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Abstract

Objective Although post-stroke cognitive deficit can significantly limit patient independence and social re-integration, clini-
cal routine predictors for this condition are lacking. ‘Cognitive reserve’ limits the detrimental effects of slowly developing
neurodegeneration. We aimed to determine whether comparable effects also exist in acute stroke. Using "years of education’
as a proxy, we investigated whether cognitive reserve beneficially influences cognitive performance and disability after
stroke, whilst controlling for age and lesion size as measure of stroke pathology.

Methods Within the first week of ischemic right hemisphere stroke, 36 patients were assessed for alertness, working memory,
executive functions, spatial neglect, global cognition and motor deficit at 4.9 +2.1 days post-stroke, in addition to routine
clinical tests (NIH Stroke Scale, modified Rankin Scale on admission <24 h post-stroke and at discharge 9.5 +4.7 days
post-stroke). The impact of education was assessed using partial correlation analysis adjusted for lesion size, age, and the
time interval between stroke and assessment. To validate our results, we compared groups with similar age and lesion load,
but different education levels.

Results In the acute stroke phase, years of education predicted both severity of education independent (alertness) and educa-
tion dependent (working memory, executive functions, global cognition) cognitive deficits and disability (modified Rankin
Scale). Spatial neglect seemed to be independent.

Interpretation Proxies of cognitive reserve should be considered in stroke research as early as in the acute stroke phase.
Cognitive reserve contributes to inter-individual variability in the initial severity of cognitive deficits and disability in acute
stroke, and may suggest individualised rehabilitation strategies.
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Introduction

Stroke-induced dependency is frequently associated with
severe motor impairment and deficits of higher cogni-
tive functions such as aphasia, apraxia or neglect but also
memory and attention deficits and disturbances of execu-
tive functions. Prediction of stroke outcome in both cogni-
tive and motor domains remains to be challenging due to
the inter-individual variability [1, 2].

Research on normal ageing as well as neurodegenera-
tion has revealed that the variation in individual responses
to brain pathology can be explained by the concepts of
‘brain reserve’ and ‘cognitive reserve’ [3]. These con-
cepts, which address different factors protecting against
cognitive decline, might also be applicable to stroke [4],
though their terminology—introduced for degenerative
disorders—might not be ideally fitting for stroke.

In neurodegeneration, ‘brain reserve’ is defined by
quantitative brain parameters, such as the maximal life-
time brain volume typically estimated by intracranial vol-
ume [3]. In stroke, age may be applicable as proxy for
‘brain reserve’, since it correlates with brain volumetric
characteristics [5] and influences stroke outcome [6, 7]
including post-stroke cognition [8, 9]. In addition, ageing
is also associated with cortical atrophy and leukoaraiosis,
which have each been shown to impact on both functional
outcome [10, 11] and stroke-induced cognitive impair-
ment [12]. This interrelation makes it difficult to disso-
ciate the effects of age itself and of age-related pathol-
ogy on stroke outcome. Overall, however, age is the most
commonly used proxy of brain reserve in stroke research,
which measures the inter-individual variability of stroke
outcome.

‘Cognitive reserve’ is defined as the function of a life-
time intellectual activities, which serves to shape network
efficiency, processing capacity and flexibility [3]. Prox-
ies such as level of education, crystallised intelligence,
socioeconomic status, etc. are used to estimate cogni-
tive reserve, and have even been suggested to influence
stroke recovery [13, 14]. At the same time, such factors
as socio-economic status, participation in social networks
or depression might considerably change with ageing.
Proxies of cognitive reserve have barely been considered
in stroke research. Indeed, low education level has been
shown to predict post-stroke dementia [12]. However,
stroke-induced dementia is much rarer than mild cognitive
deficits, which considerably limit rehabilitation options
and worsen stroke outcome [15]. There is also evidence
for the impact of education level on post-stroke global
cognition [8, 16] and recovery of language functions and
visual memory in the chronic stroke phase [17]. However,
whether ‘cognitive reserve’ has an independent impact
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on severity of stroke-induced deficits in other cognitive
domains is yet to be determined. Furthermore, whether or
not a possible impact of ‘cognitive reserve’ is also present
in the acute stroke phase remains to be investigated. More-
over, we recently suggested that ‘cognitive reserve’ might
affect non-cognitive domains [4]. Clarifying these issues
is essential for the improvement of individual prognoses
and individualised rehabilitation approaches.

