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BACKGROUND: Inflammation is proposed to be involved in the pathogenesis of poststroke cognitive impairment. The aim of this
study was to investigate associations between concentrations of systemic inflammatory biomarkers after ischemic stroke
and poststroke cognitive impairment.

METHODS: The Nor-COAST study (Norwegian Cognitive Impairment After Stroke) is a prospective observational multicenter
cohort study, including patients hospitalized with acute stroke between 2015 and 2017. Inflammatory biomarkers, including
the TCC (terminal C5b-9 complement complex) and 20 cytokines, were analyzed in plasma, collected at baseline, 3-, and 18
months poststroke, using ELISA and a multiplex assay. Global cognitive outcome was assessed with the Montreal Cognitive
Assessment (MoCA) scale. We investigated the associations between plasma inflammatory biomarkers at baseline and
MoCA score at 3-, 18-, and 36-month follow-ups; the associations between inflammatory biomarkers at 3 months and MoCA
score at 18- and 36-month follow-ups; and the association between these biomarkers at 18 months and MoCA score at
36-month follow-up. We used mixed linear regression adjusted for age and sex.

RESULTS: We included 455 survivors of ischemic stroke. Higher concentrations of 7 baseline biomarkers were significantly
associated with lower MoCA score at 36 months; TCC, IL (interleukin)-6, and MIP (macrophage inflammatory protein)-1a
were associated with MoCA at 3, 18, and 36 months (/<0.01). No biomarker at 3 months was significantly associated with
MoCA score at either 18 or 36 months, whereas higher concentrations of 3 biomarkers at 18 months were associated with
lower MoCA score at 36 months (P<0.01). TCC at baseline and IL-6 and MIP-1a. measured both at baseline and 18 months
were particularly strongly associated with MoCA (F<0.01).

CONCLUSIONS: Higher concentrations of plasma inflammatory biomarkers were associated with lower MoCA scores up to 36
months poststroke. This was most pronounced for inflammatory biomarkers measured in the acute phase following stroke.
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Nonstandard Abbreviations and Acronyms

bFGF basic fibroblast growth factor

C3 complement component 3

G-CSF granulocyte colony-stimulating factor

IFN interferon

IL interleukin

IP-10 interferon-gamma inducible protein 10

MCP-1 monocyte chemotactic protein 1

MIP macrophage inflammatory protein

MoCA Montreal Cognitive Assessment

mRS modified Rankin Scale

NCD neurocognitive disorder

NIHSS National Institutes of Health Stroke
Scale

Nor-COAST Norwegian Cognitive Impairment After
Stroke

PSCI poststroke cognitive impairment

TCC terminal Cbb-9 complement complex

TNF tumor necrosis factor

TOAST Trial of ORG 10172 in Acute Stroke

Treatment

stroke survivors.'? Although the risk is highest within
the first-year poststroke, the risk of incident demen-
tia remains increased several years after a stroke’3*
One hypothesis is that acute ischemic stroke may trig-
ger a degenerative process that causes dementia and is
thought to involve neuroinflammation.®
Inflammation is a risk factor and a consequence of
stroke.® Acute stroke induces an inflammatory process,
locally in the brain as well as systemically.® Chronic low-
grade inflammation is associated with stroke, risk factors
of stroke (including atherosclerosis, age, and obesity),
and with neurodegeneration.®"'? Potential strategies for
attenuating inflammation to prevent cerebrovascular
damage have been launched,” and in animal models, anti-
inflammatory approaches have reduced neuronal injury.®
If we can strengthen the hypothesis of inflammation
involved in poststroke cognitive impairment (PSCI), there
may be a potential for anti-inflammatory medications for
cognitive preservation after stroke in the future.
Cytokines secreted from immune cells systemically
and in the central nervous system act as inflammatory bio-
markers. TNF (tumor necrosis factor), IL (interleukin)-1p,
IL-6, and IFN (interferon)-y are most studied in stroke.®'3
Additionally, the complement system reacts early to isch-
emia and upregulates the inflammatory response.’ Prior
studies have investigated selections of cytokines and
found associations between higher systemic concen-
trations of IL-1p, IL-6, IL-8, IL-10, and IL-12 and poorer
cognitive outcomes on various tests.'®'® However, to the

