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Abstract

The pathophysiology and treatment of post-stroke cognitive impairment (PSCI) are not clear. Stroke triggers an inflammatory
response, which might affect synapse function and cognitive status. We performed a systematic review and meta-analysis
to assess whether patients with PSCI have increased levels of inflammatory markers and whether anti-inflammatory
interventions in animals decrease PSCI. We systematically searched PubMed, EMBASE, and PsychInfo for studies on
stroke. For human studies, we determined the standardized mean difference (SMD) on the association between PSCI and
markers of inflammation. For animal studies, we determined the SMD of post-stroke cognitive outcome after an anti-
inflammatory intervention. Interventions were grouped based on proposed mechanism of action. In patients, the SMD of
inflammatory markers for those with versus those without PSCI was 0.46 (95% CI0.18; 0.76; = 92%), and the correlation
coefficient between level of inflammation and cognitive scores was —0.25 (95% CI—0.34;—0.16; 12=75%). In animals,
the SMD of cognition for those treated with versus those without anti-inflammatory interventions was 1.43 (95% CI 1.12;
1.74; > =83%). The largest effect sizes in treated animals were for complement inhibition (SMD = 1.94 (95% CI 1.50; 2.37),
P=51%) and fingolimod (SMD =2.1 (95% CI 0.75; 3.47), I?=81%). Inflammation is increased in stroke survivors with
cognitive impairment and is negatively correlated with cognitive functioning. Anti-inflammatory interventions seem to
improve cognitive functioning in animals. Complement inhibition and fingolimod are promising therapies on reducing PSCI.
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results, which can be explained by small sample sizes and
different outcome measures [8—11]. Although some animal
studies using anti-inflammatory drugs showed promising
results in preventing PSCI, it remains unclear whether in
animals a relation exists between inflammatory changes and
PSCI, and if so, which inflammatory cells or mediators are
involved in PSCI pathogenesis [12]. Likewise, it remains
unclear whether anti-inflammatory interventions decrease
PSCI, and if so which interventions do so. Therefore, we
performed a translational systematic review and meta-
analysis to determine whether stroke survivors with PSCI
have higher levels of inflammatory markers than those
without PSCI, and whether anti-inflammatory interventions
in animals decrease PSCI.

Methods
Design, Registration, and Reporting

This systematic review was designed following the Joanna
Briggs Institute guidelines on association studies [13]. An
exploratory search of the literature showed that human studies
are mainly observational linking inflammatory read-outs to
cognitive scores and animal studies are focused on testing the
effect of specific anti-inflammatory interventions on brain
damage and behavior. To address this and to allow for a single
search strategy, we used inflammation as a dependent variable
in analyzing human study results and as an independent variable
in analyzing animal study results. We used human studies to
assess whether inflammatory markers are higher in stroke
patients with cognitive impairment than in those without, and
animal studies to assess whether anti-inflammatory interventions
decrease cognitive impairments after stroke. Human and
animal data systematic review designs were registered
separately in PROSPERO (identifiers CRD42021176786 and
CRD42021210875) [14] using the preferred reporting items
for systematic reviews and meta-analyses for protocols 2015
(PRISMA-P) [15].

Search Strategy

This review was conducted in accordance with the
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) statement [16]. We systematically
searched the PubMed, Embase, and PsychInfo databases
using broad, predefined synonyms for stroke, cognition,
and inflammation. The search syntax can be found in
“Supplementary materials”. The search was performed on
April 3, 2020, and updated on April 5, 2021, and on August
31, 2023. A broad definition of inflammation was initially
included in the search strategy and, after discussion with
the co-authors, subsequently narrowed down to include only
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markers or interventions with an effect through a known
inflammatory pathway. Any uncertainties were resolved in
consensus meetings between the authors.

In- and Exclusion Criteria

For human studies we used the following inclusion criteria:
(1) cohort or case—control studies written in English; (2)
studies including patients with ischemic and/or hemorrhagic
stroke; (3) studies that compared concentrations of
inflammatory markers in serum or cerebrospinal fluid (CSF)
between patients with and without PSCI, or correlations
between cognitive scores and concentrations of inflammatory
markers; and (4) studies that evaluated cognition with a
known cognitive screening tool or neuropsychological
evaluation, regardless of cut-off value. If studies used
vascular dementia (VaD) as an outcome measure for post-
stroke cognitive impairment, the study was only included if
the stroke had occurred before the onset of dementia. If PSCI
and VaD were included as separate groups, outcomes were
combined into a single group. Exclusion criteria were (1)
studies including patients with a transient ischemic attack,
(2) studies reporting on cognitive decline over time rather
than cognitive impairment at a single time point, and (3)
studies where > 10% of patients had cognitive impairment
prior to stroke.

For animal studies the inclusion criteria were (1)
studies written in English; (2) studies using a previously
validated model of focal ischemic or hemorrhagic stroke;
(3) studies investigating the effect of interventions (either
administration of drugs or use of genetically modified
animals) on inflammation through a known inflammatory
pathway; (4) studies that used one of the following tests
to assess cognitive functioning: Morris water maze,
Barnes maze, Y-maze, T-maze, radial arm water maze,
fear conditioning, avoidance test, novel object recognition,
and object location task; and (5) studies that made a direct
comparison of cognitive outcomes between stroke animals
with and without pro/anti-inflammatory interventions.
We excluded outcomes where cognitive deficits could be
attributed to motor function impairment, such as swim
speed differences in Morris water maze. We excluded all
global ischemia models of ischemic stroke, such as 2-vessel
occlusion and 4-vessel occlusion models, as we feel these
are not representative of our population of interest.

