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Abstract

Background: Recent randomised trials showed benefit for anti-inflammatory therapies in coronary disease but exclud-
ed stroke. The prognostic value of blood inflammatory markers after stroke is uncertain and guidelines do not recom-
mend their routine measurement for risk stratification.

Methods: We performed a systematic review and meta-analysis of studies investigating the association of C-reactive
protein (CRP), interleukin-6 (IL-6) and fibrinogen and risk of recurrent stroke or major vascular events (MVEs). We
searched EMBASE and Ovid Medline until 10/1/19. Random-effects meta-analysis was performed for studies reporting
comparable effect measures.

Results: Of 2,515 reports identified, 39 met eligibility criteria (IL-6, n= 10; CRP, n = 33; fibrinogen, n = 16). An asso-
ciation with recurrent stroke was reported in 12/26 studies (CRP), 2/11 (fibrinogen) and 3/6 (IL-6). On random-effects
meta-analysis of comparable studies, CRP was associated with an increased risk of recurrent stroke [pooled hazard ratio
(HR) per | standard-deviation (SD) increase in log.-CRP (I.14, 95% CI 1.06—1.22, p < 0.01)] and MVEs (pooled HR 1.21,
Cl 1.10-1.34, p<0.01). Fibrinogen was also associated with recurrent stroke (HR 1.26, Cl 1.07-1.47, p <0.01) and
MVEs (HR 1.31,95% CI 1.15-1.49, p < 0.01). Trends were identified for IL-6 for recurrent stroke (HR per [-SD increase
1.17, Cl 0.97-1.41, p=0.10) and MVEs (HR 1.22, Cl 0.96-1.55, p=0.10).

Conclusion: Despite evidence suggesting an association between inflammatory markers and post-stroke vascular
recurrence, substantial methodological heterogeneity was apparent between studies. Individual-patient pooled analysis
and standardisation of methods are needed to determine the prognostic role of blood inflammatory markers and to
improve patient selection for randomised trials of inflammatory therapies.
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Introduction

Despite the widespread use of modern secondary pre-
vention therapy, there is a significant residual vascular
risk in ischaemic stroke survivors, with rates of recur-
rent stroke and MVEs of 25-30% at Syears." There is
an urgent need for new therapeutic targets to reduce
this residual risk after stroke.

Inflammation has a central role in atherosclerosis
pathogenesis, stroke, and coronary events.>* Plaque
inflammation imaged by positron emission tomography
(PET) predicts early recurrent stroke in patients with
symptomatic carotid stenosis.” CRP and fibrinogen
are associated with increased risk of first stroke and cor-
onary events in apparently-healthy individuals.®’
Mendelian randomisation and genetic epidemiological
studies indicate increased risk of first stroke associated
with higher expression of monocyte chemoattractant
protein-1 (MCP-1) and enhanced IL-6 receptor signal-
ling.®? In randomised trials (RCTSs) of patients with cor-
onary disease, the risk of major vascular events was
reduced in patients treated with canakinumab (an inter-
leukin-1p inhibitor) and colchicine (a tubulin inhibitor
with pleotropic anti-inflammatory effects).'® 2

Despite the growing evidence linking inflammation
to vascular risk, the prognostic role of inflammatory
markers after stroke remains unclear. Studies which
have investigated this question have reported contra-
dictory findings and current guidelines do not recom-
mend routine measurement of inflammatory markers
for risk prediction after stroke. Improved data are
needed to guide clinical practice and improve selection
of patients for clinical trials of anti-inflammatory ther-
apy. We performed a systematic review of studies
investigating the association between IL-6, CRP, and
fibrinogen, measured after ischaemic stroke or tran-
sient ischaemic attack (TIA), and the risk of recurrent
stroke and major vascular events.

Patients and methods

Systematic review protocol and manuscript
preparation

The systematic review protocol was published in
advance on PROSPERO (registration number:
CRD42018116190) and the manuscript was written
according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines."?

Search strategy and study eligibility

Eligible studies: 1) Had 50 patients or more with
ischaemic stroke or TIA; 2) Blood samples analysed

for CRP and/or IL-6 and/or fibrinogen, measured
after the index event; 3) Reported associations with
recurrent stroke (ischaemic or haemorrhagic stroke)
or MVEs (defined as any combination of myocardial
infarction, unstable angina, coronary revascularisation,
or vascular death); 4) Included cohort studies, case-
control studies, or observational data taken from
RCTs. Key study exclusion criteria were animal or in
vitro studies, patients <18 years, non-stroke partici-
pants, biomarkers measured prior to event, and other
study designs (crossover studies, cross-sectional stud-
ies, editorials, case reports, review articles, or duplicate
studies).