COgnitive impairment is reported in about 50% of

1304  May 2023

Inflammatory Biomarkers Associated With PSCI

best of our knowledge, the complement cascade has not
been studied in this context. Larger prospective studies
exploring a more comprehensive set of inflammatory bio-
markers at repeated time points and with longer follow-
up times that can evaluate delayed PSCI are lacking. In
the present substudy of the Nor-COAST study (Norwe-
gian Cognitive Impairment After Stroke), we explored
whether acute and chronic systemic inflammation, mea-
sured by complement activation and a broad spectrum of
cytokines were associated with global cognitive impair-
ment up to 36 months poststroke.

METHODS

The study data are available from the corresponding author
upon a reasonable request.

The Nor-COAST study is a prospective observational cohort
study including patients hospitalized in 5 stroke units with
acute stroke from May 2015 through March 2017 Inclusion
criteria were hospitalization with acute ischemic or hemor-
rhagic stroke within 1 week of symptom onset, fluency in a
Scandinavian language, age >18 years, and living in the catch-
ment area for the recruiting hospitals.'® Exclusion criterion was
expected survival <3 months.'® The participants in this substudy
fulfilled 3 additional criteria: (1) having experienced ischemic
stroke; (2) blood samples collected for biobank at baseline, 3,
or 18 months; and (3) cognitive assessment at 3, 18, or 36
months. Participation was voluntary, and eligible patients signed
an informed consent. Patients unable to write consented orally,
and those unable to give their informed consent were included
if their next of kin gave oral consent. The main study and this
substudy are both approved by the Regional Committee for
Medical and Health Research Ethics in Norway (2015/171/
REK nord; 2021/242042/REK nord).

Information regarding stroke characteristics, acute treat-
ment, and infection as a complication was collected during
the index hospital admission. Demographic data were based
on medical records and interviews with patients or caregiv-
ers. Prestroke cognitive impairment was assessed by study
nurses through interviews with caregivers using the Global
Deterioration Scale.?® The National Institutes of Health Stroke
Scale (NIHSS) was used to measure stroke severity?" and
modified Rankin Scale (mRS) for global function.?? Cognitive
assessment, a 30-minute neuropsychological test battery
based on the National Institute of Neurological Disorders and
Stroke—Canadian Stroke Network Harmonization Standards,?®
was performed at the outpatient clinics after 3, 18, and 36
months. Participants unable to attend in person were assessed
by telephone interview. Montreal Cognitive Assessment (MoCA)
score was used as a measure of global cognitive function.24-26
In additional analyses, cognitive outcome was classified as nor-
mal cognition, mild, and major neurocognitive disorder (NCD), in
accordance with the bth edition of the Diagnostic and Statistical
Manual of Mental Disorders, as described elsewhere.?

Blood samples were collected during the acute hospital
stay and at 3- and 18-month follow-ups. Among 737 par-
ticipants with ischemic stroke, 197 lacked biobanking, due
mainly to logistical challenges. Blood samples at baseline were
obtained at median 4 days (interquartile range, 3—6 days) after

Stroke. 2023;54:1303-1311. DOI: 10.1161/STROKEAHA.122.041965



€202 ‘6T 4800100 U0 Aq Hio'sfeuino feye/:dny wouy papeojumoq

Sandvig et al

onset of symptoms. A detailed description of the sampling and
preparation of the blood samples until analyzed in the labora-
tory is given in the Supplemental Material?” EDTA plasma sam-
ples were analyzed using a multiplex cytokine assay (Bio-Plex
Human Cytokine 27-Plex Panel; Bio-Rad Laboratories, Inc,
Hercules, CA), according to the manufacturer's instructions and
reported in pg/mL. Biomarkers were excluded if >20% of the
values were not detectable. After excluding 7 biomarkers, 20
biomarkers from the multiplex assay were included in further
analyses: IL-1p, IL-1Ra (IL-1 receptor antagonist), IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-13, IL-174a, eotaxin, bFGF
(basic fibroblast growth factor), G-CSF (granulocyte colony-
stimulating factor), IP (interferon-gamma inducible protein)-10,
MCP (monocyte chemotactic protein)-1, MIP (macrophage
inflammatory protein)-1a, MIP-1p, and TNF. Complement acti-
vation was measured by the TCC (terminal C5b-9 complement
complex) using ELISA, based on a monoclonal antibody (aE11,
RRID: AB_1119839) reacting with C9 only when incorporated
in the TCC, as described in detail previously.?® The results were
reported in complement activation arbitrary units.

