terms to model II. Lastly, we repeated the analyses for the granulocytes and lymphocytes and
risk of ASCVD using age as the time scale instead of follow-up time to account for potential
residual confounding by age and to minimize potential effects of left truncation.

Next, in order to explore possible mechanisms, we performed a cross-sectional analysis
assessing the association of the granulocyte, platelet, and lymphocyte counts and their derived
ratios at baseline, per standard deviation increase, with calcification volume in each vessel bed
(coronary arteries, aortic arch, extracranial carotid arteries, and intracranial carotid arteries)
using linear regression models. To facilitate interpretation of these analyses, we chose to first
standardize the blood cell counts only, to make results comparable, and keep the rest of the
variables untransformed. We adjusted these analyses for age and sex (model I), and addition-
ally for education, smoking status, BMI, diabetes mellitus, systolic blood pressure, diastolic
blood pressure, antihypertensive medication, total cholesterol, HDL cholesterol, and lipid-low-
ering medication (model IT). To adhere to the homoscedasticity and linearity assumptions, we
repeated linear regression models after natural log-transforming exposure and outcome vari-
ables. As a sensitivity analysis, we looked at the association between the granulocyte, platelet,
and lymphocyte counts and their derived ratios and continuous arterial calcification only in
those with non-zero arterial calcification, since the magnitude of the increase from 0 to 1 for
volume may not be the same as other incremental increases in arterial calcification.

Finally, we performed a mediation analysis to assess a possible mediating effect of calcifica-
tion volume in the coronary arteries and intracranial carotid arteries on the association
between innate immunity and the risk of CHD and stroke, respectively. We chose the innate
immunity marker displaying the strongest association with both calcifications and incident
CHD or stroke for this analysis. We tested the overall proportion mediated by calcifications.
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To test for mediation effects, we used the decomposition analysis techniques as described by
VanderWeele [31]. Participants with a history of CHD or stroke were excluded from the analy-
sis. We analyzed the association of innate immunity with calcifications with linear regression
models. The association of innate immunity or calcifications with CHD or stroke was investi-
gated by Cox regression models.

Multiple imputation by chained equations was used for missing covariates (maximum of
1.5%), with 5 imputed datasets based on other covariates and the outcome. Rubin’s method
was used for pooling the 5 analyses to obtain pooled HRs and 95% Cls [32]. Two-sided
P < 0.05 was considered statistically significant for all analyses. Statistical analyses were per-
formed using the R packages mice, survival, nlme, JM, and JMbayes in RStudio Version 3.3.2
[29,30,33,34].

Results

From 8,712 participants, we excluded those with a history of ASCVD (n = 819) at baseline,
those who had incomplete data regarding their history of ASCVD (n = 95), and those who did
not provide informed consent to assess medical records during follow-up (1 = 60). Lastly, we
excluded participants with incomplete laboratory assessment (n = 8), resulting in 7,730 partici-
pants for analysis (flowchart in Fig 1). From the fourth round of RS-I and the second round of
RS-1I, a random sample was invited to undergo non-contrast CT to quantify arterial calcifica-
tion. Of these participants, 2,366 had complete calcification and blood assessment.

Characteristics of the study participants are presented in Table 1. Mean age of included
study participants was 65.2 years, and 59.4% were women. During a median (interquartile
range) follow-up of 8.1 (3.4) years (62,095 person-years), 801 participants developed ASCVD,
of whom 423 participants developed CHD and 378 stroke. ASCVD-free survival probability
and average change of granulocytes and lymphocytes over time are presented in S1 Fig in the
total population and in S2 Fig in younger and older individuals separately.

An increased granulocyte count, but not platelet count, was associated with an increased
risk of ASCVD (adjusted HR [95% CI] for doubled granulocyte count = 1.78 [1.34-2.37], P <
0.001, and for doubled platelet count = 1.17 [0.90-1.51], P = 0.24, Table 2). With respect to

Participants at study baseline

(n=9,996) !
v
Participants undergoing laboratory assessment Sample invited at baseline to undergo non-
(n=8,712) contrast multidetector computed tomography
(CT) to quantify vascular calcification in
various vessel beds (n=3,079)
A
Excluded:
- History of ASCVD (n=819) Excluded:
Incomplete history of stroke or CHD (n=95) - Did not undergo CT (n=555)
No informed consent for follow-up (n=60) - Incomplete CT assessment n=111)
Incomplete laboratory assessment (n=8) - Incomplete laboratory assessment (n=47)
Y
ASCVD-free participants for analysis (n=7,730) Participants for analysis with complete
arterial calcification assessment (n=2,366)

Fig 1. Flowchart of study population. ASCVD, atherosclerotic cardiovascular disease; CHD, coronary heart disease.
https://doi.org/10.1371/journal.pmed.1003115.9001
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Table 1. Baseline characteristics.

Characteristic Laboratory assessment cohort Sample undergoing CT
N=7,730 N = 2,366

‘Women 4,594 (59.4%) 1,236 (52.2%)
Age, years 65.2 (10.2) 69.1 (6.7)
Smoking

Ever 5,278 (68.7%) 1,662 (71.2%)

Never 2,401 (31.3%) 670 (28.7%)
Diabetes mellitus 415 (5.4%) 129 (5.5%)
BMI, kg/m* 27.6 (4.4) 27.6 (4.0)
Education

Primary 830 (10.8%) 179 (7.7%)

Lower 3,124 (40.7%) 979 (42.1%)

Intermediate 2,205 (28.8%) 716 (30.8%)