Qualitative Assessment

For human studies, we used a modified version of the
Newcastle—Ottawa scale (NOS) for both quality assessment
and risk of bias assessment [17]. For animal studies, we
used SYRCLE's risk of bias tool [18, 19]. The qualitative
assessment was performed by two individual reviewers
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independently from each other (CA, DN). Quality
assessment beyond 2021 was performed by DN and RWPT.
Any discrepancies were resolved in consultation with the
neurologists GJER and MDIV for the human studies and the
neuroscientists MP and EMH for the animal studies.

Data Extraction

For the human studies, we extracted the following variables:
author and year of publication, type of stroke, inflammatory
parameter, cognitive test and cut-off point, days between
stroke and measure of inflammation, and days between
stroke and cognitive testing.

For the animal studies, we extracted the following
variables: author and year of publication, stroke model,
animal species and strain, age and sex, inflammatory
intervention, cognitive test, time between stroke and
intervention or intervention and stroke (in case of
intervention prior to stroke induction), time between stroke
and cognitive testing, sample size, and outcome. If different
dosages of an intervention were described, only the dosage
with the largest effect size was included. Interventions
administered at different time points were included as
separate interventions. If a study included multiple biomarker
measurements at different timepoints, we only included the
initial measurement. To evaluate learning and retention in
learning tasks, we only included data from the 3rd day after
stroke (learning) and the final day of testing (retention).

Outcomes were extracted from the text if possible. If raw
outcomes were not available or insufficient from the text or
supplementary materials, the outcomes were extracted from
the figures using WebPlotDigitizer version 4.5 (https://autom
eris.io/WebPlotDigitizer/). Using this tool, outcomes were
extracted by two independent reviewers (RWPT and CA)
and averaged before analysis. Beyond 2021, outcomes were
extracted by a single reviewer (RWPT).

Data Synthesis

Data synthesis was performed using R version 4.0.4 and
package “esc”. For human studies, we determined the
standardized mean difference (SMD) of post-stroke cognitive
impairment on the level of inflammation measured. For
animal studies, we determined the effect size of either a pro-
or anti-inflammatory intervention on post-stroke cognitive
outcome. The SMD (Hedges’ g) was used as effect size to
control for potential bias due to the small study size and is
reported in conjunction with the upper/lower limit of the
95% confidence interval (CI). In both the human and animal
studies, SMD was considered small at 0.2, medium at 0.5,
and large at 0.8 [20]. Effect sizes and standard errors were
first calculated from the raw outcome variables. Outcomes
were initially converted into effect sizes as described earlier

[21]. If only median and interquartile range (IQR) or overall
range were reported, mean and standard deviation (SD) were
estimated as previously described before calculating effect
size [22]. The direction of the effect size was reversed in
animal cognitive tests where a higher score represented
worse cognitive functioning, such as escape latency in
Morris water maze. The direction of the effect size was
reversed in pro-inflammatory models.

Meta-analysis

The meta-analysis was performed using the R packages
“dmetar”, “devtools”, and “meta” [21]. Given the expected
heterogeneity, a random-effects model was chosen for
all comparisons. Heterogeneity was calculated using
Cochran’s Q-test and I2. We considered I to represent a low
heterogeneity at 25%, moderate at 50%, and high at 75%
[23]. Publication bias was assessed by visual examination
of funnel plots and by Egger’s test, which we considered
statistically significant if p <0.1.

Primary analyses were performed by pooling study results
to assess the association between PSCI and markers of
inflammation. A three-level meta-analysis was performed to
evaluate the distribution of variance across levels. If >25%
of heterogeneity was attributable to the within-study
heterogeneity, we compared the three-level meta-analysis to a
two-level analysis using analysis of variance (ANOVA). If the
three-level model showed a better fit (p <0.05), this model was
used for the primary analysis. In the three-level meta-analysis,
the R package “MAd” was used to aggregate different within-
study outcomes, which implements previously described
methods for data aggregation [24, 25]. We performed a meta-
regression to identify the role of potential confounders (mean
timing of cognitive assessment, mean timing of intervention,
mean timing of inflammatory measure, cognitive test used,
animal species). Bonferroni-correction was used to adjust
for multiple testing. Subgroup analyses of independent
inflammation markers or interventions were performed if
these were represented in at least three independent studies.
In animal studies, interventions were grouped based on the
inflammatory pathway. All meta-regression and subgroup
analyses were performed using two-level meta-analysis to
prevent loss of information.