Statistics

Acute inflammation was assessed by inflammatory biomark-
ers at baseline, whereas chronic inflammation was assessed
by inflammatory biomarkers 3 and 18 months poststroke.
The associations between inflammatory biomarkers and
MoCA scores were investigated in 3 separate analysis mod-
els: (1) baseline biomarkers and MoCA score at 3, 18, and 36
months; (2) 3-month biomarkers and MoCA score at 18 and
36 months; and (3) 18-month biomarkers and MoCA score at
36 months. We applied mixed linear regression with MoCA sum
as a dependent variable for each inflammatory biomarker. The
covariates were the inflammatory biomarkers, time, the interac-
tion between time and inflammatory biomarkers, and hospital.
The participant was included as a random effect. For models
1 and 2, we included 3 categories of time; for model 3, we
included 2 categories of time. In all models, we performed anal-
yses unadjusted and adjusted for age and sex.

We performed sensitivity analyses adjusted for (1) age,
sex, and NIHSS at day 1; (2) age, sex, and prestroke mRS;
(3) age, sex, and education; (4) age, sex, and TOAST (Trial of
ORG 10172 in Acute Stroke Treatment) classification (cause);
and (B) age, sex and Oxfordshire Community Stroke Project
classification (location). As comorbidities may affect both
inflammatory biomarkers and cognition®'? we performed 4
sets of subgroup analyses where we excluded the following
participants: (1) with prestroke cognitive impairment defined as
Global Deterioration Scale score >3%; (2) participants treated
with antibiotics during the index hospital stay (model 1); (3)
participants given antibiotics during the index hospital stay or
CRP (C-reactive protein)>10 at day 1 (model 1); and (4) partic-
ipants reporting any of the following comorbidities at baseline:
prestroke cognitive impairment, current depression, rheumatic
or inflammatory diseases, antibiotic treatment during the index
hospital stay, kidney disease, cancer, alcohol abuse, or liver dis-
ease (model 1). In additional analyses, we used the 3 levels
of NCD as outcome variables in mixed ordinal logistic regres-
sion with the same covariates as the other models, adjusted for
age and sex. Due to multiple analyses, 2-sided A<0.01 were
regarded as representing statistical significance. All analyses
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and graphical plots were performed using STATA 170 (RRID:
SCR_012763).

Complementary information regarding definitions; the
cognitive test battery?'9%; plasma samples; and statistics are
described in the Supplemental Material.

RESULTS

The analyses included 455 participants (Figure 1). Mean
age/SD 72/12 years, 58% men, mean admission NIHSS
score/SD 3.7/4.5, and prestroke mRS score/SD 0.8/1.0
(Table 1). Reasons for participants lost to follow-up are
described in detail in Figure S1. Participants not included
in this substudy and participants lost to follow-up were
older and had higher admittance NIHSS, prestroke mRS,
and discharge mRS scores (Table 1; Figure 1). Mean 3-,
18-, and 36-month MoCA scores/SD were 24.2/4.7,
24.6/4.6, and 25.4/4.5, respectively. Descriptive results
and a correlation matrix of the inflammatory biomarkers
at baseline are presented in Table S1 and Figure S2.

