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ABSTRACT

The role of inflammation in neurological prognosis of stroke has been studied previously.
However, very little research has thoroughly examined the association between inflammatory
markers and neurocognitive outcome post-stroke. Our main goal was to examine the existing
literature and this association between inflammatory markers and post-stroke functioning,
primarily by examining the tools and methods chosen by researchers to assess neurocognitive
outcomes. A systematic literature search retrieved 954 articles to review against inclusion
criteria. A total of 21 articles were included in this review. Across the studies, we identified two
common themes: 1) lack of research into the diverse stroke populations; and 2) lack of
comprehensive neurocognitive measures. Our findings show that research on the area of
inflammation and neurocognitive outcome post-stroke has been inconsistent in terms of the
methods used, and our conclusions will direct future research exploring the role of inflammatory

markers in prediction of cognitive functioning post-stroke.
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1. Introduction
It has been shown, both experimentally and clinically, that inflammation plays a

prominent role in the pathogenesis of stroke. The brain responds to cerebrovascular injury with an
acute and prolonged inflammatory process characterized by activation of resident immune cells
and peripheral immune cells (Jin, Yang, & Li, 2010). At the instance of brain injury, the resting
microglia become activated taking amoeboid morphology, secreting myriad neurotropic factors,
and pro-inflammatory cytokines to fight pathogens (Napoli, & Neumann, 2009). This process is
meant to protect neurons and ends at a predetermined time. However, unregulated microglial
activation may be harmful to neurons, by releasing reactive oxygen species and proinflammatory
cytokines (Phani, Loike, & Przedborski, 2012). Moreover, pro-inflammatory cytokines can
contribute to the damage by promoting the trafficking of immunological cells from the periphery
into the CNS by an increase in the permeability of blood-brain barrier or by increase in the
expression of adhesion molecules (Argaw et al., 2006; Forster et al., 2008). Research in adults has
indicated the importance of inflammatory markers in the prognosis of stroke (Amantea, Nappi,
Bernardi, Bagetta, & Corasaniti, 2009). This systematic review aims to review the research
conducted on the association between stroke, inflammatory markers, and the neurological and
cognitive outcome in patients after the onset of stroke. The definitions of key terms can be found

in the appendix A.

1.2. Stroke Background
Stroke is characterized as a neurological deficit persisting for at least 24 hours, producing
focal symptoms and signs that correlate with the brain area affected (Sacco et al., 2013). Itis a

cerebrovascular event of acute onset, which results from a clot or ruptured vessel that disrupts



the normal blood flow in one’s brain (Festa, Lazar, & Marshall, 2008). In ischemic stroke, the
interruption of blood flow deprives the affected brain regions of oxygen and nutrients which
ultimately leads to permanent damage of brain tissue, called infarction (Festa, Lazar, & Marshall,
2008). Hemorrhagic stroke is caused by ruptured blood vessels, the most common underlying
mechanism of hemorrhagic stroke is hypertensive small vessel disease (Sierra, Coca, &
Schiffrin, 2011). Approximately 800,000 strokes occur each year in the U.S.; of these strokes,
approximately 87% are ischemic infarctions (Ovbiagele, & Nguyen-Huynh, 2011). In 2013, it
was estimated that 405,000 individuals in Canada suffer from stroke, with a rate of 1.53 per 100
000 children in Canada (Krueger, Koot, Hall, O’Callaghan, Bayley, & Corbett, 2015). Cerebral
hemorrhage and ischemic stroke can both lead to neurological deficits such as hemiparesis,
hemisensory loss, aphasia, ophthalmoplegia, and visual field cuts. In addition, cerebral
hemorrhage causes blood leakage into the brain, resulting in compressing adjacent tissues and
increasing intracranial pressure. This may further cause consequences beyond neurological
deficits, such as progressive deterioration, neck stiffness, and coma (Runchey, & McGee, 2010).
Stroke can be fatal, with mortality rates of 40%, causing permanent neurological and
neuropsychological problems in 50% to 80% of survivors (Céardenas, Rho, & Kirton, 2011;
Roach et al., 2008). Problems such as intellectual disability, neurocognitive deficits,
socioemotional difficulties, mental health issues, seizure disorders, motor impairments, and
cortical sensory problems are very common after the onset of stroke (Greenham et al., 2015; Max
et al., 2002). Childhood stroke can be associated with severe deficits in neurological and
cognitive functioning. White matter-based skills such as working memory, processing speed, and
parent reports of executive functioning are significantly lower in children with cortical stroke

(Peterson, Williams, McDonald, Dlamini, & Westmacott, 2019). A similar pattern has been



observed in children with subcortical stroke (Westmacott et al., 2018a), particularly pronounced
in children with basal ganglia compared to thalamic stroke.

In addition to neurological deficits, stroke survivors may suffer from varying degrees of
cognitive deficits in areas of episodic memory, visual perception, executive functions, attention,
and language. Cognitive deficits are among the most common consequences of stroke. However,
these deficits vary in severity and type. The degree of these deficits can further impact patients’
ability to accomplish activities of daily living and can further cause mental health problems
(Viscogliosi et al., 2011). Stroke survivors suffer from a wide range of sequelae; even patients
with “good outcome” suffer from many cognitive impairments. A study conducted by Planton
and colleagues (2012) measured neuropsychological outcome in patients after first ischemic
stroke without any previous cognitive decline, with good motor, linguistic, and functional
recovery. The results suggested that these patients demonstrated lower performance in every
cognitive domain compared to controls. They exhibited problems in the realm of executive
functioning, attention, and memory.