Higher 1,509 (19.7%) 451 (19.4%)
Systolic blood pressure, mm Hg 142.3 (21.8) 146.7 (20.0)
Diastolic blood pressure, mm Hg 81.3(11.0) 80.2 (10.7)
Antihypertensive drugs 2,571 (33.6%) 921 (39.5%)
Total cholesterol, mmol/l 5.7 (1.0) 5.6 (1.0)
HDL cholesterol, mmol/l 1.5(0.4) 1.4 (0.4)
Lipid-lowering medication 1,429 (18.7%) 535 (23.0%)
Granulocyte count, ><103/pl 4.0(1.4) 4.0 (1.3)
Platelet count, ><103/pl 270.9 (66.6) 259.0 (64.0)
Lymphocyte count, ><103/pl 2.3 (1.1) 2.3 (1.0)
GLR 1.9 (0.8) 1.9 (0.9)
PLR 127.9 (46.4) 124.9 (45.8)
SIT 509.3 (270.7) 494.3 (272.2)

Data presented as mean (standard deviation) for continuous variables and number (percentage) for categorical variables. Number of missing values for the ASCVD-free
cohort: 51 (0.7%) for smoking, 22 (0.3%) for diabetes, 25 (0.3%) for BMI, 62 (0.8%) for education, 41 for systolic and diastolic blood pressure (0.5%), 69 for blood
pressure lowering medication (0.9%), 25 for cholesterol (0.3%), 27 for HDL cholesterol (0.3%), and 69 for lipid lowering medication (0.9%). Number of missing values
for the sample undergoing CT are: 52 (0.6%) for smoking, 22 (0.3%) for diabetes, 26 (0.3%) for BMI, 41 (0.5%) for education, 14 for systolic and diastolic blood pressure
(0.6%), 35 for blood pressure lowering medication (1.5%), 6 for cholesterol (0.3%), 6 for HDL cholesterol (0.3%) and 35 for lipid lowering medication (1.5%).

BMI, body mass index; CT, computed tomography; GLR, granulocyte-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-inflammation

index.

https://doi.org/10.1371/journal.pmed.1003115.t001

adaptive immunity, an increased level of lymphocytes was associated with a decreased risk of
ASCVD, although this result was not statistically significant (adjusted HR for doubled lympho-
cyte count [95% CI] = 0.87 [0.71-1.06], P = 0.17). Both an increased GLR and an increased SII
were associated with increased ASCVD risk (adjusted HR for doubled GLR [95% CI] = 1. 37
[1.14-1.65], P = 0.001, and for doubled SII = 1.19 [1.03-1.36], P = 0.02), whereas an increased
PLR was not associated with ASCVD risk. We observed no major violations of the joint model
assumptions. Effect estimates did not materially change, and in fact became stronger, when we
excluded participants with a history of cancer or history of immune-modulating medication at
baseline (723 ASCVD cases among 7,063 remaining participants) (adjusted HR for doubled
granulocyte count [95% CI] = 1.90 [1.41-2.57], P < 0.001, and for doubled lymphocyte

count = 0.82 [0.65-1.04], P = 0.10). Additional adjustment for NSAID use did not change the
effect estimates. We found that the association between higher levels of granulocytes and risk
of ASCVD was more pronounced in participants aged younger than the median age of 64
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Table 2. Joint models for the association between repeated blood-based immunity markers and subsequent risk of ASCVD.

Model and immunity marker

Model I

Innate immunity*
Granulocytes
Platelets

Adaptive immunity*

Lymphocytes

ASCVD
n/N = 801/7,730

HR (95% CI)

2.63 (2.03-3.40)
1.10 (0.85-1.41)

1.03 (0.85-1.25)

Balance between innate and adaptive immunity

GLR

PLR

SII

Model II

Innate immunity”
Granulocytes
Platelets

Adaptive immunity*

Lymphocytes

1.52 (1.27-1.82)
1.02 (0.87-1.19)
1.25 (1.09-1.43)

1.78 (1.34-2.37)
1.17 (0.90-1.51)

0.87 (0.71-1.06)

Balance between innate and adaptive immunity

GLR
PLR
SII

1.37 (1.14-1.65)
1.17 (0.99-1.38)
1.19 (1.03-1.36)

Pvalue

<0.001
0.47

<0.001
0.84
0.002

<0.001

0.24

0.17

0.001

0.06
0.02

Stroke
n/N = 378/7,730

HR (95% CI)

2.14 (1.48-3.11)

1.27 (0.88-1.83)

0.96 (0.72-1.29)

1.47 (1.13-1.91)

1.15 (0.91-1.46)
1.27 (1.04-1.56)

1.50 (1.00-2.27)

1.38 (0.95-2.01)

0.85 (0.63-1.15)

1.31 (1.00-1.70)

1.25 (0.98-1.59)
1.21 (0.99-1.48)

P value

<0.001
0.21

0.004
0.24
0.02

0.05

0.09

0.29

0.05

0.07
0.06

CHD
n/N = 423/7,730

HR (95% CI)

3.10 (2.18-4.42)

0.96 (0.68-1.36)

1.09 (0.83-1.43)

1.56 (1.22-2.01)

0.97 (0.78-1.20)
1.24 (1.03-1.51)

1.98 (1.34-2.93)

1.01 (0.71-1.44)

0.88 (0.66-1.17)

1.37 (1.07-1.78)

1.10 (0.88-1.38)
1.16 (0.96-1.41)

P value

<0.001
0.83

<0.001
0.76
0.03

0.001

0.95

0.37

0.01

0.41
0.13

HR is per doubled blood cell count. Model I is adjusted for age and sex. Model II is adjusted for age, sex, education, smoking status, body mass index, diabetes mellitus,

systolic and diastolic blood pressure, antihypertensive medication, high-density lipoprotein cholesterol, total cholesterol, and lipid-lowering medication. All markers

were logarithmically transformed.

*Analysis for each blood cell type adjusted for the baseline blood cell counts of the remaining 2 blood cell types.

ASCVD, atherosclerotic cardiovascular disease; CHD, coronary heart disease; CI, confidence interval; GLR, granulocyte-to-lymphocyte ratio; HR, hazard ratio; n,

number of incident events; N, number of participants for analysis; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-inflammation index (defined as platelet

count times GLR).

https://doi.org/10.1371/journal.pmed.1003115.t002

years compared to those 64 years or older (adjusted HR for doubled granulocyte count [95%
CI] = 2.32 [1.20-4.47], P < 0.001) (Pinteraction = 0.002). Results of all stratified analyses with
interaction terms are shown in S1 Table. Lastly, risk estimates were comparable when using

age as the time scale instead of follow-up time.

