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Abstract

Background: Interleukin-6 (IL-6) has important roles in atherosclerosis pathophysiology. To
determine if anti-1L-6 therapy warrants evaluation as an adjuvant stroke prevention strategy in
patients with carotid atherosclerosis, we tested whether circulating 1L-6 levels predict carotid
plaque severity, vulnerability, and progression in the prospective population-based Cardiovascular
Health Study.

Methods: Duplex carotid ultrasound was performed at baseline and 5 years. Baseline plaque
severity was scored 0 to 5 based on North American Symptomatic Carotid Endarterectomy

Trial grade of stenosis. Plaque vulnerability at baseline was the presence of markedly irregular,
ulcerated or echolucent plaques. Plaque progression at 5 years was a =1 point increase in stenosis
severity. The relationship of baseline plasma IL-6 levels with plaque characteristics was modeled
using multivariable linear (severity) or logistic (vulnerability and progression) regression. Risk
factors of atherosclerosis were included as independent variables. Stepwise backward elimination
was used with p>0.05 for variable removal. To assess model stability, we computed the E-value or
minimum strength of association (odds ratio scale) that unmeasured confounders must have with
log IL-6 and the outcome to suppress the association. We performed internal validation with 100
bootstrap samples.

Results: There were 4334 participants with complete data (58.9% women, mean age: 72.7 £ 5.1
years), including 1267 (29.2%) with vulnerable plaque and 1474 (34.0%) with plaque progression.
Log IL-6 predicted plague severity (B = 0.09, p=1.3 x 1073), vulnerability (OR = 1.21, 95% ClI:
1.05-1.40, p=7.4 x 1073, E-value = 1.71) and progression (OR = 1.44, 95% Cl: 1.23-1.69, p=9.1 x
1075, E-value 2.24). In participants with >50% predicted probability of progression, mean log I1L-6
was 0.54 corresponding to 2.0 pg/mL. Dichotomizing IL-6 levels did not affect the performance of
prediction models.

Conclusions: Circulating IL-6 predicts carotid plaque severity, vulnerability, and progression.
The 2.0 pg/mL cut-off could facilitate the selection of individuals that would benefit from anti-
IL-6 drugs for stroke prevention.

Circ Res. Author manuscript; available in PMC 2023 July 08.
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Circulating Interleukin-6 predicts carotid plaque severity, vulnerability, and progression
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INTRODUCTION

Abnormal lipid profile and chronic systemic inflammation are key features of
atherosclerosis, a major contributor to the burden of cardiovascular disease. Historically,
interventions to slow the progression of atherosclerosis have focused on controlling vascular
risk factors and reducing circulating levels of cholesterol.2 Recent clinical and experimental
studies have demonstrated that anti-inflammatory drugs targeting the nucleotide-binding
domain leucine-rich repeat and pyrin domain containing receptor 3 (NLRP3) inflammasome
can decrease cardiovascular events independent of lipid lowering and blood pressure
control.3 Additional analyses have revealed that this atheroprotective effect is mediated

by the reduction in circulating levels of interleukin-6 (IL-6).%° Furthermore, genetic

studies substantiate the causal relationship between IL-6 signaling and atherosclerotic
cardiovascular disease.5-10 These observations position human monoclonal antibodies
targeting IL-6 as promising adjuvant agents to prevent ischemic stroke in patients with
carotid atherosclerosis.11-13

The potential of anti-inflammatory drugs to prevent carotid atherosclerosis-related stroke
warrants further evaluation. To date, trials assessing anti-inflammatory drugs to reduce
cardiovascular risk have used composite endpoints and not specifically stroke caused

by carotid atherosclerosis. In a subgroup analysis of the Canakinumab Antiinflammatory
Thrombosis Outcome Study (CANTOS) trial,® canakinumab did not show benefit for stroke
prevention potentially because of hon-atherothrombotic causes of stroke. Second, there

is no population-based study demonstrating the specific association of IL-6 levels with
carotid atherosclerosis-related ischemic stroke. Third, a recent population-based study with
a modest sample size demonstrated that high levels of IL-6 are associated with carotid

Circ Res. Author manuscript; available in PMC 2023 July 08.
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plaque progression but did not demonstrate the relationship of IL-6 with plaque severity and
vulnerability.14

To know if therapies targeting IL-6 are worth evaluating as an adjuvant primary or
secondary stroke prevention strategy in patients with carotid atherosclerosis, it is important
to demonstrate the relationship between levels of IL-6 and high-risk plaque features
associated with stroke risk.1> Our primary objective was to investigate if circulating levels
of IL-6 are independently associated with plaque severity, vulnerability, and progression at
5 years in the Cardiovascular Health Study (CHS). As a secondary objective, we aimed to
identify a candidate threshold for the use of circulating IL-6 as a biomarker for clinical
decision-making in the management of carotid atherosclerosis.