Without language restrictions, we searched Ovid
Medline (1/1/1946-10/1/2019) and Embase (1/1/1970—
10/1/2019) using a combination of medical subject
headings and free text search terms (web-supplement).
Abstract screening and full text review were performed
independently by 2 reviewers (JM, EO) with disagree-
ments regarding eligibility resolved by consensus with
the participation of a third reviewer (PK).

Assessment of study quality

The Quality In Prognosis Studies (QUIPS) tool was
used to assess the risk of bias of included studies and
was adjudicated by 2 authors (JM, EO)."* QUIPS eval-
uates six domains of potential bias in prognostic
research: (i) study participation; (ii) study attrition;
(iii) prognostic factor measurement; (iv) confounder
measurement; (v) outcome measurement; (vi) analy-
sis/reporting. Additionally we ascertained whether 9
specific measures of methodological quality were pre-
sent: (i) reference to the presence of any study protocol;
(ii) prior publication of a biomarker protocol; (iii)
assay specified; (iv) blinded biomarker measurement;
(v) blinded outcome assessment; (vi) outcome explicitly
defined; (vii) screening for infection/inflammatory con-
ditions; (viii/ix) measurement and adjustment of car-
diovascular risk factors (age, smoking, diabetes
mellitus, lipids/statin therapy, blood pressure, obesity).

Data extraction

Details of the data extraction protocol are provided in
the web-supplement. Briefly, data extraction was per-
formed by 2 reviewers (JM, EO) using a standardized
template. All measures of association between inflam-
matory markers and outcome were recorded (eg. odds
ratio (OR), hazard ratio (HR), mean/median differen-
ces between marker levels in groups with/without the
specified outcome event). Where multiple effect esti-
mates were provided, the most adjusted measure of
effect was chosen for the final analysis.



64

European Stroke Journal 6(1)

Statistical analyses

Baseline study characteristics were summarized using
mean/SD or median/interquartile range (IQR). Forest
plots were used to visually summarize study effect esti-
mates and their corresponding 95% Cls, for each bio-
marker and each pre-specified outcome. A pooled
meta-analysis using a random effects model'® was
restricted to studies reporting homogenous effect meas-
ures in accordance with best-practice recommenda-
tions.'®!” Between-study heterogeneity was assessed
by the I? statistic.'® We investigated for small study
effects and publication bias using contour-enhanced
funnel plots and tested for the presence of funnel plot
asymmetry using Egger’s test where appropriate.'®*°
STATA 15.0 (StataCorp, College Station, TX) soft-
ware was used for statistical analyses. A p value
<0.05 was considered significant.

Results

Search results

The original search identified 2,515 non-duplicate
records. After title and abstract screening, 130 studies
were selected for full text review. Thirty-nine articles
met eligibility criteria (37 individual study cohorts).
There were 33 reports from 30 studies for CRP,*'>*
14 reports from 16 studies for fibrinogen®'=3¢3%42-

447.54°58 and 10 studies for IL-6 (Figure 1).2"2%37
40,43,47,48,59

Quality assessment

Using the QUIPS tool, study attrition, study confound-
ing and outcome assessment were the 3 most frequently
identified domains for risk of bias [Supplementary
Figure 1(a-c)]. The 9 studies included in the pooled
analysis had a lower risk of bias across most domains
when compared with studies in the narrative synthesis.
Only one study was deemed a high risk of bias in 2
domains [Supplementary Table 1]. The methodological
quality assessment found that most studies did not
publish a study protocol, screen for infectious/inflam-
matory conditions, specify blinded outcome adjudica-
tion or measure/adjust for all cardiovascular risk
factors [Supplementary Figure 2(a-c)].

CRP and risk of recurrent stroke and vascular events

The search identified 30 studies for CRP with 25,363
patients (Supplementary Table 2). Where stated, CRP
measurement was in the acute phase (0-14 days after
the index event) in 61% of studies and in the subacute
or convalescent phase in 39%. 12 studies explicitly
stated that participants were screened for

infectious/inflammatory  conditions.  There  was
marked variability in the definition of CRP exposure
across studies, including risk analysed per increase in
standard deviation, per tertile/quartile/decile, per mea-
sured unit (mg/dL) or by arbitrary cut-points on log-
transformed and untransformed scales [Supplementary
Figure 3(a-b), Supplementary Table 3]. Only 6/30 stud-
ies adjusted for all pre-specified vascular risk factors.

The association of CRP with recurrent stroke was
reported in 26 studies, of which 12 (46%) described a
positive association. A meta-analysis was limited to 5
studies (7,284 patients) which uniformly analyzed the
risk of recurrent stroke per 1-SD rise in loge-
CRP.2%29324448 Uging a random-effects model, the
pooled HR of recurrent stroke per 1-SD rise in log.-
CRP was 1.14 [95% CI 1.06-1.22, p<0.01; Figure 2
(a)], with low heterogeneity (I =0%).