When examining CHD and stroke as separate events, an increased granulocyte count was
associated with an increased risk of both events (adjusted HR for doubled granulocyte count
[95% CI] = 1.98 [1.34-2.93], P = 0.001, for CHD and 1.50 [1.00-2.27], P = 0.05, for stroke;
Table 2). An increased platelet count was associated with higher risk of stroke only (adjusted
HR for doubled platelet count [95% CI] = 1.38 [0.95-2.01], P = 0.09). An increased lymphocyte
count showed similar protective effects for both CHD and stroke, although these effects were
not statistically significant (adjusted HR for doubled lymphocyte count [95% CI] = 0.88 [0.66-
1.17], P = 0.37, for CHD and 0.85 [0.63-1.15], P = 0.29, for stroke). With respect to the ratio
measures, an increased GLR was associated with both increased CHD and stroke risk (adjusted
HR for doubled GLR [95% CI] = 1.37 [1.07-1.78], P = 0.01, for CHD and 1.31 [1.00-1.70], P =
0.05, for stroke). When investigating ischemic and hemorrhagic stroke separately, an increased
granulocyte count was associated with an increased risk of ischemic stroke (HR for doubled
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Table 3. Models for the association between blood-based immunity markers and arterial calcification volume.

Immunity marker® Arterial calcification volume®
Coronary arteries Aortic arch Extracranial internal carotid Intracranial internal carotid
Mean difference P value Mean difference P value Mean difference P value Mean difference P value
(95% CI) (95% CI) (95% CI) (95% CI)
Innate immunity*
Granulocytes 0.26 (0.14; 0.39) <0.001 | 0.20(0.07; 0.32) <0.001 | 0.22(0.09; 0.35) <0.001 | 0.18 (0.05; 0.32) 0.01
Platelets -0.02 (-0.18;0.13) | 0.76 0.01 (=0.14;0.17) | 0.87 -0.05(-0.21;0.11) | 0.57 -0.09 (=0.25;0.07) | 0.27
Adaptive immunity*
Lymphocytes 0.15 (0.03; 0.27) 0.02 0.01 (-0.11;0.13) 0.91 0.09 (—0.04; 0.21) 0.17 0.08 (—0.04; 0.21) 0.19
Balance between innate and adaptive immunity
GLR 0.06 (-0.04; 0.15) 0.24 0.10 (0.00; 0.19) 0.04 0.06 (-0.03; 0.16) 0.18 0.04 (-0.05; 0.14) 0.36
PLR —0.09 (-0.19; 0.01) 0.08 0.01 (-0.09; 0.11) 0.85 -0.06 (-0.17; 0.04) 0.25 -0.08 (-0.18; 0.03) 0.15
SII 0.06 (-0.01; 0.14) 0.10 0.09 (0.01; 0.16) 0.03 0.06 (-0.02; 0.13) 0.15 0.03 (-0.05; 0.11) 0.48

Adjusted for age, sex, education, smoking status, body mass index, diabetes mellitus, systolic and diastolic blood pressure, antihypertensive medication, high-density

lipoprotein cholesterol, total cholesterol, and lipid-lowering medication.

*All markers were natural log-transformed (Ln[immunity component x 10%/pl]).

®We added 1.0 mm® to the non-transformed values to deal with calcification volumes of 0 and used standardized natural log-transformed values (Ln[calcification

volume + 1.0 mm°]).

*Analysis for each blood cell type adjusted for the baseline blood cell counts of the remaining 2 blood cell types.

CI, confidence interval; GLR, granulocyte-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-inflammation index.

https://doi.org/10.1371/journal.pmed.1003115.t003

granulocyte count [95% CI] = 1.44 [0.90-2.31], P = 0.13) and hemorrhagic stroke (2.48 [0.86-
7.14], P = 0.09), whereas platelets only increased risk of ischemic stroke (HR for doubled plate-
let count [95% CI] = 1.44 [0.93-2.22], P = 0.10).

Regarding the association of immunity with arterial calcification, we found that higher lev-
els of granulocytes at baseline related to larger calcification volumes in all arteries, but most
prominently in the coronary arteries (mean difference in calcium volume [mm?®] per SD
increase in granulocyte count [95% CI] = 32.3 [9.1 to 54.7], P < 0.001). Regarding adaptive
immunity, higher levels of lymphocytes were not related to calcification volumes. Higher levels
of GLR and SII were related to larger calcification volumes in the aortic arch only (mean differ-
ence in calcium volume [mm?] per SD increase [95% CI] = 48.6 [2.5 to 94.8], P = 0.04, and
58.8 [13.8 t0103.8], P = 0.03, respectively). In Table 3, the linear regression models after trans-
forming the exposure and outcome variables are presented. Our sensitivity analyses with non-
zero calcifications similarly showed associations between higher levels of granulocytes and
larger calcification volumes in all arteries, but the analysis with extracranial internal carotid
artery calcification as outcome did not reach statistical significance.

The association between granulocytes and incident CHD was partly mediated by coronary
artery calcifications (overall proportion mediated [95% CI] = 19.0% [-10% to 32.3%], P =
0.08), while the association between granulocytes and incident stroke was partly mediated by
intracranial artery calcifications (14.9% [-10.9% to 19.1%], P = 0.05), albeit this finding was
not statistically significant.

Discussion

In this study, we found that an increase of innate immunity markers over time, as reflected by
a doubling of the granulocyte count and the ratios GLR and SII, was robustly associated with a
higher risk of ASCVD. Furthermore, higher levels of granulocytes at baseline were related to
larger burden of subclinical atherosclerosis, as measured by arterial calcifications. Coronary
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artery calcifications mediated 19.0% of the association between granulocytes and CHD, while
intracranial artery calcifications mediated 14.9% of the association between granulocytes and
stroke.