Childhood stroke has been associated with impairments in response inhibition (O’Keeffe,
Liégeois, Eve, Ganesan, King, & Murphy, 2014). Childhood arterial ischemic stroke (AIS) is also
associated with decline in verbal learning and memory, with early stroke being associated with
more problems with recall and recognition (Lansing et al., 2004). Academic deficits have also
been observed in children with ischemic stroke with particular weaknesses in math calculation
and reading comprehension; more pronounced deficits have been observed in children with
subcortical stroke (Peterson, Williams, McDonald, Dlamini, & Westmacott, 2019;

Westmacott et al., 2018a). Further, children appear to be at risk of developing learning disability
and ADHD (Peterson, Williams, McDonald, Dlamini, & Westmacott, 2019; Westmacott et al.,

2018a).



Cognition is not a unitary concept, it includes areas such as attention, executive
functioning, visuospatial abilities, memory, and language. These areas are often interrelated and
incorporated with neglect, agnosia, apraxia, abstract thinking, and arithmetic abilities (Cumming,
Marshall, & Lazar, 2013). Researchers have strived to find a distinct profile of cognitive
impairments resulting from stroke. A study conducted by Srikanth and colleagues (2003),
explored the cognitive profile of adult patients after stroke. The results suggested more
pronounced deficits in areas of spatial ability, executive function, attention and language and less
pronounced deficits in areas of memory and orientation. Other studies have also confirmed that
the cognitive deficits associated with stroke are more weighted towards executive function and
attentional problems (Sachdev et al., 2004). However, more recent studies illustrate the presence
of memory problems in patients, with stroke being a strong independent risk factor for dementia
(Tang, Price, Stephan, Robinson, & Exley, 2020). Stroke characteristics have been linked to the
profile of cognitive decline observed in patients. Left anterior and posterior cerebral artery
infarcts have been associated with greater cognitive impairment (Tatemichi, Desmond, Stern,
Paik, Sano, & Bagiella, 1994). Similarly, middle cerebral artery infarcts have been associated
with developing cognitive impairments (Jaillard, Grand, Le Bas, & Hommel, 2010). Stroke in
cortical regions and hemorrhagic strokes have also been associated with cognitive impairments in
multiple areas of cognition (Nys, et al., 2007). Although, there is substantial evidence of domain
specific cognitive deficits after stroke, we observe lack of specific frameworks to define distinct

profiles of cognitive impairments seen in stroke survivors.

1.3. Inflammation Background
Neuroinflammation is a compound response on a cellular and molecular level to stress.

Neuroinflammation clears pathogens, damaged or dead cells, in an attempt to contain the injury



or the infection. Nevertheless, previous research shows that neuroinflammation can have
detrimental effects in many diseases such as stroke, multiple sclerosis, Alzheimer’s disease (AD),
Parkinson’s disease, and spinal cord injury (Wang & Jin, 2015).

It has been clinically and experimentally shown that stroke induces inflammatory
response in the central nervous system (CNS) and the periphery (Beamer, Coull, Clark, Hazel, &
Silberger, 1995; Fassbender et al., 1994). In the intact brain, the blood-brain barrier (BBB) is
responsible for trafficking cellular and molecular components from the periphery to the CNS.
After brain injury, however, the BBB becomes permeable, allowing the peripheral immune cells
to enter the brain parenchyma. The peripheral immune cells, along with the proinflammatory
cytokines and chemokines, contribute to the inflammatory response following a brain injury.
Acute inflammation is a result of the activation of resident immune cells, microglia, and the
infiltrating immune cells of the periphery (Aktas, Ullrich, Infante-Duarte, Nitsch, & Zipp, 2007).
It is characterized by production of proinflammatory cytokines, leukocytes, monocytes and the

activation of resident glial cells (Amantea et al., 2009; Kriz, 2006). High levels of inflammatory

markers, such as Interleukin-6 (IL-6), Interleukin-1b (IL-1b), and Tumour Necrosis Factor alpha

(TNF- a) were detected, in the cerebrospinal fluid and the blood plasma of adult patients, within
the first few days after the onset of ischemic stroke (Beamer, Coull, Clark, Hazel, & Silberger,
1995; Clark, 1997; Fassbender et al., 1994; Tarkowski, et al., 1995). One major assumption of
this study is that the levels of inflammatory markers in patients’ blood serum and plasma are
representative of inflammation in the periphery and in the brain (Wardlaw et al., 2009).
Research with adults has stressed the importance of inflammation in the prognosis of

ischemic stroke (Vila, Castillo, Davalos, & Chamorro, 2000). Higher levels of IL-6, TNF- a, and

C-reactive-proteins (CRP) have been associated with early neurological worsening as measured



by the Canadian Stroke Scale (CSS) (Vila, Castillo, Davalos, & Chamorro, 2000). High levels of
inflammatory markers in the plasma within a week after the onset of ischemic stroke have been
associated with poor functional outcomes, measured by neurological measures of disability and
dependence, such as the modified Rankin Score (mRS) and Barthel Index (BI) (Smith et al.,
2004). Moreover, recent evidence suggests that higher concentrations of inflammatory markers in
the plasma are associated with lower post-stroke global cognition, measured using the Mini
Mental State Examination (MMSE; Rothenburg et al., 2014).
1.4.Summary

Despite the knowledge that inflammatory markers play a role in the prognosis of stroke,
research on the association between the inflammatory markers and cognitive and neurological
outcome in both adults and children with ischemic and hemorrhagic stroke is lacking. In addition,
preliminary evaluation of select studies revealed discrepancies in the methodologies when
assessing cognitive and neurological outcomes. The results summarize the extant methodology,
the variability in quality and type of cognitive and neurological outcome measured, and how
researchers have defined cognitive and neurological outcome. Effectiveness and limitations of the
current methods will help inform future research, which can address the gaps in our knowledge of

how inflammatory markers can aid in the prediction of neurocognitive outcomes.