The association of CRP with recurrent MVEs was
reported in 17 studies, of which 10 (59%) reported a
positive association. Due to heterogeneity in CRP
measures between studies, meta-analysis was confined
to 4 studies (3,633 patients) that reported risk per SD
rise in log.-CRP.?*324>% The HR of MVEs per 1-SD
increase in log.-CRP was 1.21 [95% CI 1.10-1.34,
p<0.01; Figure 2(b)], with low heterogeneity
(I’ =10.5%).

Fibrinogen and risk of recurrent stroke and
vascular events

There were 16 studies for fibrinogen (n=12,961
patients, Supplementary Table 4). Thirty-eight percent
of studies measured fibrinogen in the acute phase after
the index event and in the subacute or convalescent
phase in the remainder. Just 2 studies screened for
infectious/inflammatory conditions. There was also a
marked variability in the definition of fibrinogen expo-
sure and measures of association reported across stud-
ies [Supplementary Figure 4(a-b), Supplementary Table
5]). Only 1 study fully adjusted for all vascular risk
factors.

The association between fibrinogen and recurrent
stroke was reported in 11 studies, of which 2 reported
a positive association. A pooled analysis was restricted
to 4 studies (n=16,995) which reported risk of supra-
median versus sub-median fibrinogen**>” The pooled
HR of recurrent stroke associated with elevated fibrin-
ogen was 1.26 (95% CI 1.07-1.47, p <0.01; Figure 3),
without statistical heterogeneity (I =0%).

Five of the 10 studies investigating fibrinogen and
risk of MVEs reported a positive association. A meta-
analysis was possible for 3 comparable studies which
reported HRs for supra- versus sub-median fibrinogen.
This analysis was previously published by Rothwell
et al. and reported increased risk of MVEs with
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Ovid Medline (1946-January 2019), Embase (1970-2019), Conference proceedings
(2008-2019) and references of selected articles

Y

Records after duplicates removed

(n=2515)
v
Title and abstract
screening
Full-text articles excluded
(n=91)
Y
Full-text articles R_easons for explusion:
screening N D!d not relate biomarker
(n=130) with outcome (n=55)
. Duplication of study data (n=16)
. Non-stroke population (n=10)
v . Reviews (n=7)
Editorials (n=2)
Articles meeting Cross-sectional studies (n=1)
eligibility criteria
(n=39)
Studies for Studies for Articles for
CRP (narrative Fibrinogen IL-6
synthesis; (narrative (narrative
n=33) synthesis synthesis
n=16) n=10)

Studies for Studies for Studies for Studies for Studies for
CRP (Pooled CRP (Pooled Fibrinogen IL-6 (Pooled IL-6 (Pooled
analysis; analysis; (Pooled analysis; analysis;
recurrent vascular analysis; recurrent vascular
stroke, n=5) events, n=4) recurrent stroke, stroke, n=2) events, n=2)

n=4)

Figure 1. PRISMA Flowchart for the selection of eligible articles.

elevated fibrinogen (HR 1.31, 95% CI 1.15-1.49,
p<0.01, I’=0%).%” We independently repeated this
analysis and found identical results.

IL-6 And risk of recurrent stroke and vascular events

Ten studies were identified for IL-6 (n=7,934,
Supplementary Table 6) with marked variability in def-
initions of IL-6 exposure, timing of phlebotomy, screen-
ing for infection and measures of association

[Supplementary Figure 5(a-b), Supplementary Table
7]. Three of six studies reported a positive association
with recurrent stroke. Only | study fully adjusted for all
vascular risk factors. Due to varying methodology, only
two comparable studies (n =1,913) were meta-analysed
which analysed risk per 1-SD rise in log.-IL-6.4%>. A
non-significant statistical trend was identified for the
association between IL-6 and recurrent stroke (HR
per 1-SD increase 1.17 [95% CI 0.97-1.41, p=0.10;
Figure 4(a)] with moderate heterogeneity (I> =49.4%).
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Of 7 studies which reported the association of IL-6
with MVEs, 5 reported a positive association. Meta-
analysis was again restricted to 2 comparable studies
(n=1,913).**> A non-significant trend was identified
for the association of IL-6 with MVEs [pooled HR
1.22, 95% CI 0.96-1.55, p=0.10; Figure 4(b)], with
considerable statistical heterogeneity (I>=76.3%).

Small study effects

There was evidence of funnel-plot asymmetry for out-
comes of recurrent stroke (Egger’s p <0.01) and MVEs
(Egger’s p<0.01) for CRP, indicating possible publi-
cation bias. Asymmetry was also apparent on funnel-
plot inspection of fibrinogen studies, but statistical
assessment was not possible due to few available stud-
ies [Supplementary Figure 6(a-d)]. Funnel-plot analysis
was not possible for IL-6 due to the small number of
studies.