Results

After title and abstract screening of 10,518 studies, 377
studies were selected for full-text examination, of which
78 were included (Fig. 1). Results of the search strategy,
labeling, and reasons for exclusion are openly accessible
(https://rayyan.ai/reviews/127225, https://rayyan.ai/revie
ws/264074 and https://rayyan.ai/reviews/765172). Of the
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Fig. 1 Flowchart of included

. Pubmed (n = 5865) | | Embase (n =3633) | | Psychinfo (n = 1020)
studies

Total ( = 10518)

Duplicates (n =1719)

>
| Abstract exclusion:
- Wrong study design n = 3288
- Wrong publication type n = 759
- Wrong population (not (only)) stroke,
wrong animal exp model) n = 2694
>

- Wrong outcome (no cognitive
outcomes) n = 687

- No inflammation n =906

- Foreign language n = 50

- Nofull text n =38

v

Eligible for full text screening n = 377 ‘

Full text exclusion:

- Wrong population n = 36

- Wrongoutcome n =30

- Non-specific inflammation n = 196

- Data not usable (multivariate logistic
regression, 95% range, etc) n = 37

A
Included:
- Animal studies n = 50
- Unique interventions n = 64
- QOutcome variables n =175
- Human studies n = 28
- Outcome variables n =70

78 included studies, 28 were on ischemic stroke patients  Characteristics of Included Studies

with a total of 70 outcome variables, and 50 were animal

studies and included 64 unique interventions and 175 Characteristics of included studies are shown in
outcome variables. Supplementary Tables 1-3. All human studies evaluated the
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association between inflammation and cognition in ischemic
stroke. Of these studies, 13 used cut-offs of the mini-mental
state examination (MMSE) or Montreal cognitive assessment
(MoCA) tests to define PSCI, while the remaining 4 used
a neuropsychological examination, six-item screener, or a
VaD assessment scale. In one human study inflammatory
markers (IL-1b and IL-10) were measured in CSF [26], in all
other human studies inflammatory markers were measured in
serum. Animal studies evaluated the effect of interventions
targeting inflammation on cognition in ischemic stroke
(n=34), subarachnoid hemorrhage (n=7), or intracerebral
hemorrhage (n=9). Interventions were diverse, targeting
multiple aspects of the inflammatory cascade. Cognitive
functioning was evaluated through Morris water maze
(n=112), Barnes maze (n=14), radial arm water maze
(n=13), novel object recognition (n=_8), contextual fear
memory (n=3), cued fear memory (n=1), T-maze (n=1),
Y-maze (n=4), passive avoidance test (n=1), and active
avoidance test (n=1).

Quality Assessment

Supplementary Tables 4 and 5 show the risk of bias and
quality assessment of the included studies. In human studies,
the risk of bias was low (score 7-9) in 11 studies and high
(score 4-6) in 17 studies. In the included animal studies, the
overall risk of bias was low to moderate. Potential sources
of bias were the baseline characteristics, housing, random

outcome assessment, reporting of drop-outs, and selective
outcome reporting.

Inflammatory Parameters in Stroke Patients
with and Without Cognitive Impairment

In total, 22 studies with 50 outcomes were included in this
analysis. The meta-analysis using unnested data showed a
shift towards a pro-inflammatory state (SMD =0.34 (95%
CI 0.18; 0.50)), with a large heterogeneity (89%). The three-
level meta-analysis showed a considerable heterogeneity
attributable to within-study heterogeneity. This was
confirmed by an ANOVA comparing both models (y*=16.7,
p <0.0001). For this reason, we aggregated multiple within-
study outcomes for the primary analysis. Figure 2 shows the
results of the three-level meta-analysis (SMD =0.46 (95%
CI 0.18; 0.75), =92%). A sensitivity analysis excluding
studies with small sample sizes (n < 100) was carried out
(SMD =0.47 (95% CI 0.13; 0.81), I>=99%). Inspection
of the funnel plot (Supplementary Fig. 1) and Egger’s
test showed evidence of publication bias (p =0.03). Meta-
regression to check for confounders showed that only the
use of MoCA as a screening tool for cognitive impairment
influenced the results, leading to an increased observed
effect size (adjusted p-value=0.03). Subgroup analysis was
performed on inflammatory markers present in at least 3
individual studies (Supplementary Figs. 3—8). Table 1 shows
the diffence in individual biomarker concentrations. No
significant differences between patients with and without

Standardised Mean

Author & Year Inflammatory Marker Cognitive Tool N (PSCI) N (PSNCI) Difference SMD 95%-Cl Weight
Alexandrova 2016 Combined MMSE 11 20 = 0.34 [-0.25;093] 4.0%
Guoping 2015 Combined MoCA 61 25 —a— 120 [0.78;161] 4.4%
Kulesh 2018 Combined NPA 42 15 3 022 [-0.16;0.60] 4.5%
Narasimhalu 2013 Combined NPA 102 65 -0.03 [0.26;0.20] 4.7%
Wang 2021 Combined MMSE 36 33 — 0.04 [[0.71;0.79] 35%
Lu 2022 Combined MMSE 63 57 - 0.36 [0.05,067] 46%
Li 2022 Combined MMSE 76 100 -+ 040 [0.16;064] 4.7%
Shang 2022 Combined MoCA 253 201 0.00 [-0.16;0.16] 4.8%
Shan 2022 Combined MMSE 137 139 - 0.38 [0.17;059] 4.8%
Zhang 2022 Combined MoCA 105 82 0.18 [-0.04;040] 48%
Ying 2023 Combined MMSE 77 74 -+ -0.06 [-0.31;0.19] 4.7%
Guo 2018 CRP SIS 326 790 — 0.06 [-0.41;053] 4.3%
Yang 2021 CRP MMSE 96 84 = 274 [233,315] 44%
Li 2018 hs-CRP MoCA 53 57 == 1.19 [0.79;160] 4.4%
Liu2019 hs-CRP MMSE 45 89 T 022 [-0.14;058] 45%
Mao 2020 hs-CRP MoCA 72 116 - -0.22 [-0.51;0.07] 46%
Ran 2020 hs-CRP MoCA 82 115 - 112 [0.82;1.42] 46%
Zhu 2019 hs-CRP MMSE 86 170 - 0.08 [-0.18;0.34] 4.7%
Bao 2023 hs-CRP MoCA 130 124 = 0.32 [0.07,057] 47%
Xu 2023 Lymphocytes MMSE 382 210 - 0.22 [0.05;0.39] 48%
Pu 2022 MMP9 MoCA 102 78 - 0.82 [0.51;1.13] 46%
Zha 2022 NLR MMSE 87 280 - 064 [0.39;0.89] 47%
Random effects model ; ; l = l : : 0.46 [0.18; 0.75] 100.0%