1.5.Research Objectives

The overall objective of this systematic review was to explore previous research on the
association between pro-inflammatory cytokines, CRP, and neurocognitive outcome in stroke
survivors. The primary aim of this study was to assess tools and methods chosen by researchers
to assess neurological and cognitive outcomes and to document the areas of cognition studied.

Further, this study aimed to identify the most common inflammatory markers investigated and the



characteristics of the patients investigated. In addition, inclusion of rodent studies was important
in exploring the biological bases of inflammation, which informs studies with stroke patients. The
majority of pharmacotherapy research is conducted in rodent models of stroke (Sharp, & Jickling,
2014), as such exploring post-stroke inflammatory response in rodents would summarize the
extent of the generalizability of those findings to human populations. This review is the first step
in determining the extant of knowledge on the association between inflammation and cognitive

outcome across various patient populations with stroke.

2. Methods

This study was submitted to PROSPERO and follows the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses’ (PRISMA) statement guidelines (Moher, Liberati,
Tetzlaff, Altman, & The PRISMA Group, 2009).
2.2.Search Strategy

The following databases were searched in October 2020: PsycINFO (via ProQuest),
PubMed (via Medline), Web of Science, and Ovid (via Medline). To identify articles on the
association between inflammatory markers and outcome after stroke onset, the following search
criteria were used: [(p*ediatric OR child* OR youth OR adults OR patients OR rodent*) AND
(stroke OR “cerebrovascular accident” OR ischemi* OR hemorragi*) AND (“proinflammatory
cytokines” OR inflammation* OR “inflammatory markers”) AND (“neurological outcome” OR
cognitive*)]. Articles were restricted to English-language literature and searches were not
restricted to human studies. No distinction was made regarding the sampling setting, the number
of strokes, the mechanism of stroke, the timing of blood collection and outcome assessment.

Review articles and theses were excluded from this review.



2.3. Title and Abstract Screening

The initial literature search yielded 1238 articles. All 1238 article were imported into

Covidence, a systematic review software. Upon importing, duplicates were automatically

removed by Covidence, and 898 articles remained for screening. Additionally, 56 articles were

identified and imported to Covidence, by searching the references of selected manuscripts (N=

954).

The title and abstract screening process took place in two steps. Initially, two reviewers (L.K.

b1

and M.0O.), independently reviewed titles and abstracts, sorting them as “keep”, “reject”, and

“maybe” to determine if they meet the following inclusion criteria:

1.

The article focused on patients with stroke primarily/rodent models of stroke, rather than
stroke being a result of genetic conditions (e.g., a study examining Sickle Cell Disease or
Moya Moya, wherein participants had a stroke);

The patients suffered a stroke between the ages of 0-95 years (i.e., a life-span approach is
taken). As such, patients who suffered from perinatal stroke were excluded, due to the
different effects of inflammatory markers in the neonatal brain (Fernandez-Lopez,

Natarajan, Ashwal, & Vexler, 2014);
The article focused mainly on neurological and cognitive outcome measures (i.e., it

included findings on any aspect of cognition such as memory, information processing, or
attention);

The article primarily focused on pro-inflammatory cytokines and c-reactive proteins as
measures of inflammation (i.e., studies that focused on microglia as the main measure of
inflammation were excluded). We only looked at the pro-inflammatory cytokines and
creactive proteins, as they play a more direct role in neurodegeneration and

neuroprotection.



5. The inflammatory markers were collected from blood plasma or serum, studies that obtain
the inflammatory markers by other means were excluded.
If the title and abstract did not provide sufficient information, the full text was reviewed. Articles
labelled as “reject” by both reviewers were automatically excluded from the review. Articles
which were rated differently by the reviewers were characterized as “conflict”. The reviewers
both read the full text of the articles labeled as “maybe” and “conflict”, they discussed their final
decision, arriving to a consensus. Finally, the full text of those labeled as “keep” were retrieved.
The title and abstract screening resulted in the exclusion of 922 articles.
2.4.Data Extraction
The 32 remaining were evaluated for quality and risk assessment using STROBE

guidelines (Von Elm et al., 2007) by two reviewers (L.K. and M.O.). At this stage one article was
excluded as the full text was not available. The 31 remaining articles were evaluated for
eligibility using a team-based approach. Two raters (L.K. and S.F.) assessed the articles, reading
and discussing the full texts to reach consensus. Discrepancies were resolved by a third rater
(M.D). Data extracted included; study type, stroke type, sample size, demographic characteristics,
number of the inflammatory markers measured, time of blood collection, type and number of
outcome measures (neurological measure, cognitive testing, and mental health questionnaires in
human studies and neurological measure, cognitive testing, and behavioural measure in rodent
studies), time when outcome was measured, and the domain of cognition assessed (e.g., language,
memory, executive functioning). The heterogeneity between studies’ design (i.e., type and time
of inflammatory markers measured, and type and time of outcome measured) lowered the power

of this review; hence conducting a meta-analysis was not plausible. At the final extraction stage,