METHODS

Data availability

All requests to access the CHS dataset should be addressed directly to the National Heart
Lung, and Blood Institute via the Biologic Specimen and Data Repository Information
Coordinating Center (BioLINCC, https://biolincc.nhlbi.nih.gov/home/). For reproducibility
purposes, the file containing all the commands used for data curation and analysis are
available from the corresponding author upon reasonable request. The list of variables
extracted to conduct this study is provided in Supplementary Table S1.

Study design and participants

The Cardiovascular Health Study (CHS) is a prospective population-based cohort study
aiming to identify risk factors of cardiovascular disease in people aged 65 years or

older, recruited and followed up between 1989 and 1999.16 Eligible participants were
non-institutionalized, able to give informed consent, not requiring a proxy respondent at
baseline, and expected to remain in their area of residence for at least 3 years following
enrolment. Individuals who were wheelchair-dependent, institutionalized or receiving
anticancer treatment at baseline were excluded. For the analyses reported in this article, we
excluded participants with a missing value of baseline circulating IL-6 levels or incomplete
carotid ultrasound data (baseline and follow up at 5 years).

Clinical and laboratory assessment

All participants underwent clinical and laboratory evaluations at baseline to identify the
presence and severity of cardiovascular risk factors as well as subclinical and clinical
cardiovascular disease. The diagnosis of prevalent cardiovascular diseases at baseline and
during follow up was centrally adjudicated.18 The definitions of hypertension, diabetes,
dyslipidemia, and hyperuricemia used in this study are provided in the Supplemental
Methods. Collection of blood samples at baseline was performed via venipuncture after
a 12-hour fast. Further details on sample processing are available in the Supplemental
Methods and previous publications.16-18 Plasma IL-6 levels were measured by enzyme-
linked immunosorbent assay (ELISA, High Sensitivity Quantikine kit, R&D Systems,
Minneapolis, MN, USA). The plasma samples used for IL-6 ELISA were prepared using
ethylenediaminetetraacetic acid (EDTA) and were run in duplicates. The detectable limit

Circ Res. Author manuscript; available in PMC 2023 July 08.
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was 0.10 pg/mL, the intra-assay coefficient of variability was 6.3% and the inter-assay
coefficient of variability was 7%.19.20

Carotid ultrasound assessment

Duplex ultrasonography of both carotid arteries was performed at baseline and at 5 years
with a Toshiba SSA-270A ultrasound device (Toshiba American Medical Systems, Tustin,
CA, USA) equipped with 5.0 MHz transducer. Details of the assessment and the quality
assurance process are available in the Supplemental Methods. Analytic measurements
included the grade of stenosis based on the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) criteria, a plaque irregularity score, and a description of
plaque echogenicity focusing on the carotid bulb and proximal internal carotid arteries.16
Definitions of plaque severity, irregularity, echogenicity, vulnerability, and progression are
provided in the Supplemental Methods.21-23

Statistical analysis

Natural logarithmic transformation was applied to continuous variables with a non-Gaussian
distribution, and the resulting log-transformed variables were used for subsequent analyses
unless stated otherwise. The relationship of IL-6 with cardiovascular risk factors was
assessed by comparing the mean log IL-6 between groups defined by the presence of each
risk factor using the Student t test.

The relationship of IL-6 with plaque characteristics was modeled using univariable and
multivariable linear regression for maximum plaque severity at baseline and multivariable
logistic regression for plaque vulnerability at baseline and plaque progression at 5 years.
Selection of independent variables to include in the multivariable models was based on
available evidence of association with atherosclerosis?42%. Considering our previous work
suggesting that the presence of high-risk features is not dependent on plaque severity, we did
not include plaque severity in the model to predict baseline plaque vulnerability.1> However,
we considered the baseline ipsilateral plague severity score and the baseline ipsilateral
plaque vulnerability in the logistic regression model to predict plaque progression at 5 years
and explored the interaction with log IL6.

In all multivariable regression analyses, a stepwise backward elimination process was
applied with p>0.05 for removal of variables based on tests for the significance of regression
coefficients. In this process, variables are removed in decreasing order of p-values.

The significance of individual regression coefficients was determined by a t-test (linear
regression) or a Wald test (logistic regression). All quantitative variables were included

in regression models as continuous to optimize the statistical power. To further assess the
stability of all logistic regression models, we computed the E-value defined as the minimum
strength of association on the odds ratio scale that an unmeasured confounder must have
with both log IL-6 and the dependent variable (baseline vulnerability or progression at 5
years) to fully suppress the observed association, conditional on the measured covariates.26
Moreover, we computed optimism-adjusted odds ratios using the heuristic shrinkage method
21 and performed bootstrapping-based internal validation.28 The reported optimism-adjusted
area under the receiver operating characteristic curve (AUC), calibration in-the-large index
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(CITL), and calibration slope were computed after applying a bootstrap shrinkage factor
derived from an internal validation process with 100 bootstrap samples.