The present study, therefore, evaluated the impact of cog-
nitive reserve on clinical parameters and cognitive perfor-
mance in the acute phase of stroke whilst adjusting for age
and lesion load. As proxy for ‘cognitive reserve’, we used
years of education [3]. To avoid any confounds being poten-
tially introduced in behavioural tests by comprehension or
other disturbances of the language system, we exclusively
looked at patients after right hemisphere stroke.

Materials and methods
Subjects

As part of a large study (Freiburg Large Scale Project),
patients were recruited from the stroke unit of the Depart-
ment of Neurology, University Medical Centre Freiburg,
Germany, in the period from September 2014 to Decem-
ber 2015. An inclusion criterion was a first-ever territorial
ischemic right middle cerebral artery stroke. Exclusion cri-
teria were (i) conditions compromising study participation
and examination (e.g. low consciousness or arousal level,
general MRI contraindications); (ii) pre-stroke neurological
or psychiatric conditions compromising data interpretation
(pre-stroke cognitive impairment, previous stroke, structural
brain lesions besides stroke, etc.); and (iii) left-handedness
[18]. Thirty-six patients aged 66.4 + 14.6 years (mean + SD)
were included (Table 1). All patients underwent standard
treatment in line with the stroke guidelines of the German
Neurological Society.

Neuropsychological and clinical testing

Clinical scoring using the NIH Stroke Scale (NIHSS) and
modified Rankin Scale (mRS) was performed routinely by
physicians upon patient admission in the acute clinic (<24 h
post-stroke) and at discharge (9.5 +4.8 days post-stroke).
Neuropsychological testing was performed at 4.9 +2.1 days
post-stroke and consisted of the following variables: (i)
global cognition, which was assessed using the Montreal
Cognitive Assessment (MoCA, max 30, norm > 26 points)
[19]. Besides total MoCA score, we also included the MoCA
after subtraction of visuospatial items to avoid double con-
sideration of spatial neglect (max 25); (ii) tonic alertness,
which was based on the reaction time (ms) to single targets
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Table 1 Clinical and behavioural data from the entire study cohort, and from age- and lesion-volume-matched subgroups with different educa-