Inflammatory Biomarkers at Baseline

Adjusted for age and sex, higher concentrations of 7
baseline biomarkers were significantly associated with
lower MoCA scores (F<0.01): TCC, IL-6, and MIP-1a. at
3, 18, and 36 months; [L-1Ra at 18 and 36 months; and
TNF, IL-7, and IL-8 at 36 months (Table 2). The predictive
effects of baseline TCC, IL-6, and MIP-1a show differ-
ences of b to 7 points on MoCA scores at 36 months
poststroke for those with the lowest compared with those
with the highest concentrations (Figure 2). When testing
the models with and without the interaction between the
inflammatory biomarkers and time, the models with the
interaction terms were not significantly better for any of
the biomarkers (Table 2). In sensitivity analyses and sub-
group analyses, the results were essentially the same as
those in the main model adjusted for age and sex (Tables
S2 through S10). No clear direction was found for the
effect of acute inflammation as a whole on NCD (Table
S11). However, increased concentrations of TCC were
significantly associated with worse categories of NCD,
which was true for all time categories of NCD (P=0.004,
P<0.001, and P=0.009).

Inflammatory Biomarkers at 3 Months
Poststroke

No biomarker measured at 3 months was associated
with MoCA score or NCD at 18 or 36 months poststroke
when adjusted for age and sex (Tables S12 and S13).
When excluding participants with cognitive impairments
prestroke (Global Deterioration Scale score >3), IL-1Ra
was negatively associated with MoCA scores at 18 and
36 months (P=0.009; P=0.003; Table S14).
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Nor-COAST: n = 815

Mean/SD: Age 74 /12; pre-stroke mRS 1.0/1.2; & NIHSS day 1 3.6/5.0

—P[ Hemorrhagic strokes: n = 78 ]

Ischemic strokes: n = 737

Mean/SD: Age 74 /12; pre-stroke mRS 1.0/SD 1.2; & NIHSS day 1 3.3/4.5

-P[ Missing plasma biomarkers: n = 197 J

Plasma biomarkers at baseline (n = 455), 3 months (n = 333) or 18 months (n = 286): n = 540

Mean/SD: Age 73/12; pre-stroke mRS 1.0/1.1; & NIHSS day 1 3.2/4.2

v

Participants included in the analyses:

MoCA sum 3 months: n =413

Mean/SD: Age 72/12; pre-stroke mRS 0.9/1.0; & NIHSS day 1 2.7/3.5

MoCA sum 18 months: n = 365

Mean/SD: Age 71/11; pre-stroke mRS 0.7/0.9; & NIHSS day 1 2.5/3.5

MoCA sum 36 months: n =251

Mean/SD: Age 69/11; pre-stroke mRS 0.6/0.8; & NIHSS day 1 2.5/3.9

Missing cognitive
assessments: n = 85
Followed up, missing

cognitive assessment: n = 39

NCD status 3 months: n =411

Mean/SD: Age 72/12; pre-stroke mRS 0.8/1.0; & NIHSS day 1 2.7/3.5

Dead: n=18
Refused: n =22
Unavailable:n=6

NCD status 18 months: n = 367

Mean/SD: Age 71/11; pre-stroke mRS 0.7/0.9; & NIHSS day 1 2.6/3.6

NCD status 36 months: n = 255

Mean/SD: Age 69/11; pre-stroke mRS 0.6/0.8; & NIHSS day 1 2.6/3.9

v

Total participants (included in at least one analysis): n =455

Mean/SD: Age 72/12; pre-stroke mRS 0.8/1.0; & NIHSS day 1 2.7/3.5

Figure 1. Inclusion of participants.

MoCA indicates Montreal Cognitive Assessment; mRS, modified Rankin Scale; NCD, Neurocognitive disorder; NIHSS, National Institutes of
Health Stroke Scale; and Nor-COAST, the Norwegian Cognitive Impairment After Stroke.

Inflammatory Biomarkers at 18 Months
Poststroke

For inflammatory biomarkers measured at 18 months,
higher concentrations of IL-1f, IL-6, and MIP-1a were
significantly associated with lower MoCA scores when
adjusted for age and sex (F<0.01; Table S15). When
excluding participants with Global Deterioration Scale
score >3, only IL-1B (P=0.002) and MIP-1a (FP=0.001)
remained significant (Table S16). No biomarkers were
significantly associated with NCD (Table S17).

In unadjusted analyses, more biomarkers were
inversely associated with MoCA scores than in analyses
adjusted for age and sex (Tables S18 through S20).