Heterogeneity: I~ = 92%, p < 0.01

Fig.2 Meta-analysis of human studies: inflammatory parameters in
stroke survivors with cognitive impairment compared to those with-
out cognitive impairment. CRP, C-reactive protein; hs-CRP, high sen-
sitive CRP; MMP9, matrix metallo proteinase 9; NLR, neutrophil—

3 2 <1 06 1 2 3
Decreased Inflammation Increased Inflammation

lymphocyte ratio; MMSE, mini-mental state examination; MoCA,
Montreal cognitive assessment; NPA, neuropsychological assess-
ment; SIS, six-item-screener; PSCI, post-stroke cognitive impair-
ment; PSNCI, post-stroke non cognitive impairment
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Table 1 Subgroup analyses for

c e Subgroup Number of N (PSCI) N (PSNCI) P SMD (95% CI)

differences in inflammatory studies

biomarkers between patients

with and without PSCI CRP 12 1311 1905 95% 0.50 (—0.01; 1.02)
WBC 4 289 274 73% 0.21 (—0.28; 0.70)
Lymphocytes 4 817 567 84% —0.04 (-0.47;0.38)
IL-1b 4 281 205 70% 0.20 (-0.33; 0.74)
IL-6 5 386 287 90% 0.57 (-0.37; 0.74)
IL-10 3 221 154 63% 0.16 (—0.55; 0.88)
TNFa 3 220 180 87% 0.26 (—-0.89; 1.41)

CRP C-reactive protein, WBC white blood cells, IL interleukin, TNFa tumor necrosis factor alpha

post-stroke cognitive impairment were observed for any of
the serum biomarkers.

Correlations Between Level of Inflammation
and Cognitive Functioning in Stroke Survivors

Figure 3 shows the results of the meta-analysis on the
correlation between inflammation and cognition after stroke.
In total, 11 studies with 20 outcomes were included in the
analysis. The meta-analysis using unnested data showed a
small negative correlation between level of inflammation and
cognitive functioning (r= —0.25 (95% CI—-0.34;—0.16))
with large heterogeneity (75%). A sensitivity analysis

excluding studies with small sample sizes (n < 100) was
carried out (r=—0.20 (95% CI—-0.31;—-0.09), = 79%).
Inspection of the funnel plot (Supplementary Fig. 9) and
Egger’s test showed no evidence of publication bias (p=0.3).
Multi-level meta-analysis did not show considerable within-
study heterogeneity. Meta-regression showed that only
the timing of cognitive testing had a small effect on the
results; the observed correlation weakened as time between
stroke and cognitive testing increased (adjusted p =0.03).
Only IL-6 was investigated in at least 3 individual studies
(Supplementary Fig. 10). A subgroup analysis did not show
a correlation between IL-6 and cognition (r= —0.33 (95%
CI-0.66;0.11), > =79%).

Author & Year Inflammatory Marker Timing Inflammation Cognitive Tool N Correlation COR 95%-Cl Weight
Rothenburg 2010 CRP 5-30 MMSE 48 «—%—— -046 [-066;-020] 4.0%
Rothenburg 2010 IFN-g 5-30 MMSE 48 - -0.05 [-0.33; 0.24] 4.0%
Lu 2022 IFN-g 0 MMSE 120 — -0.15 [-0.32; 0.03] 55%
Kulesh 2018 IL-10 4-21 MMSE 57 = -0.19 [-043; 0.07] 43%
Li 2022 IL-17 0-30 MMSE 176 — - -0.07 [-0.21; 0.08] 59%
Lu 2022 IL-17A 0 MMSE 120 — -0.27 [-0.43;-009] 55%
Wang 2022 IL-17A 0 MMSE 120 —— -0.22 [-0.38;-0.04] 55%
Kulesh 2018 IL-1b 4-21 MMSE of ——r -0.45 |-064;-021] 43%
Li 2022 IL-1b 0-30 MMSE 176 - -0.14 [-0.28; 0.01] 59%
Guoping 2015 IL-6 60-90 VDAS 61— -063 [-0.76;-045] 44%
Spaletta 2013 IL-6 3 MMSE 48 = -0.07 [-0.34; 0.22] 4.0%
Rothenburg 2010 IL-6 5-30 MMSE 48 — -0.33 [-0.56;-0.05] 4.0%
Li 2022 IL-6 0-30 MMSE 176 —— -0.23 [-0.36;-0.08] 59%
Shaheen 2019 IL-8 0-2 MMSE 44 -0.27 [-0.52; 0.03] 38%
Shaheen 2019 IL-8 0-2 MoCA 44 —a—— -043 [-064,-0.15] 38%
Ying 2023 IL10 0-1 MMSE 151 — -0.17 [-0.32;-001] 58%
Pu 2022 MMP9 0-1 MoCA 180 <m— -0.54 [-064,-043] 59%
Nguyen 2020 NC 0 MoCA 156 -0.02 [-0.18; 0.14] 58%
Li 2022 TNFa 0-30 MMSE 176 —— -0.33 [-0.46;-0.19] 59%
Nguyen 2020 WBC 0 MoCA 156 -0.03 [-0.19; 0.13] 58%
Random effects model -t -0.25 [-0.34; -0.16] 100.0%
Heterogeneity: 1% = 75%, p <001 ! ! ! I !
06 -04 02 0 02 04 06