tion levels

All patients Matched subsamples TIF p
Low cognitive reserve (n=13) High cognitive reserve (n=13)
Age 67.7+12.8 [42; 89] 71.5+9.5 [54; 82] 66.6 +13.5 [46; 89] 1.075 0.293
Gender (m/w) 20/16 6/7 10/3 0.226
Cerebrovascular risk factors
Arterial hypertension 26 13 9 0.165¢
Diabetes mellitus 9 6 1 0.077¢
Atrial fibrillation 6 3 3 14
Neuropsychological testing, days 49+2.111;8] 43+2.411;9] 46+1911;7] 0.443 0.662
post-stroke
Discharge, days post-stroke 9.5+4.8 [4; 20] 9.2+4.8 [4; 20] 8.5+4.6 [4;19] 0.374 0.712
Thrombolysis (no/i.v./i.a.) 18/14/4 7151 8/4/1 0.178 0.915
Years of education
At school 10.2+2.0 [6; 13] 8.4+1.2[6; 10] 11.6+1.6 [8;13] 5.777 <0.001
Total 13.4+3.1 [6; 19] 10.7+2.4 [6; 13] 15.8+1.9[14; 19] 6.024 <0.001
Crystallised intelligence, 1Q 115+ 18 [71; 143] 99+ 18 [71; 123] 122+ 12 [108; 139] 3.182 0.006
(n=20)
Lesion volume
Absolute?, ml 66.0+70.8 [2.7;297.7] 52.6+40.2 [3.7; 109.3] 45.8+57.9 [8.9; 221.1] 0.292 0.773
Relative® to brain volume, % 4.4+5.210.1;21.7] 3.4+2.81[0.2;8.5] 3.0+4.4[0.4; 16.6] 0.263 0.795
NIHSS
At admission 7.4+5.6 [0; 19] 7.3+5.0[0; 15] 4.6+4.70; 16] 4.658 0.041°
At discharge 3.8+3.8[0; 14] 4.5+3.410;9] 1.5+1.9[0; 6]
mRS
At admission 3.0+£1.5[0; 5] 32+1.1[1;5] 2.2+1.9[0; 5] 4.857 0.038°
At discharge 2.4+1.5]0;5] 27+1.2[1;4] 1.6+1.6[0; 4]
Tonic alertness, ms (n=31) 461+ 180 [272; 967] 562 +244 [286; 966] 396+ 117 [272; 726] 2.167 0.021¢
MoCA score
Total, max 30 22.2+6.3 [3; 30] 21.5+4.9[10; 28] 25.7+3.7[17; 30] 2.497 0.010°
Without spatial domain, max 25 19.2+5.3 [2; 25] 18.8+4.3 [10; 24] 21.8+2.7[16; 25] 2.060 0.025°
Neglect severity, CoC 0.209+£0.298 [0; 0.910] 0.251+0.321 [0; 0.890] 0.099+0.257 [0; 0.910] 1.334 0.098°¢
Digit span, percentile rank
Forwards (n=28) 66.7+32.3 [5; 100] 63.6+29.7 [15; 98] 87.4+14.0 [67; 100] 2213 0.020°
Backwards (n=29) 39.1+36.4 [0; 100] 32.0+32.6 [0; 92] 65.6+34.0 [12; 100] 2313 0.016°
Word fluency, percentile rank
‘Food’ (n=30) 42.2+30.7 [1; 95] 31.8+21.0[1; 78] 53.6+32.5[2; 93] 1.863 0.039°
‘M’ words (n=30) 33.0+31.1[1;98] 19.4+22.0 [1; 63] 51.8+35.2[1;98] 2.522 0.010°
‘Sport’—“fruit’ (n=30) 32.6+32.0 [0; 98] 20.6+12.8 [0; 39] 54.1+37.9 [0; 98] 2.660 0.008°
‘G’-‘R’ words (n=29) 35.6+32.0 [0; 98;] 20.8+15.8 [0; 46] 55.9+36.0 [0; 98] 2.790 0.005°
Fugl-Meyer score for paretic arm 42.8+25.2 [0; 60] 39.2+26.9 [0; 60] 58.9+1.7 [54; 60] 2421 0.012°

(max 60, n=29)

All data expressed as mean =+ SD [min; max]

CoC center of cancellation

#Absolute lesion volume calculated on MNI-normalised lesion maps

PRelative lesion volume calculated as ratio of absolute lesion volume in native space to total individual brain volume (sum of grey and white

matter volumes)

“One-tailed statistics is reported in line with the hypothesis on beneficial impact of cognitive reserve on stroke outcome [4]

dFisher test was applied

F contrast of group effect in two-way repeated measure ANOVA, two-tailed statistics is reported. In case of missing data, the number of tested

patients is provided in parenthesis
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(circles with a diameter of ~ 3° of visual angle) presented
centrally on a screen for 300 ms, with inter-trial intervals
between 2250 and 3800 ms. In patients with neglect, the
screen was adjusted accordingly by moving it towards the
right so as to ensure target perception. (iii) Working mem-
ory, which was assessed by digit span (forwards and back-
wards) measured in percentile rank; normative data were
stratified by age [20]. Normative data that are stratified
according to education years are not available. (iv) Executive
functions, assessed using a word fluency test with phonemic
(‘M’- and alternating ‘G-R’-letters) and semantic (‘food’
and alternating ‘sport-fruits’) tasks, measured in percentile
rank; normative data were stratified by age [21]. Although
normative data stratified by both age and education years are
available, there is poor representation of subjects > 65 years.
By including in the study only patients with right hemi-
sphere stroke, we avoided confounds potentially introduced
by stroke-induced language disorder. (v) Severity of spa-
tial neglect was assessed by calculating the mean Center of
Cancellation (CoC) score [22] for Bells test [23], Ota task
[24], line cancellation, star cancellation, letter cancellation
and reading tests [25], as well as an adapted score for a
drawing test [26]. For the reading test, CoC was calculated
as the center of mass for the words read. (vi) Crystallised
intelligence was evaluated as an additional representation of
cognitive reserve using the IQ score of the Multiple-Choice
Vocabulary Test—Version A (Mehrfachwahl-Wortschatz-
Test—Version A) [27]. Despite this measure being possibly
confounded by stroke deficits, it appeared to be applicable
and valid, since we neither included aphasic left hemisphere
patients, nor set a time limit for patients. (vii) Motor deficits
were assessed using the Fugl-Meyer test for the upper limb
[28]. Since the testing took place in the acute stroke phase,
some tests (i—vi above) were not feasible for all patients due
to a number of factors including fatigue and limited com-
pliance. In case of missing data, the remaining number of
patients is provided additionally.