In a secondary analysis, we attempted to define a candidate clinical threshold for plasma
IL-6 levels. The approach is described in the Supplemental Methods.2%:30

All statistical tests were two-sided and unpaired, with a significance threshold of p < 0.05.
Data analyses were performed using Stata software, version 17 (StataCorp LLC, College
Station, TX, USA). Data were analyzed from September 9, 2021, to October 28, 2021.

Ethical considerations and reporting

The CHS was approved by the Institutional Review Board of the University of Washington
and each of the participating field centers. All participants provided written informed
consent.16

This study is part of the Carotid Atherosclerosis and Stroke Collaboration (CASCO)
research initiative. The CASCO research protocol was approved by the University of Alberta
Human Research Ethics Board (Pro00106520).

This report is compliant with the Transparent Reporting of a multivariable prediction model
forIndividual Prognosis Or Diagnosis (TRIPOD) and the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) statements.31:32

RESULTS

Characteristics of the participants

Of the 5888 participants of the CHS, 4334 (58.9% women) had complete data for baseline
plasma IL-6 levels and carotid ultrasound assessment. The mean age was 72.7 + 5.1 years
(Supplementary Table S2). A detailed description of the study population is available in the
appendix (Supplemental Results, Supplementary Figures S1-S5, and Supplementary Tables
S2-S4). Plasma IL-6 levels were higher in participants with cardiovascular risk factors
(Figure 1 and Supplementary Figure S6).

Relationship of plasma IL-6 with plaque severity at baseline

In the univariable linear regression model, log-1L-6 increased by 0.08 for each point
increment on the plaque severity score (Figures 2A and 2B, Supplementary Figure S7).

In the multivariable linear regression analysis, log IL-6 was independently associated

with plaque severity (B = 0.09, p=0.001, Table 1). Peripheral artery disease, smoking,
dyslipidemia, prior stroke or TIA, and hypertension were the most important predictors of
plaque severity with standardized beta coefficients of 0.33, 0.33, 0.24, 0.22, and 0.17 (Table
1). The distribution of the standardized residuals of the model is provided in Supplementary
Figure S8. The results of the linear regression after excluding patients with history of
cardiovascular disease (n = 979) or after using LDL-cholesterol and statin therapy as
independent variables are provided in Supplementary Tables S5 and S6).

Circ Res. Author manuscript; available in PMC 2023 July 08.
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Relationship of plasma IL-6 with plague vulnerability at baseline

Plasma IL-6 levels were higher in participants with a vulnerable carotid plaque (mean log
IL-6 of 0.59 versus 0.50, p=4.4 x 107). They were also higher in patients with markedly
irregular or ulcerated carotid plaques (mean log IL-6 of 0.65 versus 0.52, p=1.3 x 1072,
Figure 2C) and in patients with an echolucent carotid plaque (mean log IL-6 of 0.59 versus
0.50, p=6.2 x 107>, Figure 2D).

In the multivariable logistic regression (Table 2), log IL-6 was independently associated with
the presence of a vulnerable carotid plaque at baseline (OR = 1.21, 95% CI: 1.05-1.40,
p=7.4 x 1073). There was a 12% increase in the probability of having a vulnerable carotid
plaque per standard deviation increase in log IL-6 (Table 2 and Figure 3), thus making log
IL6 one of the most important contributors to plaque vulnerability. The logistic regression
model displayed good calibration (Figure 4A). The association of log IL-6 with plaque
vulnerability remained significant after adjustment for optimism (OR = 1.18, 95% CI: 1.05—
1.33, Table 2).

In the sensitivity analysis, the E-value was 1.71 suggesting that, to explain away the
observed OR of 1.22, an unmeasured confounder would need to be associated with both

log IL-6 and plaque vulnerability with an OR of at least 1.71 each, above and beyond the
measured confounders (Supplementary Figure S9-A). The results of the logistic regression
after excluding patients with history of cardiovascular disease or after using LDL-cholesterol
and statin therapy as independent variables are provided in Supplementary Tables S7 and
S8).

Relationship of plasma IL-6 with plaque progression at 5 years

In the multivariable logistic regression (Table 3), log IL-6 was independently associated
with plaque progression at 5 years (OR = 1.44, 95% ClI: 1.23-1.69, p=9.1 x 107%). There
was no interaction between log IL-6 and ipsilateral baseline plaque severity score (OR for
the interaction term = 0.92, p=0.39) or ipsilateral baseline plaque vulnerability (OR for the
interaction term = 1.01, p=0.95). There was a 24% increase in the probability of carotid
plaque progression per standard deviation increase in log IL-6 (Table 3 and Figure 3),

thus making log IL-6 the second most important contributor to plaque progression after
dyslipidemia. The probability of carotid plaque progression decreased by 73% per standard
deviation increase in baseline ipsilateral plaque severity score (Table 3). Progression was
less often reported for carotid plaques with high-risk features at baseline (OR = 0.77,

95% CI: 0.61 — 0.97, Table 3). The logistic regression model displayed good calibration
(Figure 4B). The association of log IL-6 with plaque progression remained significant after
adjustment for optimism (OR = 1.34, 95% CI: 1.18-1.53, Table 3).