10 articles were excluded, leaving a total of 21 articles for inclusion in this systematic review

(Figure 1).
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Identification

n= 1238
Records identified from
databases
n=56
Additional records identified
through other source

n=954
After duplicates were
removed via Covidence

A 4

Screening

n=954
Records screened

n=922
Records Excluded

4

n=32
Reports sought for retrieval

v

n=1
Reports not retrieved

n=31
Reports assessed for eligibility

Included

n=21
Studies included in review

Reports excluded:
Looked at anti-inflammatory
treatment (n = 3)
Did not investigate the direct
association of the constructs
(n=4)
Did not collect peripheral
inflammatory markers (n =3)

Figure 1. PRISMA (2020) flow chart of studies assessed and included.

2.5.Analysis

All analyses were performed using IBM SPSS 27.0 Statistics Software. Descriptive

11

statistics, specifically frequencies, were conducted to explore the number of studies that reported

each of the constructs.



3. Results

Of the 31 articles that met inclusion criteria, 10 were excluded; 3 studied the effect of

anti-inflammatory treatment, 4 did not directly study the association between inflammation and

neurological or cognitive outcome, and 3 did not collect peripheral inflammatory markers.

Studies were published between 1994 and 2020. Of the 21 studies, 18 were human studies and 3

were rodent studies. Due to the heterogeneity between the types of studies, the results will be

presented separately. The characteristics of the 18 human studies and 3 rodent studies included in

this review are shown in Table 1.

Table 1. Study characteristics.

Study Study Stroke Type N F% Agerange  Country
Type (age mean)
Alexandrova Human Ischemic 47 45 56-76 (63)  Bulgaria
(2016)
Bunecicius ~ Human Ischemic 88 35 66-80 (72) Lithuania
(2014)
deLima Mouse Ischemic 25 0 Not Brazil
(2017) indicated
Fassbender = Human Ischemic 19 58 39-89 (73) Germany
(1994)
Garcia- Human Ischemic 36 Not Not Spain
Berrocoso indicated  indicated
(2014)
Gelderblom  Mouse Ischemic 24 0 12 week Germany
(2018) old mice
Johansson Human Ischemic 22 33 56-89 Sweden
(2000) (73.7)
Kliper Human Ischemic 368 44 Range not  Israel
(2013) indicated
(67.3)
Russia
Kulesh Human Ischemic 57 35 Range not



(2018)

Lee
(2020)

Liu
(2020)

Molad
(2018)

Narasimhalu
(2015)

Oto
(2008)

Protti
(2013)
Rothenburg
(2010)
Shaheen
(2019)
Smith
(2004)

Swardfager
2014

Vila, 2000

Zhang 2017

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Rat

Hemorrhagic 146

Ischemic

Ischemic and
TIA

Ischemic

Ischemic and
Hemorrhagic

Ischemic
Ischemic
Ischemic

Ischemic

Ischemic

Ischemic

Ischemic

212

239

243

26

48

88

37

47

231

15

67

26

indicated
(64.6)
Range not
indicated
(59.6)

South
Korea

26-92 (59.6) China

Not indicatedRange not

35

40

54

46

39

35

36

43

indicated
(67.9)
Range not

indicated
(61)

Israel

Singapore

Range and Japan

mean age

not indicated

31-86 (65.5) Brazil

33-95 (71.6) Canada

21-71 (53) Egypt
Range not UK
indicated

(69)

Range not Canada
indicated

(71.8)

Range not  Spain
indicated

(68.3)

Not indicatedChina

13
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3.2.Human Studies
3.2.1. Study and demographic characteristics

The number of stroke participants included at baseline ranged from 19 to 368 across the
studies, with 55% (n=10) of studies having a sample size smaller than 50. The population age
ranged from 21 to 95, and the mean age of the participants, when reported (n=17), was 66.31.
The majority of the studies were conducted in Canada (n=2), Israel (n=2), and Spain (n=2),
followed by Brazil (n=1), Germany (n=1), Lithuania (n=1), Japan (n=1), Russia (n=1), Bulgaria
(n=1), Singapore (n=1), Egypt (n=1), South Korea (n=1), Sweden (n=1), UK (n=1), and China
(n=1). Among stroke patient populations, ischemic stroke patients were studied the most (n=15),
one study looked at both ischemic and hemorrhagic stroke patients, one study looked at only
hemorrhagic patients, and one study looked at ischemic and transient ischemic attack patients.
The percentage of females in the 18 studies ranged from 26% to 67%, with a mean of 42%.
3.2.2. Inflammatory Markers

The majority of the studies only measured the pro-inflammatory cytokines (n=9),
followed by CRP (n=6), while 3 studies investigated both CRP and pro-inflammatory cytokines.
The number of biomarkers measured ranged from 1 to 7, with a mean of 2.5. The most widely
investigated biomarkers were CRP (n=9), IL-6 (n=8), TNF- a (n=7), IL-1 b (n=5), and IL-10
(n=5). Other biomarkers measured were INF-Y (n=2), IL-2 (n=1), IL-4 (n=1), IL-8 (n=1), IL-12
(n=1), IL-17 (n=1), IL-20 (n=1), and IL-23 (n=1).