Fig.3 Meta-analysis of human studies: correlations between inflam-
mation and cognition. NC, neutrophil count; IL, interleukin; CRP,
C-reactive protein; WBC, white blood cells; IFN-g, interferon-
gamma; MMP9, matrix metallo proteinase 9; TNFa, tumor necrosis
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factor alpha; VDAS, vascular dementia assessment scale; MMSE,
mini-mental state examination; MoCA, Montreal cognitive assess-
ment; NPA, neuropsychological assessment
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The Effect of Anti-inflammatory Interventions
on Cognitive Functioning in Animal Studies

We included 50 animal studies, which assessed 175 outcome
variables. The analysis using unnested data showed that
an intervention targeting inflammation resulted in an
improvement in cognition (SMD=1.37 (95% CI 1.15;
1.60)) with large heterogeneity (82%). The multi-level meta-
analysis showed considerable heterogeneity attributable
to within-study heterogeneity. This was confirmed by an
ANOVA comparing both models (y>=38.4, p <0.0001). For
this reason, we aggregated multiple within-study outcomes
for the primary analysis. Figure 4 shows the results of a
3-level meta-analysis (SMD=1.43 (95% CI 1.12; 1.74),
I?=83%). Inspection of the funnel plot (Supplementary
Fig. 11) and Egger’s test showed evidence for publication
bias (p <0.01). Meta-regression of unnested data showed
that only timing of intervention (adjusted p <0.01) affects
the results, indicating that the effect of the interventions
decreases as time between stroke and intervention increases.
Interventions targeting inflammation resulted in a larger
improvement in cognition in mice than in rats, but not after
Bonferroni correction (adjusted p=0.06). A subgroup
analysis was performed for stroke subtypes: hemorrhagic
stroke (SMD =1.51 (95% CI 1.02; 1.99), >=73%) and
ischemic stroke (SMD = 1.35 (95% C10.95; 1.77), > =86%).
In both subgroups, timing of intervention was a significant
moderator (p <0.01 in both subgroups).

Subgroup Analyses of Anti-inflammatory
Interventions in Animal Studies

We identified nine subgroups of interventions targeting
inflammation based on similar inflammatory pathways. Of
these, eight were represented in at least three individual
studies. We performed a random-effects meta-analysis on these
eight subgroups (Supplementary Figs. 12—19) using unnested
data. Table 2 shows the summary results of the subgroup
analyses. Five out of eight subgroups of interventions showed
a positive effect on cognitive functioning. Largest effect
sizes were found with the immune suppressor fingolimod
(SMD=2.11 (95% CI 0.75; 3.47), ’=81%) and with
complement inhibition (SMD=1.94 (95% CI 1.50; 2.37),
PP=51%). Interventions applying IL-4 showed a large effect
size with low heterogeneity (SMD=1.04 (95% CI 0.85; 1.23),
I?=0%), while interventions targeting microglia phenotype
(SMD=1.18 (95% CI 0.76; 1.59), I2=61%) showed a large
effect size with moderate heterogeneity. Interventions using
general anti-inflammatory interventions showed a large effect
size with high heterogeneity (SMD=1.51 (95% CI 0.89;
2.13), P= 84%), while interventions using B cell depletion
(SMD =0.95 (95% CI—0.15; 2.06), I*=85%), microglia
depletion (SMD = -0.03 (95% CI -0.90; 0.84, 12 = 81%) and

minocycline (SMD =1.37 (95% CI—0.51; 3.26), I’=85%)
showed no effect on cognition.

Discussion

Patients with PSCI have higher serum or CSF levels of
inflammatory markers compared to patients without PSCI.
In addition, we found a negative correlation between the
level of inflammatory markers and level of cognitive (dis)
functioning. In animal stroke models, cognitive functioning
was better in animals treated with anti-inflammatory
interventions compared to controls. In subgroup analyses,
five out of eight intervention subgroups showed a positive
effect on cognitive functioning.

While most of the subgroups of anti-inflammatory
interventions showed a statistically significant effect on
animal cognitive performance, none of the individual
inflammatory markers were increased in patients with PSCI,
suggesting that individual inflammatory markers might not
be a good reflection of PSCI. Furthermore, interventions in
animals administered < 24 h of stroke showed the largest
effect sizes, while the timing of measuring inflammatory
markers did not significantly moderate the effect size. This
might be caused by the different temporal profiles of the
individual inflammatory markers [27].

In a recent large meta-analysis on the relation between
inflammation and Alzheimer’s disease (AD), multiple mark-
ers of inflammation were increased in AD patients compared
to controls, both in peripheral blood and CSF [28]. It is
known that increased inflammation can precede the onset
of AD and VaD [29]. These data, combined with our finding
of a relation between increased inflammatory markers and
impaired cognition, suggest that similar processes down-
stream of inflammatory changes might underlie cognitive
impairment in AD, VaD, and PSCI. These include inflam-
mation-mediated blood—brain-barrier dysfunction, synaptic
pruning or dysfunction, or neuronal degeneration [30, 31].