Discussion

Atherosclerotic inflammation has emerged as a thera-
peutic target for prevention of coronary events and
stroke. The central inflammatory pathway in

atherosclerotic plaque development involves upstream
interleukin-15 (IL-1p) activation by the NOD-like
receptor family pyrin domain-containing 3 (NLRP3)
inflammasome in response to cholesterol crystal depo-
sition and other pro-inflammatory stimuli. The pleio-
tropic cytokine IL-6 is expressed by T-cells and
monocyte-macrophages in response to IL-1f, and has
multiple pro-atherogenic and pro-inflammatory effects
including hepatocyte production of CRP and fibrino-
gen.®*®! To inform the design of randomised trials of
anti-inflammatory therapies for secondary prevention
after stroke, robust data on inflammatory biomarkers
are needed.

In this context, we report the first systematic review
and meta-analysis to investigate the association of IL-
6, fibrinogen and CRP and vascular recurrence after
stroke. Our study provides new data in several ways:
First, we found important variability in methodological
aspects such as inclusion of patients with severe stroke
or other confounding pro-inflammatory diseases,
adjustment for confounders, and definition of exposure
variables. This variability limits the interpretation of
the available evidence and indicates that greater stand-
ardisation should be a priority in the design and report-
ing of future studies.'® Second, on pooled analysis of
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the sub-set of comparable studies we found that each
SD increase in log.-CRP was associated with a one-
fifth increase in risk of future major vascular events
in stroke survivors. These findings were consistent
across studies, without evidence of heterogeneity.
Based on individual-participant data available, 1-SD
rise in log.-CRP corresponds to an approximate four-
fold difference in mg/L on the original scale of CRP
measurement. Although caution is needed due to the
unavoidable selection of a sub-group of available stud-
ies, the results are biologically-plausible and consistent
with those reported for patients with coronary disease.®

Third, similar results were found for fibrinogen,
where pooled risks were increased by 26% (recurrent
stroke) and 31% (all vascular events) when patients
with supra- versus sub-median levels were compared.
This finding is consistent with other data showing an
association of fibrinogen with risk of first stroke and
coronary events.” Fourth, although only 2 studies
could be pooled, analysis for IL-6 also showed non-
significant but consistent directions of association for
both recurrent stroke and MVEs. Overall, the available
data suggested a consistent pattern of increased vascu-
lar risk in stroke patients with elevated blood inflam-
matory markers.

Our findings add to other evidence suggesting that
atherosclerotic inflammation is an independent risk
factor for ischaemic vascular events. In epidemiological
studies, CRP, fibrinogen and MCP-1 are associated
with first stroke.®® Genetic variants predisposing to
higher MCP-1 levels are associated with increased
stroke risk, whilst genetic predisposition to reduced
IL-6 receptor signalling is protective against stroke
and coronary events.®”% In PET-imaging studies,
carotid plaque 18-fluorodeoxyglucose (‘*F-FDG)
uptake predicts early recurrent stroke, independent of
stenosis severity.” In randomised placebo-controlled
trials, IL-1f inhibition with canakinumab and tubu-
lin/NLRP3 inhibition with colchicine reduce recurrent
events in patients with coronary disease.'*!?

Strengths of our study are its comprehensiveness,
use of recommended methods for systematic reviews
of observational studies, and assessment of key inflam-
matory biomarkers which are most likely to have utility
in randomised trials and clinical practice. Due to var-
iability in the definition of exposure variables, we delib-
erately restricted pooled analysis to a sub-set of
comparable studies, which allows valid interpretation
of these results.

We acknowledge several limitations. We cannot
exclude the possibility of selection bias in studies
included for pooled analyses. Because individual
patient data were unavailable, pooled risk estimates
were not fully adjusted for all possible confounding
variables. As with all systematic reviews, the

methodological quality of included studies and possi-
bility of publication bias need to be considered in the
interpretation of our findings. Our selection of studies
for pooled analysis based on exposure variables defined
as continuous measures was not pre-specified.
However, we believe that this approach is appropriate,
as analysis on continuous scales is recommended in
prognostic research.'®

Conclusion

Our review provides new evidence suggesting that
inflammation is associated with increased risk of
future vascular events in stroke patients. An
individual-participant data meta-analysis is needed to
determine whether an association remains after adjust-
ment for residual confounding, and to address other
knowledge gaps such as optimal choice of biomarker,
relationship with stroke subtypes, optimal timing of
measurement, and impact of important factors such
as infarct volume and stroke severity. Our findings sup-
port the rationale for randomised trials of anti-
inflammatory therapies after stroke. One such trial,
CONVINCE (ClinicalTrials.gov Identifier:
NCT02898610) is currently investigating low-dose col-
chicine after ischaemic stroke or TIA.
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