To date, few population-based studies have investigated the association between innate
immunity markers and cardiovascular outcomes. Elevated GLR has been linked to ischemic
stroke incidence and cardiovascular disease [35,36]. A meta-analysis of 38 studies showed that
elevated GLR was associated with coronary artery disease, acute coronary syndrome, stroke,
and composite cardiovascular events [37]. However, most of these studies were cross-sectional
or were performed in selected clinical populations of patients with cardiovascular disease.
Besides observational studies, various clinical trials have targeted the immune system to reduce
the risk of ASCVD. One of the largest is the CANTOS (Canakinumab Anti-inflammatory
Thrombosis Outcome Study) randomized trial, in which patients with elevated hs-CRP and
previous MI were assigned to receive canakinumab or placebo. Canakinumab selectively
inhibits interleukin-1p, resulting in an inhibition of the innate immunity. The 150-mg dose
resulted in a lower incidence of recurrent cardiovascular events, compared to placebo [38]. In
addition to interleukin-1p, also hs-CRP, fibrinogen, and interleukin-6, all markers in the same
cascade, have been shown to have an association with CHD [39-41]. Our findings also show
an important role of innate immunity in first-ever stroke and CHD risk in the general popula-
tion, independent of hs-CRP level or lipid-lowering medication use.

Interestingly, a more recent trial assessing low-dose methotrexate to reduce inflammation
in order to prevent recurrent cardiovascular disease showed that methotrexate did not lower
levels of interleukin-1, interleukin-6, or hs-CRP, and that it did not result in a lower number
of cardiovascular events compared to placebo [8]. Together with the results from the CANTOS
trial, these studies indicate that reducing the risk of cardiovascular events through inflamma-
tion may depend on the pathway targeted. In addition to these established pathways, our
results indicate that the pathway of adaptive immunity may also affect the risk of cardiovascu-
lar disease. More specifically, lymphocyte count, an important player in adaptive immunity,
showed protective effects on the risk of ASCVD, although this finding was not statistically sig-
nificant. Indeed, mobilizing anti-inflammatory T cells to atherosclerotic sites may provide pro-
tective responses as has been shown in neurodegenerative disorders [9] and also in
cardiovascular disease in experimental and clinical studies [11]. These cells thus additionally
serve as a promising therapeutic target to control the proinflammatory processes of atheroscle-
rosis. The significant association we found between GLR and SII and incident ASCVD,
although weaker than with granulocytes, supports the hypothesis that ASCVD results from an
imbalance between innate and adaptive immunity. Future studies may focus more specifically
on targeting both innate and adaptive immunity, rather than only innate immunity, and refine
insights into these pathways.

Although previous studies have established the inflammatory hypothesis of atherothrombo-
sis in coronary artery disease, fewer studies have specifically investigated stroke. However,
increasing evidence from experimental studies suggests an equally important role for the
immune response in stroke [42]. Similarly, we demonstrated that higher levels of granulocytes
were associated with stroke of any type, as well as with ischemic and hemorrhagic stroke sepa-
rately. Especially the latter finding warrants further research since most studies so far have
mainly focused on inflammatory responses after the occurrence of an intracerebral hemor-
rhage, and not before [43].

An interesting finding of our study is that the association between higher levels of granulo-
cytes and risk of ASCVD was more pronounced in younger individuals than older individuals
(age below the median [64 years]: adjusted HR [95% CI] for doubled granulocyte count = 2.32
[1.20-4.47], P < 0.001; age at or above the median: 1.67 [1.21-2.29], P = 0.002). Recently, an
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English study and a Dutch study found that while there has been a decline in mortality from
acute stroke within 30 days, stroke event rates have increased, and 15-year mortality risk in
young adults who have had a stroke remained elevated [44,45]. This suggests that stroke
awareness and stroke prevention need to start at much lower age to reduce the occurrence of
stroke in younger people. Our results show that inflammation reduction could be a potential
important strategy to achieve this.

Moreover, our study showed that coronary and intracranial carotid artery calcifications
substantially mediate the association of granulocytes with CHD and stroke, respectively. The
observed proportion of mediation for CHD was 19.0%, while for stroke the proportion mediated
was 14.9%. This is meaningful given the multiple mechanisms through which innate immunity
affects cardiovascular health, including atrial fibrillation (AF) and coagulation [46]. Indeed, the
infiltration of immune cells and proteins that cause an inflammatory response in cardiac tissue
and circulatory processes is associated with AF [47], and AF is in turn an important risk factor
for CHD and stroke. Another possible mediator is blood coagulation, since inflammation results
in activation of coagulation, due to tissue-factor-mediated thrombin generation, downregula-
tion of physiological anticoagulant mechanisms, and inhibition of fibrinolysis, increasing the
risk of CHD and stroke [48]. Furthermore, besides calcifications, plaques may consist of intra-
plaque hemorrhage and a lipid core. Although calcifications are an adequate quantitative mea-
sure for atherosclerosis, vulnerable plaques without calcification, which are more strongly
associated with ASCVD [49], are not quantified by this method. Therefore, it is plausible that
the true proportion of inflammation mediated through atherosclerosis of all plaque components
is actually higher than the measured proportion mediated through the calcification component.

Blood cell count measurements display short-term variability or measurement error, but
we do not expect that this variability affected our results for several reasons. First, we expect to
have captured a more chronic or stable effect of immune status because we used blood cell
counts measured at multiple time points per participant. Although this longitudinal informa-
tion was collected intermittently and with error, we could successfully reconstruct the com-
plete longitudinal history by postulating a suitable mixed effects model to describe participant-
specific time evolutions. The mixed model accounted for the measurement error problem by
postulating that the observed level of the blood cell count measurements equaled the true level
of the blood cell count measurements plus a random error term. Thus, the joint models we
used accounted for measurement error or variability of the blood cell count measurements.
Second, as a sensitivity analysis, we additionally excluded participants with a history of cancer
or a history of immune-modulating medication at baseline, and we performed additional
adjustments for NSAID use. We performed these sensitivity analyses specifically to address the
issue of participants having significantly altered blood cell counts due to underlying disease
processes. The results of these analyses did not show significant changes in our effect estimates.
Lastly, by extensively correcting for potential confounders such as BMI, we attempted to rule
out effects of determinants of blood cell counts as much as possible.