In the sensitivity analysis, the E-value was 2.24 suggesting that, to explain away the
observed OR of 1.44, an unmeasured confounder would need to be associated with both

log IL-6 and plaque progression with an OR of at least 2.24 each, above and beyond the
measured confounders (supplementary Figure S9-B). The results of the logistic regression
after excluding patients with history of cardiovascular disease or after using LDL-cholesterol

Circ Res. Author manuscript; available in PMC 2023 July 08.
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and statin therapy as independent variables are provided in Supplementary Tables S9 and
S10.

Selection of a clinical threshold for plasma IL-6 levels

In participants with a >50% predicted probability of plaque progression based on the
optimism-adjusted multivariable logistic regression model (Table 3), the median (IQR) level
of plasma IL-6 was 1. 63 (1.12 — 2.46) pg/mL and the mean (95% CI) of log IL-6 was
0.54 (0.52 - 0.56), corresponding to a plasma IL-6 level of 1.72 pg/mL. Therefore, the
threshold of 2.0 pg/mL was used to define high plasma IL-6 levels. There were 1584
(36.6%) participants with high plasma IL-6 at baseline. High IL-6 levels at baseline where
significantly associated with all cardiovascular risk factors (Supplementary Table S11). At
baseline, there was a higher prevalence of severe stenosis (1.3% versus 0.4%, p=6 x 1074
and vulnerable plaques (32.0% versus 27.6%, p=2.3 x 1073) in participants with high I1L-6
levels (Supplementary Table S11). The rate of plaque progression at 5 years was similar

in patients with high or low IL-6 levels at baseline (34.6% versus 33.7%, p=0.54). The
prevalence of treatment with anti-inflammatory drugs was similar in participants with high
versus low IL-6 levels at baseline (Supplementary Table S11).

In the multivariable logistic regression analysis, high I1L-6 levels at baseline were
independently associated with the presence of vulnerable carotid plague (OR = 1.21,

95% CI: 1.02-1.45, p=0.03, E-value = 1.71, Supplementary Table S12) and with carotid
plaque progression at 5 years (OR = 1.25, 95% CI: 1.01-1.57, p=0.04, E-value = 1.81,
Supplementary Table S13). Dichotomization did not significantly affect the coefficients,
performance, calibration, discrimination, and stability of the logistic regression models
(Supplementary Tables S12 and S13). The diagnostic accuracy of the multivariable logistic
regression model for identification of patients with plaque progression at 5 years was better
than that of IL-6 used as a standalone biomarker with the 2 pg/mL threshold (Supplementary
Table S14).

DISCUSSION

This study shows that circulating IL-6 is an independent predictor of carotid plaque

severity, vulnerability, and progression. The standardized odds ratios for log IL-6 in the
multivariable logistic regression models show that inflammation is a major contributor

to the risk of plaque vulnerability and progression. This observation has three important
implications. First, achieving an optimal level of plasma cholesterol and controlling

existing cardiovascular risk factors might not be sufficient to suppress the risk of stroke
associated with carotid atherosclerosis in the absence of a treatment specifically targeting
inflammation. This requires further investigation in trials where information on the control
status of various cardiovascular risk factors, and not just the prescription of drugs, is
properly recorded and factored into the interpretation of trial results. Second, carotid plaque
imaging biomarkers could represent valid surrogate endpoints in trials of anti-1L-6 drugs for
stroke prevention. Third, it is important to accelerate the integration of IL-6 assays in routine
clinical practice by defining and validating a cut-off to improve risk stratification in patients

Circ Res. Author manuscript; available in PMC 2023 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kamtchum-Tatuene et al. Page 9

with carotid atherosclerosis and identify patients who could benefit from anti-1L6 drugs in
addition to current best medical therapy.