The time of initial blood collection ranged from on admission to within 3 months
poststroke. Of the 18 studies, only 7 conducted recurrent blood collection (38.9%), which ranged
from 6 hours after admission to 12 months post-stroke. Further, the number of times blood was

collected ranged from 1 to 20, with a mean of 3.34.
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3.2.3. Assessment of Outcome

The measures of functional outcome were divided into the following classifications:
neurological measures, cognitive testing, and mental health questionnaires. Equal number of
studies used both neurological and cognitive tests (n=7), or only neurological (n=7), and 2
studies only used cognitive tests. Only one study used all three types of measures (Rothenburg et
al., 2010), and the study by Liu and colleagues (2020), used neurological and mental health
questionnaires.

The most commonly used neurological measure was the National Institutes of Health Stroke
Scale (NIHSS) (n=8). The NIHSS is a systematic assessment tool used by neurologists to
measure the level of consciousness, gaze, visual fields, facial weakness, motor performance,
sensory deficits, coordination, language, speech, and hemi-inattention (Ortiz & Sacco, 2014).
Further, the modified Rankin Scale (mRS) was used in 5 of the studies. The mRS assesses global
outcome and disability, by measuring limitations in activity and participation after stroke
(Wilson et al., 2005). The Scandinavian Stroke Scale (SSS) was used in some of the studies
(n=3). The SSS is a similar measure to NIHSS, and it measures consciousness, eye movement,
motor movement, orientation, speech, facial palsy, and gait (Lindenstrem, Boysen, Christiansen,
& Nielsen, 1991).

The most commonly cognitive test used was the Mini Mental State Examination, MMSE
(n=7). MMSE is used as a brief cognitive instrument, an 11-question questionnaire which
measures cognitive impairment in domains of orientation, registration, attention, calculation,
recall, and language (Folstein, Folstein, & McHugh, 1975). The next commonly used cognitive
test was the Montreal Cognitive Assessment (MoCA), (n=4). MoCA is also used as a brief

cognitive instrument, which measures impairments in domains of short-term memory,
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visuospatial abilities, executive functions, verbal fluency, attention, concentration, working
memory, language, and orientation (Nasreddine et al., 2005). Only two studies used a
comprehensive neuropsychological battery. The study by Narasimhalu and colleagues (2015),
used a customized neuropsychological battery which is normed for the population in Singapore;
they assessed areas of attention, language, visuomotor speed, and memory (verbal and visual).
The study by Kliper and colleagues (2013), used the Mindstreams computerized
neuropsychological battery and assessed areas of attention, concentration, executive functions,

memory, language, visuospatial skills, abstraction, calculation, and orientation.

The timing of the initial measurement of the outcome ranged from on admission to 6
months post-stroke. Of the 18 studies, 8 included recurrent testing of outcome (44.4%), which
ranged from 48 hours after admission to 24 months post-stroke. Further, the number of times the

measures were administered ranged from 1 to 6, with a mean of 2.1.

3.3.Rodent Studies
3.3.1. Study and demographic characteristics

Only 3 rodent studies met the inclusion criteria. The participants were mice (n=2) and
rats (n=1). Only the study conducted by Gelderblom, and colleagues (2018) reported the age of
the rodents (12-week-old mice). All the studies investigated ischemic stroke, by induction of
middle cerebral artery occlusion. The studies were conducted in China (n=1), Brazil (n=1), and
Germany (n=1).
3.3.2. Inflammatory Markers

The rodent studies included in this review only investigated the pro-inflammatory

cytokines. The number of biomarkers measured ranged from 1 to 2. TNF- a was investigated in
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two of the studies, whereas IL-6, IL-17, and IL-23 were only investigated once. The time of
initial blood collection ranged from 24 hour to 14 days after stroke induction. Recurrent blood
collection was performed on different rodent groups.
3.3.3. Assessment of Outcome

The measures of outcome were divided into the following classifications: neurological,
cognitive, and behavioural. One study included both cognitive and behavioural measures, one
study included both neurological and behavioural measures, and one study only used
neurological measures. The neurological measures used were Bederson Scale (n=1), which
investigates the degree of gross neurological deficit; and a spontaneous motor and behaviour
function test (n=1) described in deLima et al., (2017). The cognitive tests used were Motris
Water Maze (n=2), which investigates cognitive function in the areas of learning and memory;
Passive Avoidance Test (n=1), which measures aversive memory; and Object Recognition Test
(n=1) which evaluates recognition memory. The behavioural tests used were the Open-Field test
(n=2), a measure of behaviour and general activity (the quality and quantity of activity is
measured) (Gould, & Kovacsics, 2009); and Elevated Plus Maze (n=1), a measure of behaviour
and anxiety.

The timing of the initial measurement of outcomes ranged from 1 day after stroke

induction to 7 days. The measures were re-administered in 2 of the studies, which ranged from 2
days to 14 days after stroke induction. Further, the number of times measures were administered

ranged from 1 to 3. The main results of all human and rodent studies are summarized in Table 2.



Table 2. Description of main findings of the studies.

Study Main Results

Alexandrova CRP was found to be an independent predictor of cognitive status at 12 months

(2016) following stroke, as measured by MMSE.
Bunecicius Stroke severity was found to be associated with elevated CRP concentration.
(2014) Higher CRP concentration was found to be an independent predictor of worse

functional outcomes.

deLima Higher levels of TNF- a were found to be associated with deficits in spatial,

(2017) object recognition, and working memory following induced ischemic stroke.
Fassbender Higher levels of IL-6 post-stroke predicted poor functional and neurological
(1994) outcome.