In many of our analyses, we observed a high level of
heterogeneity, which can have various causes. In human
studies, the meta-regression analysis showed that timing
and mode of cognitive assessment affected the results; the
effect size was highest when using MoCA as a screening
tool, while the correlation between inflammation and
cognition diminished as time between stroke and cognitive
screening increased. Further heterogeneity may be caused
by the demographic (age, sex), clinical (history of stroke,
stroke severity, comorbidities), or genetic heterogeneity of
the population, by differences in study design or laboratory
equipment used for testing, or by differences between
individual inflammatory markers. Furthermore, the majority
of inflammatory markers were measured in serum, while
evidence shows that some inflammatory factors are strongly
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Author & Year

Alawieh 2018
Alawieh 2018 (2)
Alawieh 2018 (3)
Alawieh 2020
Balkaya 2021
Cao 2023

Chen 2022
Chin 2013

Chin 2013 (2)
Chu 2010
Costa 2021
Doyle 2015
Doyle 2015 (2)
Fang 2022
Garrett 2009
Garrett 2009 (2)
Ge 2017

Guo 2016

Guo 2021
Hosseini 2018
Hosseini 2018 (2)
Islam 2022

Jia 2023
Jianrong 2019
Kim 2020

Li 2018

Li 2020

Li 2020 (2)

Li 2021

Li 2021 (2)

Li 2023

Liao 2020
Liu2016
Liu2016 (2)

Ma 2016

Miao 2018
Ortega 2020
Pettigrew 2016
Qin 2023
Qu2018
Rolland 2013
Rynkowski 2009
Rynkowski 2009 (2)
Shi 2019

Shi 2019 (2)
Stagliano 1997
Stagliano 1997 (2)
Wang 2020
Wang 2020 (2)
Wang 2020 (3)
Wei 2017

Wu 2018

Xie 2021

Xiong 2016
Xu2019

Xu 2020

Xu 2020 (2)

Xu 2020 (3)

Xu 2021 (2)

Xu 2021 (3)
Yang 2015
Yang 2019
Zhang 2019
Zhang 2022

Random effects model

Intervention

B4Crry
B4Crry
B4Crry
B4Crry
CD36 KO
MCC950
IL-13
P2Y1
P2Y1
Minocycline
M3RKOmi
MuMT
Anti-CD20
VX-765
C5aRA
C3aRA + C5aRA
MDM
LXA4
Celecoxib
LPS
MPL
Clodronate
rAAV/6M-taCasp3
LV-DUSP
AIM2
eNOSKO
LPS
MCC950
Minocycline
Minocycline
LCN2 KO
DBZ
IL4KO
IL-4
anti-B7-1
Minocycline
Rituximab
TNF a OE

MKP-1 overexpression

Arachidonic acid
FTY720
C3aRA
C3aRA

PLX3397
FTY720
L-NAME

SIN-1
FTY720
TAK1 mKO
5Z-7-Oxozeanol
MR16-1
rGAS6
ST2 KO
TAK242
Aspirin
BMS-470539
IL-4
STAT6 KO
LP17
5Z-7-Oxozeanol
Indometacin
FTY720
IL-4
FTY720

Heterogeneity: = 83%, p <0.01

@ Springer

N (Intervention) N (Control)

1
8
10
8
13
10
15
14
5
8
20
10
10
10

oo o o ©O®

8
8
8
8
13
10
15
19
10
8
11
10
10

Standardised Mean
Difference

—
_._._
_,_._

— .

——

—
-

J S E—
- -

—

—

PR E—

—
—

—

— .

— -

— .

—
+
=
B
_.._

— e

e

SMD 95%-Cl Weight

1.92 [1.02; 2.81]
1.76 [0.84; 2.69]
1.74 [0.78; 2.71]

—= 204 [1.76, 4.11]

0.88 [0.16; 1.59]

—= 2380 [1.75, 3.85]

0.33 [-0.26; 0.92]

——=— 199 [1.15 2.83]
——=— 207 [0.77; 3.38]

134 [0.37; 2.31]
0.79 [1.41,-0.16]

——=— 203 [1.09; 2.97]

019 [0.59; 0.97]
130 [0.51; 2.10]
093 [0.05; 1.91]

-8 239 [1.19; 3.59]

0.97 [0.15; 2.09]
0.86 [-0.08; 1.80]

——= 2380 [125 4.34]
—= 287 [1.75, 399]
— 313 [1.99; 4.28]
= 278 [1.13; 4.43]

-0.86 [1.51;-0.21]

> 445 [2.71; 6.20]

1.55 [0.76; 2.35]
1.14 [-1.96;-0.32]
111 [0.41; 1.82]

——=—~ 255 [150; 3.60]
— 3093 [256; 5.30]

027 [053; 1.07]
1.64 [0.80; 2.47]

—= 300 [1.90; 4.10]

0.89 [0.15; 1.63]
1.02 [0.28; 1.76]
046 [0.36; 1.29]
0.36 [0.45; 1.16]
0.38 [0.49; 1.26]
0.09 [0.78: 0.60]
1.15 [0.08; 2.21]
> 423 [2.87; 5.60]

——=— 214 [0.97; 3.30]
——=— 216 [1.14; 3.18]
—-=—— 1385 [0.82; 2.89]