DISCUSSION

In this prospective, longitudinal exploratory study on the
association between inflammation and PSCI over 36

1306  May 2023

months, we found that 7 of 21 biomarkers at baseline
were negatively associated with global cognitive func-
tion, measured by MoCA score and adjusted for age and
sex. Despite a weak trend that more baseline biomarkers
were associated with lower MoCA scores at 36 months
than at 3 months, we cannot conclude that acute inflam-
mation is more strongly associated with delayed PSCI
than with early PSCI. However, these results suggest
that inflammation is associated with PSCI over a longer
period. We found no consistent associations between
systemic inflammation 3 months poststroke and cog-
nition, whereas higher concentrations of 3 inflamma-
tory biomarkers at 18 months were associated with
cognitive impairment at the 36-month follow-up. The
results were robust to adjustments for stroke severity
(NIHSS), TOAST subtype, stroke location (Oxfordshire
Community Stroke Project), education, and prestroke
global function (mMRS). They were minimally affected
by exclusion of comorbidities. We emphasized results

Stroke. 2023;54:1303-1311. DOI: 10.1161/STROKEAHA.122.041965
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Table 1. Baseline Characteristics for Participants Included and Not Included in the Current Sub-

study of the Nor-COAST Study

Inflammatory Biomarkers Associated With PSCI

Included, n=455 Not included, n=360
Missing Missing

Age, mean y (SD) 72 (12) 76 (12)

Male sex, n (%) 264 (58) 185 (51)

Education, mean y (SD) 13 (3.8) 11 (3.6)

Hypertension, n (%) 260 (57) 207 (58)

Hypercholesterolemia, n (%) 223 (49) 180 (50)

Current cigarette smoking, n (%) 87 (19) 2 58 (16) 1

Diabetes, n (%) 87 (19) 69 (19)

Mean BMI, kg/m? (SD) 26 (4.1) 24 26 (4.3) 48

Coronary heart disease, n (%) 76 (17) 83 (23)

Atrial fibrillation, n (%) 111 (24) 83 (23)

Previous stroke or TIA, n (%) 98 (22) 97 (27)

TOAST classification, n (%)* 17 85
Large vessel disease 97 (22) 91 (33)
Cardioembolic disease 118 (27) 84 (31)

Small vessel disease 114 (26) 41 (15)
Other cause 11 (2.5) 11 (4.0)
Undetermined cause 98 (22) 48 (18)

Oxfordshire Community Stroke Project classification n (%) 4 8

Total anterior circulation infarcts 13 (2.9) 31 (8.7)
Partial anterior circulation infarcts 155 (34) 110 (31)
Lacunar circulation infarcts 134(30) 63 (18)
Posterior circulation infarcts 100 (22) 57 (16)
Hemorrhage 0 78 (22)

Unclassifiable 49 (11) 18 (5)

Thrombolysis, n (%) 117 (26) 5 70 (20) 2

Thrombectomy, n (%) 9 (2.0) 15 (4.2)

Prestroke GDS (1-7), n (%) 5 7
GDS=1-2 (normal cognition) 407 (91) 264 (75)

GDS=3 (Mild Neurocognitive Disorder) 24 (5.3) 47 (13)
GDS=4-7 (Major Neurocognitive Disorder) 19 (4.2) 42 (12)

NIHSS (0-42) at admittance, mean (SD) 3.7 (4.5) 12 5.8 (7.3) 20

NIHSS (0-42) at day 1, mean (SD) 2.7 (8.5) 8 4.8 (6.3) 17

Prestroke mRS (0-6), mean (SD) 0.8 (1.0) 4 1.2 (1.3)

mRS (0-6) at discharge,t mean (SD) 2.0(1.2) 2 2.8 (1.6) 2

Barthel Index (0-100) at discharge,t mean (SD) 90 (17) 1 74 (31)

BMl indicates body mass index; GDS, Global Deterioration Scale; MoCA, Montreal Cognitive Assessment; mRS, modified Rankin
Scale; NIHSS, National Institutes of Health Stroke Scale; Nor-COAST, Norwegian Cognitive Impairment After Stroke; TIA, transient

ischemic attack; and TOAST, Trial of ORG 10172 in the Acute Stroke Treatment.
“TOAST was modified as described in the Supplemental Material.
tAt discharge or day 7 if length of stay extends beyond 7 days.