Garcia- IL-4 was found to be an independent predictor of decline in functional outcome

Berrocoso  at 24 h post-stroke.

(2014)

Gelderblom IL-23 was found to be associated with worse functioning on neurological (2018)

measures following ischemic stroke.

Johansson Higher levels of IL-6 were correlated with severity of paresis. And on day 7,
(2000) higher levels IL-6 were found to be associated with poor performance on
MMSE.
Kliper Higher levels of CRP were found to be associated with lower performance on
(2013) cognitive tests, with significantly lower performance in memory.
Kulesh Patients with dysexecutive cognitive impairment had a higher concentration of

(2018) IL-1B, IL-10, IL-6 level in the periphery.
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Lee Initial CRP (within first 12 hours) and maximal CRP levels were found to be (2020)

significantly higher in group with poor neurological outcome.

Liu A positive correlation between plasma CRP and fatigue scale for motor and (2020)
cognitive assessment at 6 months, was found. NIHSS admission scores  positively

correlated with higher CRP.

Molad Stroke patients were found to have significantly elevated CRP compared to
(2018) TIA, even after adjustment of lesion volume. Cognitive scores were

significantly better in TIA than Stroke.

Narasimhalu Interleukin-8 levels were found to be independently associated with (2015)
cognitive outcome. And IL-12 were found to be an independent predictor of
subsequent cognitive decline. No significant association was found between

cognitive outcome and IL-6 levels at 3 months.

Oto IL-6 and IL-10 levels were higher in patients with poor outcome. Higher levels (2008)
of IL-6 in the periphery were significantly associated with clinical outcome at 1  month,

no significant difference between hemorrhagic and ischemic patients was found.

Protti IL-10 was found to be associated with neurological outcome following 72h of (2013)

stroke onset

Rothenburg The levels of IL-6 and CRP protein were higher in stroke patients. Only higher

(2010) concentrations of serum CRP predicted lower post-stroke global cognition.

Shaheen Higher levels of IL-8 were found to be correlated with poor cognitive (2019)
functioning as measured by MMSE.



20

Smith Peak plasma IL-6 concentration correlated significantly with lower
(2004) performance on mRS at 3 months. Higher levels of IL-6 were associated with
poor clinical outcome at 12 months and stroke severity. The higher

concentration of CRP was found to be associated with poor outcome.

Swardfager  IL-17 concentrations were associated with poorer cognitive status in patients
2014 with depressive symptoms as measured by NIHSS.

Vila, 2000 Levels of TNF-a and IL-6 in the periphery, were found to be higher in patients

with lower performance on Canadian stroke scale.

Zhang 2017 A strongly negative correlation was observed between the levels of IL-6 and

TNFa in the periphery and anxiety-like behavior and performance on Morris
Water Maze.

4. Discussion

The purpose of the current review was to better understand the association between
inflammation and neurocognitive outcome post-stroke. The evaluation of 21 studies on the
association between inflammatory markers and neurological and cognitive outcome in stroke
patients revealed some interesting findings on patient characteristics, inflammatory measures,
and outcome measures used. The following paragraphs will discuss the key findings and trends
and patterns observed in the results. Overall, this review unveiled two problematic issues
pertaining to research on the association between inflammatory markers and neurological and

cognitive outcome and revealed some strengths in parallel.
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4.2. Characteristics of the stroke populations

The majority of these studies included a small sample size. As such, many were unable to
undertake statistical analysis such as multiple regression to allow for prediction of outcomes
through use of neuroinflammatory markers. The low sample sizes resulted in heterogeneity
between the results and also affected our ability to statistically compare the main findings across
the studies. Further, the results of this study suggest a lack of research into diverse stroke
subgroups. For one, all the human studies focused on the adult stroke population, the youngest
participants in the 18 human articles were 21 years old, and the mean age across studies was
66.31. The lack of research with pediatric and young adult stroke populations represents a
notable gap that needs to be addressed. As previous literature suggests, due to brain plasticity in
early developmental years, childhood stroke may be associated with severe neurological and
cognitive deficits (Peterson, Williams, McDonald, Dlamini, & Westmacott, 2019). Inflammatory
markers, which play an important role in the neurological prognosis of stroke in adults may also
be implicated in children’s stroke prognosis. This represents a significant gap in understanding
predictors of neurological and cognitive outcome in pediatric stroke.

Further, the majority of the human and rodent studies (95.2%) investigated the
association between inflammatory markers and neurological and cognitive outcome in ischemic
stroke populations. This illustrates the lack of research into hemorrhagic stroke population.
Given the higher prevalence of ischemic stroke (87%) in United states (Ovbiagele, &
NguyenHuynh, 2011), the limited research into hemorrhagic stroke might seem logical.
However, previous research suggests that hemorrhagic stroke may be associated with more
severe neurological and cognitive deficits resulting in further complications (Runchey, &

McGee,
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2010). Further, a retrospective study by Shiber and colleagues (2010) found that the rate of
hemorrhagic stroke in United States is greater than what is reported. As such, further research
into the association between inflammatory markers and outcome after hemorrhagic stroke is
warranted.
4.3. Inflammatory Markers

The findings of this review on the measures of inflammation suggest that CRP, IL-6,
TNF- a, IL-1b, and IL-10 were the most investigated markers in humans and TNF- a was the
most investigated marker in rodent models. This is consistent with neuroinflammation and
cognitive decline research in patients with AD. Higher levels of IL-6, TNF- a, and IL-1b in
periphery were found to be potential predictors for development of AD (Michaud et al., 2013).