In this regard, we propose a non-arbitrary risk-informed threshold allowing the
dichotomization of IL-6 levels and their use in prediction models or scores without log
transformation and without loss of predictive performance. If validated, this threshold could
be used to assess residual inflammatory risk as is the case with CRP. IL-6 is targeted by
several specific compounds already approved or under development,13 and has stronger
genetic, experimental, clinical, and epidemiological evidence for a causal relationship to
atherosclerotic cardiovascular disease than CRP.12 Moreover, preliminary evidence suggest
that specific anti-1L-6 drugs like Ziltivekimab have a better safety profile than other anti-
inflammatory drugs with respect to myelosuppression (increased risk of infections and
bleeding), dyslipidemia, and toxicity to the liver and the kidney.1! The renal toxicity of
colchicine limits its prescription to patients with chronic kidney disease who derive a greater
absolute cardiovascular benefit from anti-inflammatory drugs than those with normal renal
function.11:33 Anti-1L-6 drugs would be of particular interest in patients with carotid plaques
at perceived higher risk of stroke who are not eligible for surgical revascularization. This
includes patients with multiple comorbidities and patients with mild or moderate carotid
stenosis, especially if high-risk features are present.1525

IL-6 is a soluble proinflammatory cytokine secreted by activated monocytes, macrophages,
endothelial cells, adipocytes, fibroblasts, T helper 2 cells, typically after stimulation by
interleukin-1 or tumor necrosis factor.12:34.35 |n the classical signaling pathway, IL-6 binds
to membrane-bound IL-6 receptors on hepatocytes and stimulates the production of acute
phase reactants such as fibrinogen, plasminogen activator inhibitor that inhibits fibrinolysis,
and CRP. In the alternate signaling pathway, the alpha subunit of the transmembrane IL-6
receptor is cleaved by a disintegrin and metalloproteinase with thrombospondin motifs 17
(ADAMTS17) and forms a complex with IL-6. This complex can bind the gp130 protein on
other cell types such as endothelial and smooth muscle cells to promote atherogenesis.12:34
This dual pro-atherogenic and pro-thrombotic effects of IL-6 likely explain why higher
plasma concentrations are found in patients with severe carotid stenosis, carotid occlusion
and in patients with vulnerable or progressive carotid atherosclerotic lesions. Surprisingly,
in our study, the univariable analysis did not find significantly higher levels of IL-6 in
patients diagnosed with plaque progression at 5 years. This is explained by the fact

that plaques causing a higher grade of stenosis are less likely to progress.3 Indeed, we
report a 73% decrease in the probability of plaque progression per standard deviation
increase in the ipsilateral baseline stenosis severity score. After adjusting for the ipsilateral
baseline grade of stenosis, the significant association between IL-6 and carotid plaque
progression became apparent. The inverse relationship between plaque vulnerability and
plaque progression is another intriguing finding that warrants further investigations. It
suggests that vulnerable plaques are less likely to progress because of a higher risk of
rupture that causes cerebrovascular events and potentially justifies surgery. However, this
hypothesis could not be tested in the absence of information on carotid procedures during
follow-up.

Circ Res. Author manuscript; available in PMC 2023 July 08.
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Limitations

The association of IL-6 with all cardiovascular risk factors reported in this study suggests
that cardiovascular risk factors exert their pro-atherothrombotic effect at least in part by
promoting IL-6-mediated arterial inflammation and remodeling. For instance, previous
studies have shown that lowering blood pressure decreases circulating IL-6 levels3” and that
IL-6 secretion is induced by hyperglycemia, hyperuricemia, and smoking.38-40 Our findings
also suggest that the relationship of IL-6 with stroke risk reported in previous observational
studies*142 might be driven by the formation, progression, and destabilization of carotid
atherosclerotic plaques. This hypothesis warrants further investigation in population-based
cohorts. Furthermore, the conflicting results regarding stroke prevention using various anti-
inflammatory drugs in recent trials34344 support the need for more granular subgroup
analyses by stroke subtypes in future trials. It is possible that drugs targeting the NLRP3-
interleukin 1-interleukin 6-CRP signaling pathway are more efficient for the prevention of
large artery atherosclerosis-related stroke than other stroke subtypes.

Altogether, this study provides new pieces of evidence to suggest a causal relationship
between circulating IL-6 levels and carotid plaque severity, vulnerability, and progression
according to Bradford-Hill criteria.*® It shows that the association between circulating IL-6
levels and carotid plaque vulnerability and progression is strong (criterion 1) given the 12%
and 24% increase in the odds per standard deviation increase in log IL-6. The association
is also specific (criterion 3) and displays a linear dose-response gradient (criterion 5).
Indeed, the association is independent of all known risk factors of atherosclerosis even
after restricting the analysis to participants without history of cardiovascular disease and
the association is unlikely to be offset by an unobserved confounder. When considering

the computed E-values, the existence of an unmeasured confounder that would have a
stronger association with plaque vulnerability and plague progression than dyslipidemia
seems unlikely. Additionally, the multivariable logistic regression model using high plasma
IL-6 levels to predict plaque progression correctly classifies >70% of the participants. The
other causality criteria could be inferred from previous publications, notably consistency
(criterion 2),%6-49 temporality (criterion 4),14:46 plausibility and coherence (criteria 6 and
7).12 Furthermore, experimental studies in humans and animals have shown that inhibition
of the IL-6 signaling pathway decreases the progression of systemic atherosclerotic disease
and prevents cardiovascular events (criterion 8) 40, Therefore, by analogy (criterion 9),
one could hypothesize that the same would be true when looking specifically at carotid
plaques in humans. Further experimental evidence could come from the Colchicine for
Prevention of Vascular Inflammation in Non-cardio Embolic Stroke trial (CONVINCE,
NCT02898610) and the Research Study to Look at How Ziltivekimab Works Compared to
Placebo in People with Cardiovascular Disease, Chronic Kidney Disease, and Inflammation
(ZEUS, NCT05021835).