with A<0.01. However, additional results with P values
ranging from 0.01 to 0.05, support our main finding of a
negative association between concentrations of inflam-
matory biomarkers and MoCA score. As illustrated in
Figure 2, baseline TCC, IL-6, and MIP-1a had an impact
of 5 to 7 points on 36-month MoCA scores, considered
a clinically meaningful effect®® The study population
represents patients with minor strokes compared with

Stroke. 2023;54:1303-1311. DOI: 10.1161/STROKEAHA.122.041965

the general Norwegian stroke population®! and the more
fit patients among the Nor-COAST participants (Table 1;
Figure 1). However, this makes these results of par-
ticular interest as we expect good cognitive outcomes
among these patients.

Our results indicate that chronic inflammation is less
involved in cognitive outcome poststroke than acute
inflammation. Cytokines and complement products are
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Table 2. Results From the Mixed Linear Regression Models With MoCA as Dependent Variable and Inflammatory Biomarkers

at Baseline as Independent Variables

(n=369%) MoCA 3 mo MoCA 18 mo MoCA 36 mo #?nTImeation
Inflammatory

biomarkers at | Coef- coef- oef-

baseline ficient [95% CI]1 Pvalue | ficient [95% CI] Pvalue | ficient [95% CI] Pvalue | Irtest, Pvalue
TCC (CAU) —4.181 —6.341 —2.021 <0.001t | —4.256 —6.500 | —2.011 <0.001t | —5.371 —7.832 —2.910 | <0.001t | 0.433
TNF, pg/mL —0.019 | —0.035 —0.004 | 0.016% | —0.016 | —0.033 | 0.000 0.056 —0.029 —0.048 —0.011 0.002t 0.215
IL-18, pg/mL —0.085 | —0.219 0.050 0.216 —0.080 | —0.218 | 0.058 0.255 —0.108 —0.253 0.037 0.145 0.867
IL-1ra, pg/mL —0.001 —0.002 0.000 0.087 —0.001 —0.003 | 0.000 0.0091 —0.002 —0.003 —0.001 0.0011 0.040%
IL-2, pg/mL —0.011 —0.053 0.031 0.611 —0.021 —0.067 | 0.025 0.365 —0.042 —0.089 0.006 0.087 0.199
IL-4, pg/mL 0.025 —0.031 0.082 0.376 0.020 —0.039 | 0.079 0.504 —0.016 —0.080 0.048 0.627 0.190
IL-5, pg/mL 0.004 —0.012 0.021 0.621 0.005 —0.012 | 0.023 0.537 —0.005 —0.024 0.014 0.597 0.262
IL-6, pg/mL —0.103 | —0.168 —0.038 | 0.002+ | —0.153 | —0.223 | —0.083 | <0.0011 | —0.115 —0.196 —0.034 | 0.005t 0.153
IL-7, pg/mL —0.005 —0.011 0.000 0.058 —0.005 —0.011 0.001 0.128 —0.011 —0.018 —0.004 | 0.001t 0.043%
IL-8 (CXCLS8), —0.027 | —0.060 0.006 0.106 —0.039 | —0.074 | —0.004 | 0.028% —0.058 —0.095 —0.020 | 0.002t 0.098
pg/mL

IL-9, pg/mL —0.0001 | —0.001 0.001 0.918 0.001 —0.001 0.002 0.297 —0.0001 | —0.002 0.001 0.901 0.139
IL-10, pg/mL 0.009 —0.013 0.030 0.445 0.002 —0.020 | 0.025 0.836 —0.011 —0.035 0.014 0.388 0.103
IL-13, pg/mL —0.005 —0.059 0.050 0.865 —0.013 —0.069 | 0.043 0.644 —0.016 —0.076 0.044 0.604 0.869
IL-17A, pg/mL —0.008 | —0.035 0.018 0.538 —0.006 | —0.034 | 0.022 0.656 —0.029 —0.059 0.001 0.057 0.075
IP-10, pg/mL —0.0004 | —0.001 0.000 0.300 —0.0001 | —0.001 0.001 0.702 —0.0002 | —0.001 0.001 0.578 0.700
Eotaxin, pg/mL | 0.009 —0.001 0.018 0.066 0.007 —0.020 | 0.016 0.179 0.007 —0.004 0.017 0.213 0.829
MCP—1 —0.002 | —0.021 0.016 0.808 —0.001 —0.020 | 0.018 0.923 —0.011 —0.032 0.009 0.280 0.369
(CCL2), pg/mL