0.97 [0.18; 1.76]
053 [0.22; 1.28]
-0.06 [-0.94: 0.82]
0.00 [-0.98; 0.98]

——=— 238 [1.15; 362

048 [0.21; 1.17]
118 [0.57; 1.78]
161 [1.14; 2.07]
119 [0.14; 2.24]
092 [0.19; 1.64]

—=— 254 [151; 357]

117 [0.31; 2.02]
1.47 [0.65; 2.29]
1.28 [0.40; 2.17]
1.01 [0.31; 1.71]
130 [0.51; 2.10]
1.96 [1.26; 2.66]
023 [0.39; 0.85]
> 840 [5.17;11.63]
1.10 [0.38; 1.83]

—— 316 [1.81; 450]

[
-3

T T T
2 -1 & a4 2

3

Cognitive deterioration Cognitive Improvement

1.6%
1.6%
1.6%
1.4%
1.7%
1.5%
1.8%
1.6%
1.4%
1.6%
1.8%
1.6%
1.7%
1.7%
1.6%
1.4%
1.5%
1.6%
1.2%
1.5%
1.5%
1.2%
1.7%
1.1%
1.7%
1.6%
1.7%
1.5%
1.3%
1.7%
1.6%
1.5%
1.7%
17%
1.6%
1.7%
1.6%
1.7%
1.5%
1.3%
1.4%
1.5%
1.5%
1.7%
1.7%
1.6%
1.6%
1.4%
1.7%
1.8%
1.8%
1.5%
1.7%
1.5%
1.6%
1.7%
1.6%
1.7%
1.7%
1.7%
1.8%
0.6%
1.7%
1.3%

; 1.43 [1.12; 1.74] 100.0%



Translational Stroke Research

«Fig. 4 Meta-analysis of animal studies: the effect of anti-inflamma-
tory interventions on cognitive functioning. B4Crry, anti-annexin
scFV linked to complement receptor l-related gene/protein y;
CD36, cluster of differentiation 36; P2Y1, P2Y purinoceptor 1;
M3RKOmi, microglial muscarinic acetylcholine receptor 3 knock-
out; MuMT, peripheral B-cell deficient; CD20, cluster of differen-
tiation 20; VX-765, Caspase-1 inhibitor; MKP-1, mitogen-activated
protein kinase-1; C5aRA, C5a receptor antagonist; C3aRA, C3a
receptor antagonist; MDM, monocyte-derived macrophages; LXA4,
lipoxin A4; LPS, lipopolysacaharide; MPL, monophosphoryl lipid A;
rAAV-taCasp3, partial depletion of CDI11c+microglia; LV-DUSP,
lentiviral dual-specificity phosphatase; AIM2, absent in melanoma
2; eNOSKO, endothelial nitric oxide synthase knockout; MCC950,
inhibitor of NOD-like receptor protein-3 (NLRP3); DBZ, tanshinol
borneol ester; IL-4, interleukin-4; IL-13, interleukin-13; anti-B7-1,
monoclonal anti-B7 antibody; TNF-a OE, tumor necrosis factor o
overexpression; FTY720, fingolimod; PLX3397, inhibitor of colony
stimulating factor 1 receptor (CSFIR); L-NAME, L-N.°-Nitro argi-
nine ester; SIN-1, peroxynitrite donor; TAK1 mKO, microglia/mac-
rophage-specific knockout of transforming growth factor-p-activated
kinase 1 (TAKI1); MRI16, anti-interleukin-6 receptor antibody;
rGAS6, recombinant growth arrest-specific 6; ST2 KO, interleukin
1 receptor-like 1 knockout; TAK242, selective toll-like receptor 4
inhibitor; BMS-470539, melanocortin MC1 receptor agonist; STAT6
KO, signal transducer and activator of transcription 6 knockout;
LP17, inhibitor of triggering receptor expressed on myeloid cells 1
(TREM-1)

localized in the central nervous system (CNS) [32]. We were
not able to compare serum and CSF biomarkers, as only 2
measurements in the same study were performed in CSF.
In animal studies, we also observed heterogeneity between
studies, but to a lesser degree in studies investigating the
effect of interventions modulating microglia phenotype and
in studies applying IL-4. The IL-4 studies were homogenous
in terms of timing of the administration, the timing of
cognitive assessment, and tests used for assessment.

We found large effect sizes in interventions modulating
the phenotype of reactive microglia, interventions using
complement inhibitors, and in studies in which IL-4 was
administered. This finding might be caused by their common
effect on microglia. Microglia, the resident immune cells of
the central nervous system, are thought to play an important
role in the development of cognitive impairment. Under
normal physiological conditions, microglia are critical for
the maintenance of neural tissue hemostasis and normal
neuronal functioning. In response to changes in the CNS
milieu, due to, e.g., neural tissue injury, infections, and
tumors, microglia become reactive. The phenotypes of
reactive microglia are highly context-dependent and range
from a pro-inflammatory (called also M1) to an anti-
inflammatory or regenerative state (called also M2) [33,
34]. Notably, in recognition of their multiple and context-
dependent phenotypes, the field is moving from this and other
types of simplified dichotomization of reactive microglia
[35]. Indeed, the specific phenotype of reactive microglia
depends both on time after the stroke event and on the type
of stroke; in ischemic stroke, microglia seem to shift from a