Our study has some limitations. First, despite the large sample size, the study population
was restricted to elderly patients, which means that our results may not be generalizable to
the entire population. However, patients aged >65 years old are likely the most relevant
subgroup for the study of predictors of carotid atherosclerosis across the spectrum of
stenosis severity given the relatively low prevalence of moderate and severe stenosis in
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Conclusion

younger adults.> Second, we could not incorporate information on whether participants
underwent carotid revascularization procedures between baseline and 5-year follow-up
ultrasound examinations. This might have led to underestimation of the number of
participants with plaque progression and reduced statistical power for the multivariable
logistic regression analysis. Nevertheless, we believe the number of participants undergoing
surgical revascularization would only represent a small percentage of the study population
comprised mostly of healthy and asymptomatic individuals. Furthermore, the procedures
performed to adjust for optimism, especially bootstrapping, suggest that our results would
not be affected by fluctuations in the number of patients diagnosed with plaque progression
at 5 years. The absence of information on carotid procedures during follow-up also
precluded a reliable investigation of the relationship between circulating IL-6 levels and
plaque regression. Third, it was not possible to incorporate data on the occurrence of
cerebrovascular events during follow-up in this study to also investigate the relationship of
circulating IL-6 with stroke risk and test the hypothesis that the risk is mediated through
carotid atherosclerosis. Nevertheless, the association between circulating I1L-6 levels and
the risk of stroke is already well-established from previous population-based studies.#1:42
Fourth, our analyses were not adjusted for the concurrent presence of conditions that could
affect IL-6 levels either at baseline or during follow-up. However, patients with cancer
were excluded from the CHS and all multivariable models were adjusted for CRP levels
and treatment with anti-inflammatory drugs that are surrogate indicators of conditions such
as infection, cancer, or auto-immune diseases that modulate IL-6 secretion. Moreover, we
computed E-values to demonstrate that unmeasured confounders are likely not able to offset
the reported associations. Fifth, our model for plaque progression at 5-years is based on a
single measurement of IL-6 levels at baseline which may not reflect fluctuations of 1L-6
levels during follow-up. Nevertheless, available evidence suggest that IL-6 levels are largely
genetically determined, and the population variance of IL-6 might be explained mostly by
inter-personal rather than intra-personal fluctuations.’”>2 Last, the proportion of patients
treated with statins in the CHS was low. Given that statins also have anti-inflammatory
properties, further studies are needed to determine their effect on the relationship between
circulating IL-6 levels and carotid plaque features.

This study provides new evidence for a causal relationship between circulating levels

of IL-6 and three key features of high-risk carotid atherosclerosis: severity of stenosis,
baseline plaque vulnerability, and long-term plaque progression. It also defines a threshold
of 2.0 pg/mL to identify individuals with a higher probability of plaque vulnerability and
progression. This threshold could be used to select patients who might derive greater stroke
prevention benefits from anti-1L-6 drugs in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE
What is known?

. Interleukin-6 (IL-6) has important roles in atherosclerosis pathophysiology as
demonstrated by clinical, experimental, and genetic studies but its relationship
with carotid plaque severity and vulnerability has never been established.

. Results of the Canakinumab Antiinflammatory Thrombosis Outcome Study
suggest that the atheroprotective effect of anti-inflammatory drugs is mediated
by the reduction of IL-6 levels.

. Several trials have demonstrated the safety and efficacy of anti-cytokine drugs
for cardiovascular prevention but their relevance for the specific prevention of
carotid atherosclerosis-related stroke remains unclear and there is no validated
cut-off to facilitate the use of IL-6 as a biomarker for clinical decision
making.

What new information does this article contribute?

. There is an independent linear relationship of circulating interleukin-6 with
carotid plaque severity, vulnerability, and progression.

. Inflammation is a major contributor to the risk of plague progression
independent of dyslipidemia and other cardiovascular risk factors.

. The non-arbitrary risk-informed cut-off (2.0 pg/mL) allows the
dichotomization of circulating IL-6 levels and their use in clinical
prediction models without log transformation and without loss of predictive
performance.