MIP—1a —0.374 —0.004 —0.183 | <0.001t | —0.381 —0.586 | —0.177 | <0.001t | —0.509 —0.738 —0.280 | <0.001t | 0.283
(CCLS3), pg/mL

MIP—1p —0.0002 | —0.004 0.004 0.926 0.001 —0.003 | 0.005 0.751 0.001 —0.004 0.005 0.763 0.807
(CCL4), pg/mL

G-CSF, pg/mL | —0.003 | —0.007 0.001 0.159 —0.003 | —0.007 | 0.001 0.175 —0.004 —0.009 0.000 0.071 0.704
bFGF, pg/mL —0.001 —0.032 0.029 0.925 —0.010 —0.042 | 0.022 0.559 —0.018 —0.052 0.016 0.307 0.432

Adjusted for age, sex, time, hospital, and interaction between time and the inflammatory biomarker. Participant as random effect. bFGF indicates basic fibroblast growth
factor; CAU, complement activation arbitrary units; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; IL-1Ra, IL-1 receptor antagonist; IF, interferon-gamma
inducible protein; Ir test, likelihood-ratio test; MCP, monocyte chemotactic protein; MIF, macrophage inflammatory protein; MoCA, Montreal Cognitive Assessment; TCC,

terminal C5b-9 complement complex; and TNF, tumor necrosis factor

“The inflammatory biomarkers with the 2% highest values for each marker were excluded from the 369 participants. The column to the right gives the Pvalues for the
Ir test between the models with and without the interaction between time and the inflammatory biomarkers.

tP<0.01.
$#P<0.05.

associated with neuronal damage.'>' However, they
also orchestrate the repair of damaged tissue and pro-
mote neurogenesis,'3'* and these processes may offset
the harmful effects of inflammation when we measured
the biomarkers 3 months poststroke. However, leakage
across the damaged blood-brain barrier is most pro-
nounced the first weeks to months after stroke®?; later,
their concentrations in plasma may reflect levels in the
central nervous system to a lesser extent. Therefore, bio-
markers in spinal fluid rather than in plasma would have
provided a clearer picture of the processes in the central
nervous system. Although we did a large set of sensitiv-
ity analyses, we cannot rule out that acute inflammation
may be affected by other features of the stroke, and that
chronic inflammation might have been present prestroke
and may represent comorbidities that may not be prop-
erly adjusted for in our analyses.3%% However, individual
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differences in the inflammatory response may be present
in both phases and be relevant in PSCI.

This study highlights 3 important elements of the
inflammatory system linked to poststroke cognition:
the complement cascade; the IL-1B-IL-6-CRP axis;
and the chemokines, as discussed in the following
paragraphs.

As the end product of the complement cascade, our
results of the TCC at baseline, indicate that the cascade
is involved in poststroke cognitive outcome. However,
other complement activation products may be the most
important.®® Upstream of TCC, the C3 (complement com-
ponent 3) has been associated with a worse prognosis
after ischemic stroke in humans.'* By contrast, it also
seems to play a part in synaptic plasticity and neurogen-
esis.' In experimental studies, complement inhibition
has been shown to attenuate neurological deficits when

Stroke. 2023;54:1303-1311. DOI: 10.1161/STROKEAHA.122.041965
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Figure 2. Estimated Montreal Cognitive Assessment (MoCA)
score at 36 mo.