Our study has some limitations. First, studying the etiology of ASCVD, which is the focus
of this study, remains difficult within an epidemiological setting due to the limited availability
of surrogates for innate and especially adaptive immunity. Second, we could not directly relate
the effect of hs-CRP with the different blood cell measurements and ASCVD risk since we did
not have hs-CRP measurements available at study baseline, but only 1 round before. Third, the
vast majority of our population is of European ancestry (97.6%), potentially limiting generaliz-
ability to other ethnicities. Fourth, it is important to note the possible influence of unmeasured
confounders on our results. Fifth, due to the cross-sectional nature of the analyses regarding
the association between immunity markers and calcifications, there is potential for reverse
causality. However, according to the present evidence, it is very plausible that inflammation
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comes first since activation of endothelial cells results in increased expression of leukocyte
adhesion molecules and the release of chemokines, which attract leukocytes that subsequently
infiltrate the vascular wall and drive atherogenesis [50]. Finally, the measurement error for
both subclinical ASCVD and immune cell subsets limits the mediation analysis in its reliabil-
ity. However, since this measurement error introduces random error into the direct effect, it is
expected to lead to underestimation of the mediation. Of course, we cannot rule out that it
could bias the results in the opposite direction and inflate mediation estimates.

In conclusion, our study shows that increased granulocyte count, GLR, and SII are associ-
ated with a higher risk of ASCVD, whereas increased lymphocyte count is protective for
ASCVD in the general population. Moreover, higher levels of granulocytes are associated with
subclinical atherosclerosis, as measured by arterial calcifications. These calcifications explain a
substantial proportion of the link between granulocytes and ASCVD. Our findings support the
hypothesis that ASCVD results from an imbalance between innate and adaptive immunity.
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phocyte ratio; SII, systemic immune-inflammation index.

(DOCX)

Acknowledgments

We gratefully acknowledge the study participants of the Ommoord district and their general prac-
titioners and pharmacists for their devotion in contributing to the Rotterdam Study. We also
thank all staff that facilitated assessment of participants in the Rotterdam Study throughout the
years. Special thanks to Jolande Verkroost-van Heemst for coordinating the follow-up data.

Author Contributions

Conceptualization: Lana Fani, Kimberly D. van der Willik, Maarten J. G. Leening, Bruno H.
C. Stricker, Maryam Kavousi, M. Arfan Ikram, M. Kamran Ikram.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003115 May 7, 2020 13/16


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003115.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003115.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003115.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003115.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003115.s005
https://doi.org/10.1371/journal.pmed.1003115

PLOS MEDICINE

Immune system and risk of cardiovascular disease

Data curation: Peter J. Koudstaal.
Formal analysis: Lana Fani.

Methodology: Lana Fani, Kimberly D. van der Willik, Daniel Bos, Dimitris Rizopoulos, Rikje
Ruiter, M. Arfan Ikram, M. Kamran Ikram.

Software: Dimitris Rizopoulos.
Supervision: M. Arfan Ikram, M. Kamran Ikram.
Writing - original draft: Lana Fani.

Writing - review & editing: Kimberly D. van der Willik, Daniel Bos, Maarten J. G. Leening,
Peter J. Koudstaal, Dimitris Rizopoulos, Rikje Ruiter, Bruno H. C. Stricker, Maryam
Kavousi, M. Arfan Tkram, M. Kamran Ikram.

References

1. Joseph P, Leong D, McKee M, Anand SS, Schwalm JD, Teo K, et al. Reducing the global burden of car-
diovascular disease, part 1: the epidemiology and risk factors. Circ Res. 2017; 121(6):677—94. https:/
doi.org/10.1161/CIRCRESAHA.117.308903 PMID: 28860318

2. Fernandez-Ruiz I. Immune system and cardiovascular disease. Nat Rev Cardiol. 2016; 13(9):503.
https://doi.org/10.1038/nrcardio.2016.127 PMID: 27516069

3. Hoebe K, Janssen E, Beutler B. The interface between innate and adaptive immunity. Nat Immunol.
2004; 5(10):971—4. https://doi.org/10.1038/ni1004-971 PMID: 15454919

4. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005; 352
(16):1685-95. https://doi.org/10.1056/NEJMra043430 PMID: 15843671

5. Libby P, Loscalzo J, Ridker PM, Farkouh ME, Hsue PY, Fuster V, et al. Inflammation, immunity, and
infection in atherothrombosis: JACC review topic of the week. J Am Coll Cardiol. 2018; 72(17):2071-81.
https://doi.org/10.1016/j.jacc.2018.08.1043 PMID: 30336831

6. Brown JM, Hazen SL. Microbial modulation of cardiovascular disease. Nat Rev Microbiol. 2018; 16
(3):171-81. https://doi.org/10.1038/nrmicro.2017.149 PMID: 29307889

7. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med. 1999; 340(2):115-26. https://doi.
org/10.1056/NEJM199901143400207 PMID: 9887164

8. Ridker PM, Everett BM, Pradhan A, MacFadyen JG, Solomon DH, Zaharris E, et al. Low-dose metho-
trexate for the prevention of atherosclerotic events. N Engl J Med. 2019; 380(8):752—62. https://doi.org/
10.1056/NEJMoa1809798 PMID: 30415610

9. Anderson KM, Olson KE, Estes KA, Flanagan K, Gendelman HE, Mosley RL. Dual destructive and pro-
tective roles of adaptive immunity in neurodegenerative disorders. Transl Neurodegener. 2014; 3(1):25.
https://doi.org/10.1186/2047-9158-3-25 PMID: 25671101