more anti-inflammatory and neuroprotective phenotype in the
early phase to a more pro-inflammatory phenotype in a later
phase, while opposite responses are induced by hemorrhagic
stroke [36, 37]. It is generally assumed that microglia with
a pro-inflammatory phenotype inhibit repair and recovery,
while the anti-inflammatory microglia promote resolution
of inflammation and enhance regeneration [38]. A shift in
microglia phenotype can be achieved through deletion or
inhibition of mitogen-associated protein kinase (MAP3K)
and transforming growth factor (TGF)-p-activated kinase 1
(TAKT) [39], either through deletion or inhibition, through
triggering receptor expressed on myeloid cells (TREM)-1
[40], or through injection of M2-like monocyte-derived
macrophages (MDM) [41]. Furthermore, IL-4 can shift
microglia towards M2 phenotype through the JAK1/STAT6
pathway [42], while inhibition of complement activation
prevents complement opsonins from tagging neurons for
phagocytosis by microglia [43]. Inhibition of signaling
through complement receptors C5aR and C3aR reduces
inflammatory cell infiltration [44].

We did not find an effect of interventions using
minocycline, which is similar to the conflicting results of
previous research on the effect of minocycline on microglia
function. Some studies found that minocycline promotes
M2 polarization and inhibits M1 polarization [45], while
other studies found no effect of minocycline on microglia
as assessed by their morphology [46].

Finally, a large effect was found in interventions
administering fingolimod. Fingolimod acts on sphingosine-
1-phosphate receptors (S1PRs) and through this pathway
affects microglia, lymphocytes, natural killer cells, dendritic
cells, macrophages and neutrophils, and other immune cells
[47]. It has anti-inflammatory effects through different
modes of action and even exerts memory-preservation
properties outside of its effect on inflammation [48].

Our meta-analysis shows that anti-inflammatory
interventions may be beneficial in decreasing PSCI. So
far, trials in stroke patients investigating the effect of
anti-inflammatory interventions mostly focused on IL-1,
endothelial selectins, and leukocyte infiltration, but did not
have cognition as an outcome measure. Minocycline has
shown a good safety profile in a small dose-escalation trial
[49], while interventions using fingolimod showed a good
safety profile and an improvement in modified Rankin scale
(mRS), National Institutes of Health Stroke Scale (NTHSS),
and infarct growth in initial trials [50]. Currently, a phase
II trial on the effect of fingolimod in ischemic stroke and a
phase II trial assessing the efficacy of complement inhibition
after hemorrhagic stroke are ongoing [51, 52].

The results of our meta-analysis of animal studies
indicate that the timing of anti- inflammatory interventions
is important with the largest effect being observed when
treatment is initiated in the first 24 h after stroke induction.
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Table 2 Subgroup analyses for

. Subgroup Number of Number of vari- P SMD (95% CI)

the type of anti-inflammatory studies ables

intervention in animals: effect

on cognition General anti-inflammatory 15 43 83% 1.66 (1.14;2.18)
B cell depletion 3 10 85% 0.95 (—0.15; 2.06)
Microglia depletion 4 10 81% —0.03 (=0.90; 0.84)
Microglia phenotype 5 14 61% 1.18 (0.76; 1.59)
Complement inhibition 8 19 51% 1.94 (1.50; 2.37)
Fingolimod 5 11 81% 2.11 (0.75; 3.47)
Minocycline 4 5 85% 1.37 (—=0.51; 3.26)
IL-4 4 12 0% 1.04 (0.85; 1.23)

Reduced recruitment of inflammatory cells from the
systemic circulation is conceivably one of the underlying
mechanisms. Neutrophil infiltration in the brain parenchyma
occurs in the acute phase after human stroke [53]. In animal
models of stroke, the levels of neutrophils in the peripheral
blood rise within 12 h, peaking at 24-h post stroke, and drop
to control levels by 48 h [54]. Multiple cytokines and other
inflammatory signals are involved in neutrophil activation
and recruitment to the brain parenchyma after stroke and
have been evaluated as stroke treatments [55].

Some limitations need to be acknowledged when
interpreting the results of our meta-analysis. First, we
observed a high level of heterogeneity in many of our analyses,
especially in human studies, which we were unable to fully
explain. Second, in an ideal situation, multiple regressions
need to be used to identify how different populations,
outcomes, or study-related factors can influence our results.
However, given the limited sample sizes and information
reported in the included studies, this was not feasible. Third,
we found evidence of publication bias, which may have led
to an overestimation of the effect sizes. Finally, the majority
of human studies investigated peripheral inflammation only
at a single time point. Collecting inflammatory markers
longitudinally from CSF would resolve temporal and spatial
variability in inflammatory responses [56]. Unfortunately,
this implies practical difficulties and invasive measurements.
The strengths of our study are the extensive overview of the
literature and inclusion of animal studies.

Our study has implications for future studies. First,
definitions and outcome reporting should be homogenized.
In the identified studies, the MoCA was the preferred
tool for defining PSCI. Second, as temporal differences
in inflammatory markers are common, it is important to
report on time delay between stroke and sample collection.
Preferably, longitudinal studies with multiple sample
collections should be used to investigate the inflammatory
response over time in patients with PSCI. Last, future
studies on anti-inflammatory interventions preventing
PSCI should focus on complement inhibition, fingolimod
or IL-4 while attempting to minimize time delay between

@ Springer

stroke onset and administration. Safety of IL-4, fingolimod
and complement inhibition should first be assessed by
phase I or II trials, which are currently on their way.
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