Marginal means are estimated by using mixed linear regression, as
described in Table 2 and illustrated for participants with mean values
of age, sex, and hospital with 95% Cls. A, TCC (terminal C5b-9
complement complex). B, IL-6 (interleukin-6). C, MIP-1a (macrophage
inflammatory protein-1a). The inflammatory biomarkers are presented
from the lowest to the highest concentrations among the participants
included in the analyses after excluding the 2% highest values, as
described in the Supplemental Material. CAU indicates complement
activation arbitrary units.

administered in the acute phase poststroke, while in the
recovery period, it might be harmful."2® This is interest-
ing as our results imply that the association between
TCC and cognition is most evident at baseline and not
in the chronic phases. As TCC is correlated with infarct

Stroke. 2023;54:1303-1311. DOI: 10.1161/STROKEAHA.122.041965
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size,% another possibility is that the association between
TCC and acute inflammation represents the lesion vol-
ume not properly captured by adjusting for the NIHSS.

The data for IL-1f, IL-1Ra, and IL-6 in our analyses
may represent the IL-1p-IL-6-CRP axis, an important
proinflammatory pathway.'® A strong relation to the
proinflammatory cytokines, as IL-1Ra blocks IL-18, can
explain the effect of the anti-inflammatory cytokine IL-
1Ra. Our baseline results of IL-6 are consistent with prior
studies that have found an inverse association between
IL-6 within the first weeks poststroke and cognitive out-
come.'®'® The negative associations between IL-1p
and IL-6 measured at 18 months and MoCA scores
at 36 months poststroke indicate the involvement of
chronic elevated IL-1f and IL-6 in PSCI. Modulating IL-6
directly or through therapy directed against IL-18 has
been shown to be associated with increased myocardial
salvage and preventing cardiovascular events in patients
with previous myocardial infarction,?3" whereas anti-IL-6
treatment to prevent PSCI remains to be investigated.

Two chemokines in the acute phase, MIP-Ta and
IL-8, were negatively associated with MoCA score; the
latter finding was supported by a study by Narasimhalu
et al.'® The increase in MIP-1a and IL-8 could lead to
the infiltration of leukocytes, which may play a significant
role in PSCI,?83° although these chemokines may also
exert neuronal effects and promote angiogenesis.*o#!
Drugs targeting chemokine receptors are already on the
market, and although some have been shown to improve
recovery poststroke in animals,*? their role in PSCI needs
to be explored.

The strengths of the present study are its large
sample size, the broad spectrum of inflammatory bio-
markers including both the complement system and the
cytokine network, and measured at 3 time points, allow-
ing us to compare acute and chronic inflammation. We
could examine both early and delayed cognitive impair-
ment due to the long follow-up time. We used standard-
ized procedures for sampling and plasma analyses as
cytokines are more stable in plasma than in serum.*®
Instead of ELISA, as used by several studies,’™'"'® we
applied a multiplex assay that enabled us to analyze
more cytokines at once without bias due to multiple
ELISA kits. Finally, the complement activation product
was measured by ELISA using the most-reliable activa-
tion product, TCC.2844

This study has several limitations. The time between
symptom onset and blood sampling coincides well with
the increase in IL-6 and TCC2*% but we may have
missed the peaks of other cytokines (ie, TNF and IL-2)
as their temporal profiles differ.® IL-12 and IFN-y were
not assessed in this study, although prior studies indicate
that they play a role in PSCI.*¢ Due to the observational
study design without intervention and the possibility of
unmeasured confounders, we cannot establish a causal
relationship. Furthermore, participants lost to follow-up
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led to lower sample size at later time points. A conse-
quence of this is wider Cls as more time has passed
since baseline (Table 2). Finally, the multiple analyses
limit the interpretation of biomarkers significant only in a
single analysis. However, the close correlation between
the biomarkers included substantially limits statistical
errors due to multiple testing.

CONCLUSIONS

This study supports the proposed association between
inflammation and PSCI and outline several pathways of
the inflammatory systems involved in PSCI. Inflammation
appears to have different impact on cognitive outcome
depending on when the inflammation is measured in the
poststroke period. This may be important for anti-inflam-
matory treatment. Other inflammatory pathways (ie, the
IFN-y pathway), which trajectories of the inflammatory
response that are the most harmful to cognition, and how
inflammation can be linked to brain pathology require fur-
ther investigation. Finally, due to the exploratory design,
new studies are needed to confirm the results.
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