While IL-6 is an established independent predictor of stroke, current stroke prevention
strategies focus on controlling cardiovascular risk factors and reducing circulating levels
of cholesterol. The relevance of anti-cytokine therapies for the prevention of carotid
atherosclerosis-related stroke remains unclear. To determine if anti-1L-6 drugs could be
utilized in stroke prevention in patients with carotid atherosclerosis, the relationship
between IL-6 levels and high-risk plaque features associated with stroke risk were
examined. This is the first large population-based study that concurrently demonstrates
the independent linear relationship of baseline IL-6 levels with carotid plaque severity,
vulnerability, and progression and identifies a specific cut-off value.
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Figure 1: Relationship of IL-6 with cardiovascular risk factors
Panels illustrate the comparison of mean log IL-6 across categories of sex (A),

hyperuricemia (B), atrial fibrillation (C), hypertension (D), diabetes mellitus (E),
dyslipidemia (F), smoking status (G), coronary artery disease (H), and peripheral artery
disease (I). The prevalence of each cardiovascular risk factor is available in Supplementary
Table S1. Counts are provided when they cannot be derived from the table. All p-values
are derived from unadjusted two-sample Student t tests. Violin plots are available in
Supplementary Figure S6.
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Figure 2: Relationship of IL-6 with the grade of carotid stenosis

Presence of echolucent plaque at baseline

A: Univariable linear regression of log IL-6 over the baseline carotid stenosis score (p =
0.08, p-value of the t test for significance of the coefficient p=1.6 x 10714).
B: Distribution of log IL-6 across categories of stenosis severity. All p-values are derived

from unadjusted two-sample Student t tests.

C: Comparison of mean log IL-6 in patients with versus without markedly irregular or
ulcerated carotid plaques. The p-value is derived from an unadjusted two-sample Student t

test.

D: Comparison of mean log IL-6 in patients with versus without echolucent carotid plaques.

The p-value is derived from an unadjusted two-sample Student t test.

Panels B-D are also presented as violin plots in Supplementary Figure S7.
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Figure 3: Linear relationship of IL-6 with the probability of carotid plaque vulnerability and
progression
The curves are derived from the optimism-adjusted multivariable logistic regression models

reported in Tables 2 and 3.

Circ Res. Author manuscript; available in PMC 2023 July 08.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kamtchum-Tatuene et al.

Optimism-adjusted performance parameters ,/'
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Figure 4: Calibration plots for the logistic regression models to predict plaque vulnerability and

plaque progression

E:O = ratio of expected and observed probabilities
CITL = Calibration-in-the-large indicates whether predictions are systematically too low
(CITL>0) or systematically too high (CITL<O0).

AUC = Area under the receiver operating characteristic curve
The 45° reference line represents the line of perfect agreement between the model and the
data (equality of observed and predicted probabilities). The groups are created using deciles
of risk as cut points (10 risks groups). The Locally Weighted Scatterplot Smoothing (lowess)
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is the smoothed calibration line across individuals displayed on the bar graph at the bottom
of each plot.

Optimism-adjusted performance parameters are obtained after applying a bootstrap
shrinkage factor derived from an internal validation process with 100 bootstrap samples.
A: Calibration plot for the logistic regression model to predict plaque vulnerability

B: Calibration plot for the logistic regression model to predict plaque progression
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Multivariable linear regression model for the association of IL-6 with carotid plaque severity at baseline

Table 1:

Independent variables [ 95% ClI p-value p2t
Log IL-6 0.09 0.03-0.14 1.3x1073 0.08
Age 0.02 0.02-0.03 9.8x 10713 [ 0.02
Male 0.11 0.05-0.18 55x 1074 0.14
Black (African American) | -0.21 | (-0.29) - (-0.13) | 54 x 1077 | -0.20
Hypertension 0.16 0.10-0.22 1.5x 1076 0.17
Diabetes mellitus 011 0.02-0.20 2.0x 1072 0.07
Dyslipidemia 0.24 0.13-0.35 2.3x 1075 0.24
Current smoker 0.32 0.22-0.42 2.1x 10710 0.33
Hyperuricemia 0.10 0.01-0.18 3.2x 1072 0.06
Coronary heart disease 0.16 0.07-0.25 7.0 x 1074 0.13
Peripheral artery disease 0.31 0.10-0.51 2.9x1073 0.33
Prior stroke or TIA 0.20 0.05-0.35 7.3x1073 0.22
Intercept -0.94 | (-1.41)-(-0.48) | 7.9x105 | -0.81

IL-6: interleukin-6; NA: not applicable; TIA: transient ischemic attack.

*
Non-standardized coefficients (linked to change in stenosis severity score per 1 unit increase)

fStandardized coefficients (linked to change in stenosis severity score per 1 standard deviation increase)

Page 22

Treatment with antiplatelet drugs (p=0.85), atrial fibrillation, cystatin-based glomerular filtration rate, alcohol consumption, body mass index, log
C-Reactive Protein, treatment with anti-inflammatory drugs (p=0.06) were consecutively removed from the model automatically due to coefficients

with p-value >0.05.