10. vander Willik KD, FaniL, Rizopoulos D, Licher S, Fest J, Schagen SB, et al. Balance between innate
versus adaptive immune system and the risk of dementia: a population-based cohort study. J Neuroin-
flammation. 2019; 16(1):68. https://doi.org/10.1186/s12974-019-1454-z PMID: 30927918

11. MengX, YangJ, Dong M, Zhang K, Tu E, Gao Q, et al. Regulatory T cells in cardiovascular diseases.
Nat Rev Cardiol. 2016; 13(3):167—79. https://doi.org/10.1038/nrcardio.2015.169 PMID: 26525543

12. Kobayashi SD, DeLeo FR. Role of neutrophils in innate immunity: a systems biology-level approach.
Wiley Interdiscip Rev Syst Biol Med. 2009; 1(3):309-33. https://doi.org/10.1002/wsbm.32 PMID:
20836000

13. Elzey BD, Sprague DL, Ratliff TL. The emerging role of platelets in adaptive immunity. Cell Immunol.
2005; 238(1):1-9. https://doi.org/10.1016/j.cellimm.2005.12.005 PMID: 16442516

14. FestJ, Ruiter R, Mulder M, Groot Koerkamp B, lkram MA, Stricker BH, et al. The systemic immune-
inflammation index is associated with an increased risk of incident cancer—a population-based cohort
study. Int J Cancer. 2020; 146(3):692—8. https://doi.org/10.1002/ijc.32303 PMID: 30924141

15. lwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate immune system. Science. 2010;
327(5963):291-5. https://doi.org/10.1126/science.1183021 PMID: 20075244

16. HuB, Yang XR, Xu Y, Sun YF, Sun C, Guo W, et al. Systemic immune-inflammation index predicts
prognosis of patients after curative resection for hepatocellular carcinoma. Clin Cancer Res. 2014; 20
(23):6212—-22. https://doi.org/10.1158/1078-0432.CCR-14-0442 PMID: 25271081

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003115 May 7, 2020 14/16


https://doi.org/10.1161/CIRCRESAHA.117.308903
https://doi.org/10.1161/CIRCRESAHA.117.308903
http://www.ncbi.nlm.nih.gov/pubmed/28860318
https://doi.org/10.1038/nrcardio.2016.127
http://www.ncbi.nlm.nih.gov/pubmed/27516069
https://doi.org/10.1038/ni1004-971
http://www.ncbi.nlm.nih.gov/pubmed/15454919
https://doi.org/10.1056/NEJMra043430
http://www.ncbi.nlm.nih.gov/pubmed/15843671
https://doi.org/10.1016/j.jacc.2018.08.1043
http://www.ncbi.nlm.nih.gov/pubmed/30336831
https://doi.org/10.1038/nrmicro.2017.149
http://www.ncbi.nlm.nih.gov/pubmed/29307889
https://doi.org/10.1056/NEJM199901143400207
https://doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
https://doi.org/10.1056/NEJMoa1809798
https://doi.org/10.1056/NEJMoa1809798
http://www.ncbi.nlm.nih.gov/pubmed/30415610
https://doi.org/10.1186/2047-9158-3-25
http://www.ncbi.nlm.nih.gov/pubmed/25671101
https://doi.org/10.1186/s12974-019-1454-z
http://www.ncbi.nlm.nih.gov/pubmed/30927918
https://doi.org/10.1038/nrcardio.2015.169
http://www.ncbi.nlm.nih.gov/pubmed/26525543
https://doi.org/10.1002/wsbm.32
http://www.ncbi.nlm.nih.gov/pubmed/20836000
https://doi.org/10.1016/j.cellimm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16442516
https://doi.org/10.1002/ijc.32303
http://www.ncbi.nlm.nih.gov/pubmed/30924141
https://doi.org/10.1126/science.1183021
http://www.ncbi.nlm.nih.gov/pubmed/20075244
https://doi.org/10.1158/1078-0432.CCR-14-0442
http://www.ncbi.nlm.nih.gov/pubmed/25271081
https://doi.org/10.1371/journal.pmed.1003115

PLOS MEDICINE

Immune system and risk of cardiovascular disease

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.

35.

36.

37.

Afari ME, Bhat T. Neutrophil to lymphocyte ratio (NLR) and cardiovascular diseases: an update. Expert
Rev Cardiovasc Ther. 2016; 14(5):573-7. https://doi.org/10.1586/14779072.2016.1154788 PMID:
26878164

LiY,Wang B, Zhou S, Jiang L, Yang S, Liu X, et al. Do routine blood test results help in the diagnosis of
spine tumors? A retrospective study of the significance of pretreatment neutrophil-to-lymphocyte and
platelet-to-lymphocyte ratios from 503 spine tumor patients. Medicine (Baltimore). 2019; 98(15):
e14902.

Ikram MA, Brusselle GGO, Murad SD, van Duijn CM, Franco OH, Goedegebure A, et al. The Rotterdam
Study: 2018 update on objectives, design and main results. Eur J Epidemiol. 2017; 32(9):807-50.
https://doi.org/10.1007/s10654-017-0321-4 PMID: 29064009

Fest J, Ruiter R, Ikram MA, Voortman T, van Eijck CHJ, Stricker BH. Reference values for white blood-
cell-based inflammatory markers in the Rotterdam Study: a population-based prospective cohort study.
Sci Rep. 2018; 8(1):10566. https://doi.org/10.1038/s41598-018-28646-w PMID: 30002404

Leening MJ, Kavousi M, Heeringa J, van Rooij FJ, Verkroost-van Heemst J, Deckers JW, et al. Meth-
ods of data collection and definitions of cardiac outcomes in the Rotterdam Study. Eur J Epidemiol.
2012; 27(3):173-85. https://doi.org/10.1007/s10654-012-9668-8 PMID: 22388767