Further, in majority of the human studies, blood was collected within 72 hours of
admission. However, there were a few studies which measured the peripheral inflammatory
markers between 1 month to 3 months post-stroke and remarkably found significant associations
between inflammatory markers and cognitive outcomes. In the study by Narasimhalu and
colleagues (2015), peripheral pro-inflammatory cytokines were collected at a median of 47 days
after stroke. Their findings suggested that higher levels of IL-8 were independently associated
with post-stroke cognitive impairment and higher levels of IL-12 were strong predictor of
subsequent cognitive decline. Interestingly, this study did not find significant associations
between IL-6, CRP and cognitive impairment. While, it has been suggested previously that
delayed blood sampling may not provide accurate results (Chen, et al., 2020), the findings of this
study may suggest that different pro-inflammatory markers may peak at distinct times,
contributing to post-stroke cognitive decline. Previous research on the level of pro-inflammatory

markers suggests that there are higher levels of IL-6 in the periphery of patients, within the first
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month post-stroke, with a peak at day 4 (Ferrarese et al., 1999). Contrary to IL-6, only a few
studies have looked at the role of IL-8 in post-stroke outcome and a few have linked the levels of
IL-8 to older age (Ormstad, Aass, Lund-Serensen, Amthor, & Sandvik, 2011). This warrants
further research into the role of IL-8 and, more importantly, the levels of various post-stroke
proinflammatory markers at different time intervals.
4.4. Assessment of outcome

The findings on the outcome measures suggest that, to date, progress toward a
comprehensive measure of cognition in this field has been limited. From the studies screened
only 55% of human studies and 33% of rodent studies used cognitive testing. The most
commonly cognitive test used is the Mini Mental State Examination, MMSE (n=7). MMSE is
used as a brief cognitive instrument, an 11-question screener which measures cognitive
impairment in domains of orientation, registration, attention, calculation, recall, and language
(Folstein, Folstein, & McHugh, 1975). The next commonly used cognitive test is the Montreal
Cognitive Assessment (MoCA), (n=4). MoCA is also used as a brief cognitive instrument, which
measures impairments in domains of short-term memory, visuospatial abilities, executive
functions, verbal fluency, attention, concentration, working memory, language, and orientation
(Nasreddine et al., 2005). MMSE’s usefulness for detecting deficits in the areas of executive
functioning, visuospatial, and attentional deficits has been questioned, whereas MoCA has
shown more sensitivity in detecting general cognitive disorders, especially in detecting deficits
of executive functioning (Gluhm et al., 2013). Nevertheless, both measures are brief cognitive
instruments and do not capture all aspects of cognition. A battery of neuropsychological tests
assessing many domains of cognitive functioning is the accepted ‘gold standard’ for assessing

cognitive impairments (Cumming, Marshall, & Lazar, 2013).
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Only two studies used a comprehensive neuropsychological battery. The study by
Narasimhalu and colleagues (2015), used a customized neuropsychological battery which is
normed for the population in Singapore, they assessed areas of attention, language, visuomotor
speed, and memory (verbal and visual). The study by Kliper and colleagues (2013), used the
Mindstreams computerized neuropsychological battery and assessed areas of attention,
concentration, executive functions, memory, language, visuospatial skills, abstraction,
calculation, and orientation. In addition, of the two studies that investigated cognitive assessment
through neuropsychological batteries, only the study by Kliper and colleagues (2013), captured
various aspects of cognition. In short, few researchers aimed to gain a comprehensive,
multifaceted understanding of cognitive functioning by examining several cognitive areas. This
suggests a lack of research into the association between inflammatory markers and different
cognitive domains.

Additionally, the result of this review suggests interesting findings regarding the
association between inflammatory markers and outcome. A significant heterogeneity in the
initial and recurrent outcome assessment time in the 18 human studies can be observed.
However, all the studies found significant associations between the level of inflammatory
markers in the plasma and serum of stroke patients and the neurological or cognitive
impairments. This suggests that inflammatory markers may play a major role in the prognosis of
stroke and warrants further research.

The initial measurement of the outcome ranged from on admission to 6 months
poststroke. Of the 18 studies, 8 conducted recurrent test of functional outcome (44.4%), which
ranged from 48 hours after admission to 24 months post-stroke. Further, the number of times

measures were administered ranged from 1 to 6, with a mean of 2.1.
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4.5. Limitations

The first limitation of this review is the small number of studies and the limited data
available on the association between pro-inflammatory markers, CRP, and post-stroke cognitive
and neurological outcome. The number of studies were too small to undertake statistical analyses
and perform a metanalysis to determine the strength of the association between each of the
inflammatory markers and the neurocognitive outcome. Thus, we were only able to provide
descriptive statistics and were unable to undertake statistical analyses such as regression, which
would allow us to examine contribution of different variables such as age, stroke onset, time of
blood collection, and time of assessment. The small number of studies found was due to
selecting only studies that measured pro-inflammatory cytokines and CRP in the periphery.
Thus, future reviews could include studies looking at other inflammatory markers (e.g.,
microglia) and/or studies obtaining inflammatory markers by other means (i.e., obtaining CSF
through lumbar puncture), this could result in a higher statistical power.