Fisher F test for significance of the model: F = 24.1, df =12, p =6 x 10722, Maximum Cook distance = 0.03. Maximum variance inflation factor =

1.15.

The p values for significance of the regression coefficients were determined by a t-test.
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Table 2:
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Multivariable logistic regression model for the association of IL-6 with carotid plaque vulnerability at baseline

Independent variables OR1 (95% CI) * p-value or2T | oR3 (95% CI) ¥
Log IL-6 1.21(1.05-1.40) | 7.4x103 | 112 | 1.18(1.05-1.33)
Male 1.22(1.02-1.44) | 3.1x1072 1.10 1.18(1.01-1.37)
Dyslipidemia 155(1.11-217) | 1.0x102 | 113 | 1.45(1.09-1.92)
Hyperuricemia 1.36 (1.09-1.70) | 59x 1073 1.12 1.30 (1.07 - 1.56)
Intercept (baseline odds) | 0.26 (0.19-0.37) | 3.5x 10715 NA 0.49 (0.36 — 0.70)

IL-6: interleukin-6; NA: not applicable.

*
Non-standardized odds ratio (linked to change in odds per 1 unit increase)

7‘Standardized odds ratio (linked to change in odds per 1 standard deviation increase)

fOptimism—adjusted odds ratio using the heuristic shrinkage method.

Coronary heart disease (p=0.94), diabetes mellitus, race, history of stroke or transient ischemic attack, log C-reactive protein, cystatin-based
glomerular filtration rate, atrial fibrillation, alcohol consumption, age, treatment with anti-inflammatory drugs, hypertension, peripheral artery
disease, treatment with antiplatelet drugs, body mass index, smoking status (p=0.08) were consecutively removed from the model automatically due
to coefficients with p-value >0.05.

Likelihood ratio chi-squared test for significance of the model: X2 =37.3,df=4,p=16 x10~7. Area under the Receiver Operating Characteristic

curve = 0.57. Count R2 = 67%. Proportion of patients correctly classified = 66%. Maximum Cook distance = 0.03. Maximum variance inflation

factor = 1.09.

The p values for significance of the odds ratios were determined by a Wald test.
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Table 3:
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Multivariable logistic regression model for the association of IL-6 with carotid plaque progression at 5 years

Independent variables ORI (95% CI) * p-value or2t | or3 (95% CI) ¥
Log IL-6 1.44(1.23-169) | 9.1x10 | 124 | 1.34(1.18-1.53)
Current smoker 1.64(1.20-2.25) | 1.6x103 | 1.16 | 1.50(1.16-1.93)
Dyslipidemia 2.32(1.64-3.30) | 23x10°% | 1.26 | 1.98 (1.50 - 2.63)
Diabetes mellitus 1.46 (1.09-1.95) | 1.1x102 | 1.13 | 1.36 (1.07-1.72)
Hypertension 1.37(1.12-1.66) | 15x108 | 117 | 1.29(1.10-1.51)
Coronary heart disease 1.37(1.03-1.83) | 3.0x1072 112 1.29(1.03 - 1.63)
Male 1.28(1.05-156) | 13x102 | 113 | 1.22(1.04-1.43)
Age (years) 1.03(1.01-1.05) | 64x107% | 1.14 | 1.02(1.01-1.04)
Vulnerability at baseline (ipsilateral) 0.77 (0.61-0.97) | 2.0x1072 0.89 0.81 (0.67 - 0.97)
Stenosis score at baseline (ipsilateral) | 0.24 (0.21-0.28) | 1.7 x 10792 0.27 0.32 (0.28 - 0.35)
Intercept (baseline odds) 0.08 (0.02-0.37) | 9.8x10™ NA 0.52 (0.13-2.41)

IL-6: interleukin-6; NA: not applicable.

*
Non-standardized odds ratio (linked to change in odds per 1 unit increase)

fStandardized odds ratio (linked to change in odds per 1 standard deviation increase)

’tOptimism-adjusted odds ratio using the heuristic shrinkage method.

The first interaction term (Log IL-6 # ipsilateral vulnerability at baseline, p = 0.99), atrial fibrillation, treatment with anti-inflammatory drugs, race,
history of stroke or transient ischemic attack, alcohol consumption, the second interaction term (Log IL-6 # ipsilateral baseline stenosis score),
body mass index, log C-reactive protein, treatment with antiplatelet drugs, peripheral artery disease, hyperuricemia, and cystatin-based glomerular

filtration rate (p=0.06) were consecutively removed from the model automatically due to coefficients with p-value >0.05.

Likelihood ratio chi-squared test for significance of the model: XZ =712.2,df=10,p=1.5x 107146 Area under the Receiver Operating

Characteristic curve = 0.80. Count R = 73%. Proportion of patients correctly classified = 73.4%. Maximum Cook distance = 0.07. Maximum

variance inflation factor = 1.15.

The p values for significance of the odds ratios were determined by a Wald test.
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