Wieberdink RG, [kram MA, Hofman A, Koudstaal PJ, Breteler MM. Trends in stroke incidence rates and
stroke risk factors in Rotterdam, the Netherlands from 1990 to 2008. Eur J Epidemiol. 2012; 27(4):287—
95. https://doi.org/10.1007/s10654-012-9673-y PMID: 22426770

Hatano S. Experience from a multicentre stroke register: a preliminary report. Bull World Health Organ.
1976; 54(5):541-53. PMID: 1088404

Elias-Smale SE, Wieberdink RG, Odink AE, Hofman A, Hunink MG, Koudstaal PJ, et al. Burden of ath-
erosclerosis improves the prediction of coronary heart disease but not cerebrovascular events: the Rot-
terdam Study. Eur Heart J. 2011; 32(16):2050-8. https://doi.org/10.1093/eurheartj/ehr125 PMID:
21606087

Odink AE, van der Lugt A, Hofman A, Hunink MG, Breteler MM, Krestin GP, et al. Risk factors for coro-
nary, aortic arch and carotid calcification; the Rotterdam Study. J Hum Hypertens. 2010; 24(2):86-92.
https://doi.org/10.1038/jhh.2009.42 PMID: 19494836

de Weert TT, de Monye C, Meijering E, Booij R, Niessen WJ, Dippel DW, et al. Assessment of athero-
sclerotic carotid plaque volume with multidetector computed tomography angiography. Int J Cardiovasc
Imaging. 2008; 24(7):751-9. https://doi.org/10.1007/s10554-008-9309-1 PMID: 18373211

Bos D, van der Rijk MJ, Geeraedts TE, Hofman A, Krestin GP, Witteman JC, et al. Intracranial carotid
artery atherosclerosis: prevalence and risk factors in the general population. Stroke. 2012; 43(7):1878—
84. https://doi.org/10.1161/STROKEAHA.111.648667 PMID: 22569939

WHO Study Group on Diabetes Mellitus, World Health Organization. Diabetes mellitus. Report of a
WHO Study Group. World Health Organization Technical Report Series 727. Geneva: World Health
Organization; 1985.

Rizopoulos D. JM: an R package for the joint modelling of longitudinal and time-to-event data. J Stat
Softw. 2010; 35(9). https://doi.org/10.18637/jss.v035.i09

Rizopoulos D. The R package JMbayes for fitting joint models for longitudinal and time-to-event data
using MCMC. J Stat Softw. 2016; 72(7). https://doi.org/10.18637/jss.v072.i107

VanderWeele TJ. A unification of mediation and interaction: a 4-way decomposition. Epidemiology.
2014; 25(5):749-61. https://doi.org/10.1097/EDE.0000000000000121 PMID: 25000145

Rubin DB. Multiple imputation for nonresponse in surveys. Hoboken (NJ): John Wiley & Sons; 1987.
Therneau TM. A package for survival analysis in R. New York: Springer; 2005.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. nime: linear and nonlinear mixed effects mod-
els. R package version 3.1-147. Comprehensive R Archive Network; 2018 [cited 2020 Apr 20]. Avail-
able from: https://CRAN.R-project.org/package = nime.

Suh B, Shin DW, Kwon HM, Yun JM, Yang HK, Ahn E, et al. Elevated neutrophil to lymphocyte ratio
and ischemic stroke risk in generally healthy adults. PLoS ONE. 2017; 12(8):e0183706. https://doi.org/
10.1371/journal.pone.0183706 PMID: 28829826

Kim S, Eliot M, Koestler DC, Wu WC, Kelsey KT. Association of neutrophil-to-lymphocyte ratio with mor-
tality and cardiovascular disease in the Jackson Heart Study and modification by the Duffy antigen vari-
ant. JAMA Cardiol. 2018; 3(6):455—62. https://doi.org/10.1001/jamacardio.2018.1042 PMID: 29801037

Angkananard T, Anothaisintawee T, McEvoy M, Attia J, Thakkinstian A. Neutrophil lymphocyte ratio
and cardiovascular disease risk: a systematic review and meta-analysis. Biomed Res Int. 2018;
2018:2703518. https://doi.org/10.1155/2018/2703518 PMID: 30534554

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003115 May 7, 2020 15/16


https://doi.org/10.1586/14779072.2016.1154788
http://www.ncbi.nlm.nih.gov/pubmed/26878164
https://doi.org/10.1007/s10654-017-0321-4
http://www.ncbi.nlm.nih.gov/pubmed/29064009
https://doi.org/10.1038/s41598-018-28646-w
http://www.ncbi.nlm.nih.gov/pubmed/30002404
https://doi.org/10.1007/s10654-012-9668-8
http://www.ncbi.nlm.nih.gov/pubmed/22388767
https://doi.org/10.1007/s10654-012-9673-y
http://www.ncbi.nlm.nih.gov/pubmed/22426770
http://www.ncbi.nlm.nih.gov/pubmed/1088404
https://doi.org/10.1093/eurheartj/ehr125
http://www.ncbi.nlm.nih.gov/pubmed/21606087
https://doi.org/10.1038/jhh.2009.42
http://www.ncbi.nlm.nih.gov/pubmed/19494836
https://doi.org/10.1007/s10554-008-9309-1
http://www.ncbi.nlm.nih.gov/pubmed/18373211
https://doi.org/10.1161/STROKEAHA.111.648667
http://www.ncbi.nlm.nih.gov/pubmed/22569939
https://doi.org/10.18637/jss.v035.i09
https://doi.org/10.18637/jss.v072.i07
https://doi.org/10.1097/EDE.0000000000000121
http://www.ncbi.nlm.nih.gov/pubmed/25000145
https://CRAN.R-project.org/package
https://doi.org/10.1371/journal.pone.0183706
https://doi.org/10.1371/journal.pone.0183706
http://www.ncbi.nlm.nih.gov/pubmed/28829826
https://doi.org/10.1001/jamacardio.2018.1042
http://www.ncbi.nlm.nih.gov/pubmed/29801037
https://doi.org/10.1155/2018/2703518
http://www.ncbi.nlm.nih.gov/pubmed/30534554
https://doi.org/10.1371/journal.pmed.1003115