Second, high heterogeneity was found between the studies. The heterogeneity is due to
the differences in methodologies between studies. Several different measures were used to
measure neurocognitive outcome. In addition, studies had different timelines for blood collection
and measurement of outcome. This also affected our ability to conduct statistical comparisons
between the studies. Future research could focus on the latter and identify the association
between the time of blood collection and the inflammatory response, post-stroke. Despite these
limitations, the findings of this review have been consistent with the limited research that has
been done thus far in understanding the role of pro-inflammatory cytokines and CRP protein in

neurological and cognitive outcome post-stroke.
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4.6. Future Directions

The findings of this review suggest that, to date, progress toward a comprehensive
understanding of the link between inflammatory markers and the neurological and cognitive
outcome post-stroke is very limited. First, future reviews could further look at other
inflammatory markers such as microglia in both periphery and CSF of patients with stroke to
further understand the gaps in this area. Additionally, research teams should aim to assess
outcome with multiple measures that capture many aspects of cognition. Further, the results of
this review suggest a lack of research into diverse groups. Future research should look at this
association in various stroke populations; studying this link in pediatric and young adults could
help depict a better picture of the role of inflammatory markers in prognosis of stroke in early
years of development.
4.7. Review contributions to the literature

To our knowledge, this is the first systematic review investigating the link between
inflammatory markers and neurocognitive outcomes post-stroke. In doing so, we were able to
identify weaknesses in methodologies of previous research. The results of this review have
begun the process of better understanding the role of inflammation in prognosis of stroke. The
large gaps elucidated in this review can provide a framework for future research in the field. In
particular, understanding the role of inflammation in paediatric and young adult stroke
populations and hemorrhagic stroke populations remains largely unknown.
4.8. Clinical Implications

The findings of this review confirm a potential link between pro-inflammatory cytokines
and neurocognitive outcome post-stroke. This review summarized the findings on the

structural/functional biomarkers of outcome which can be used to predict prognosis post-stroke.
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Clinicians should assess the level of inflammatory markers after the onset of stroke, which could
potentially aid in prediction of neurocognitive outcomes. Additionally, research into this link
could unveil the relative impact and contribution of inflammatory markers on important
cognitive and neuropsychological functions. This could further assist clinicians in developing
and tailoring interventions such as pharmacotherapy and cognitive rehabilitation, specific to
patients’ inflammatory response to stroke.

4.9. Conclusion

The findings of this review confirm a potential link between pro-inflammatory cytokines,
CRP, and neurocognitive outcome post-stroke. We aimed to include all studies investigating the
link between pro-inflammatory cytokines, CRP, and neurocognitive outcome, as such we
included studies with delayed blood sampling. This further uncovered the potential role of
various pro-inflammatory cytokines at different timelines, post-stroke. However, due to the
limited evidence and heterogeneity between the samples, more studies and epidemiological

evidence is necessary to determine the strength of these associations.

The current review uncovered two problematic issues. The first problem pertains to the
lack of research on diverse stroke populations. Most studies focused on ischemic stroke and
investigated neurocognitive outcome in older adult populations. Further, while many of the
studies aimed to measure cognitive outcome, their measurement tools were mostly neurological
or brief cognitive screeners, overlooking patients’ performance in different areas of cognition. In
conclusion, current methods used are varied and provide valuable data, but lack ecological
validity, exhaustiveness, and generalizability. This paper outlines the existing state of knowledge
and provides future directions that will add to our clinical research on prediction of outcomes

after stroke.
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Appendix A

Description of Key terms

Key term Description

Adhesion molecules Adhesion molecules are molecules localized at
synaptic sites in neural axons and dendrites.
They have the role of facilitating pre and post
synaptic specialization. They also play a role
in leukocyte migration; they are leukocyte
attractants (Dalva, McClelland, & Kayser,
2007).

Chemokines Inflammatory chemokines play an important
role in recruiting of effector leukocytes in
inflammation, injury, and infection.

(Moser, Wolf, Walz, & Loetscher, 2004).

C-reactive protein (CRP) CRP is a peripheral, acute inflammatory
marker, primarily synthesized in liver. It plays
an important role in acute phase response to
inflammation (Sproston, & Ashworth, 2018).

Hemorrhagic Stroke Hemorrhagic stroke is caused by ruptured
blood vessels. Hypertensive small vessel
disease is the most common underlying
mechanism; causing lipohyalinosis of the
small arteries (Sierra, Coca, & Schiffrin,
2011).

Ischemic stroke Ischemic stroke is defined as the interruption
of blood flow which deprives the affected
brain regions of oxygen and nutrients which
leading to permanent damage of brain tissue,
called infarction (Festa, Lazar, & Marshall,
2008).

Leukocytes Leukocytes are more commonly called white
blood cells. They play a role in counteracting
foreign substances. Leukocytes and
chemokines are controllers of migration in the
instance of an injury (Moser, Wolf, Walz, &
Loetscher, 2004).
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Microglia

Microglia become particularly active after

injury, depending on the nature or severity of

the injury. They play a very important and

central role in acute neuroinflammation by

facilitating the release of pro-inflammatory
cytokines (Streit & Xue, 2009).

Monocytes

Blood monocytes are bone marrow-derived
leukocytes that are characterized by the ability
to produce cytokines (Ziegler-Heitbrock,
2015).

Pro-inflammatory cytokines

Cytokines are regulators of host response to
infection. Pro-inflammatory molecules are part
of the body’s immune response. However,
they can have an adverse effect on recovery.
High levels of pro-inflammatory cytokines can
produce fever, inflammation, tissue
destruction, and neurodegeneration (Dinarello,
2000).