PLOS MEDICINE

Immune system and risk of cardiovascular disease

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory
therapy with canakinumab for atherosclerotic disease. N Engl J Med. 2017; 377(12):1119-31. hitps://
doi.org/10.1056/NEJMoa1707914 PMID: 28845751

Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E, Lowe G, Pepys MB, Thompson
SG, et al. C-reactive protein concentration and risk of coronary heart disease, stroke, and mortality: an
individual participant meta-analysis. Lancet. 2010; 375(9709):132—40. https://doi.org/10.1016/S0140-
6736(09)61717-7 PMID: 20031199

Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E, Pennells L, Wood AM, White IR,
et al. C-reactive protein, fibrinogen, and cardiovascular disease prediction. N Engl J Med. 2012; 367
(14):1310-20. https://doi.org/10.1056/NEJMoa1107477 PMID: 23034020

IL6R Genetics Consortium Emerging Risk Factors Collaboration, Sarwar N, Butterworth AS, Freitag
DF, Gregson J, Willeit P, et al. Interleukin-6 receptor pathways in coronary heart disease: a collabora-
tive meta-analysis of 82 studies. Lancet. 2012; 379(9822):1205—13. https://doi.org/10.1016/S0140-
6736(11)61931-4 PMID: 22421339

Malone K, Amu S, Moore AC, Waeber C. The immune system and stroke: from current targets to future
therapy. Immunol Cell Biol. 2019; 97(1):5—16. https://doi.org/10.1111/imcb.12191 PMID: 30022515

Lan X, Han X, Liu X, Wang J. Inflammatory responses after intracerebral hemorrhage: from cellular
function to therapeutic targets. J Cereb Blood Flow Metab. 2019; 39(1):184—6. https://doi.org/10.1177/
0271678X18805675 PMID: 30346222

Seminog OO, Scarborough P, Wright FL, Rayner M, Goldacre MJ. Determinants of the decline in mor-
tality from acute stroke in England: linked national database study of 795 869 adults. BMJ. 2019; 365:
11778. https://doi.org/10.1136/bmj.11778 PMID: 31122927

Ekker MS, Verhoeven JI, Vaartjes |, Jolink WMT, Klijn CJM, de Leeuw FE. Association of stroke among
adults aged 18 to 49 years with long-term mortality. JAMA. 2019; 321(21):2113-23. https://doi.org/10.
1001/jama.2019.6560 PMID: 31121602

Hu YF, Chen YJ, Lin YJ, Chen SA. Inflammation and the pathogenesis of atrial fibrillation. Nat Rev Car-
diol. 2015; 12(4):230—43. https://doi.org/10.1038/nrcardio.2015.2 PMID: 25622848

GuoY, Lip GY, Apostolakis S. Inflammation in atrial fibrillation. J Am Coll Cardiol. 2012; 60(22):2263—
70. https://doi.org/10.1016/j.jacc.2012.04.063 PMID: 23194937

Levi M, Keller TT, van Gorp E, ten Cate H. Infection and inflammation and the coagulation system. Car-
diovasc Res. 2003; 60(1):26—39. https://doi.org/10.1016/s0008-6363(02)00857-x PMID: 14522404

Stefanadis C, Antoniou CK, Tsiachris D, Pietri P. Coronary atherosclerotic vulnerable plaque: current
perspectives. J Am Heart Assoc. 2017; 6(3):e005543. https://doi.org/10.1161/JAHA.117.005543 PMID:
28314799

Doring Y, Drechsler M, Soehnlein O, Weber C. Neutrophils in atherosclerosis: from mice to man. Arter-
ioscler Thromb Vasc Biol. 2015; 35(2):288-95. https://doi.org/10.1161/ATVBAHA.114.303564 PMID:
25147339

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003115 May 7, 2020 16/16


https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1056/NEJMoa1707914
http://www.ncbi.nlm.nih.gov/pubmed/28845751
https://doi.org/10.1016/S0140-6736(09)61717-7
https://doi.org/10.1016/S0140-6736(09)61717-7
http://www.ncbi.nlm.nih.gov/pubmed/20031199
https://doi.org/10.1056/NEJMoa1107477
http://www.ncbi.nlm.nih.gov/pubmed/23034020
https://doi.org/10.1016/S0140-6736(11)61931-4
https://doi.org/10.1016/S0140-6736(11)61931-4
http://www.ncbi.nlm.nih.gov/pubmed/22421339
https://doi.org/10.1111/imcb.12191
http://www.ncbi.nlm.nih.gov/pubmed/30022515
https://doi.org/10.1177/0271678X18805675
https://doi.org/10.1177/0271678X18805675
http://www.ncbi.nlm.nih.gov/pubmed/30346222
https://doi.org/10.1136/bmj.l1778
http://www.ncbi.nlm.nih.gov/pubmed/31122927
https://doi.org/10.1001/jama.2019.6560
https://doi.org/10.1001/jama.2019.6560
http://www.ncbi.nlm.nih.gov/pubmed/31121602
https://doi.org/10.1038/nrcardio.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/25622848
https://doi.org/10.1016/j.jacc.2012.04.063
http://www.ncbi.nlm.nih.gov/pubmed/23194937
https://doi.org/10.1016/s0008-6363(02)00857-x
http://www.ncbi.nlm.nih.gov/pubmed/14522404
https://doi.org/10.1161/JAHA.117.005543
http://www.ncbi.nlm.nih.gov/pubmed/28314799
https://doi.org/10.1161/ATVBAHA.114.303564
http://www.ncbi.nlm.nih.gov/pubmed/25147339
https://doi.org/10.1371/journal.pmed.1003115