MRI examination and lesion mapping

All patients underwent an MRI examination within the first
week of admission that included diffusion-weighted imag-
ing (DWI) for lesion mapping and anatomical T1 imaging
(sagittal magnetization-prepared rapid-acquisition gradi-
ent echo sequence [MPRAGE]), with previously described
parameters [18]. Lesion mapping was performed semi-
automatically by roughly delineating the lesion on the DWI
images using a customised region-of-interest toolbox imple-
mented in SPM8 (https://www.fil.ion.ucl.ac.uk/spm/softw
are/spm8/). Individual intensity thresholds were then applied
to find the best match between the binary lesion map and
the diffusion-restricted area. The resulting lesion map was
subsequently inspected with MRIcron (https://www.cabia
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tl.com/mrico/mricon/stats.html) and manually adjusted
where necessary [18]. T1 images were segmented using the
VBMS Toolbox, after which deformation field parameters
for nonlinear normalization were calculated with DARTEL
(diffeomorphic anatomical registration through exponenti-
ated lie algebra [29]), and applied to T1 images and co-regis-
tered lesion maps for normalization in the standard Montreal
Neurological Institute (MNI) space.

Statistical analysis

Since all behavioural and clinical variables were approxi-
mately normally distributed according to the Kolmogo-
rov—Smirnov test, we, therefore, employed parametric sta-
tistical analyses. According to our main working hypothesis
that cognitive reserve impacts stroke deficit severity besides
premorbid brain reserve and stroke damage [4], we eval-
uated the effect of their proxies in a single analysis. The
measure ’years of education’ was used as a proxy for cogni-
tive reserve. We controlled for age, also as it represents the
approximated proxy of brain reserve in stroke, because it
correlates with brain volumetric characteristics [5] and influ-
ences stroke outcome [6, 7]. We did not apply brain volume
characteristics directly (e.g. whole brain or grey matter vol-
ume) but used age instead, since we aimed to find proxies
that are easily available in routine clinical praxis, and as
age has an impact on functional besides structural network
characteristics [30]. As proxy for the severity of stroke dam-
age, we used relative lesion volume, which was calculated as
ratio between lesion volume and total brain volume [abso-
lute lesion size/total brain volume], both derived from native
non-normalised images to avoid lesion size underestima-
tion in patients with age-related brain atrophy. To evaluate
the impact of education level on clinical and behavioural
variables, we applied a partial correlation analysis that was
adjusted for age and relative lesion size. Considering that
the data were acquired during the acute stroke phase, the
time interval between stroke onset and examination could
have had a significant influence on the results; therefore,
it was also introduced into the model. We applied the false
discovery rate (FDR) correction for multiple comparisons
with ¢=0.05 (false discovery detection rate of 5%).

As a validation, we carried out additional control analyses
by forming two groups of patients who were matched by
relative lesion size and age but differed in education level, by
applying a multi-dimensional matching method [31]. To this
end, the sample was divided along its median of 13 years of
education into two subsamples comprising patients with a
higher (> 13 years; n=18) and a lower (<13 years; n=18)
education level. From these two subgroups, patient pairs
showing the least differences in age and relative lesion vol-
ume in the multi-dimensional space were created [32]. The
analysis of pairwise distance showed a step after 13 pairs,
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which were used for further groups’ comparisons using
two-sample 7 test. For the group comparisons of NIHSS and
mRS scores at admission and discharge, we applied two-
way repeated measure ANOVA. An alpha level of 0.05 was
applied in all behavioural analyses. One-tailed testing was
chosen, if specifically justified by the a priori hypothesis
that higher education is associated with better abilities [4].
Statistical analyses were performed using SPSS 21.

Lesion anatomy was analyzed with MRIcron software
using the voxel-based lesion-behaviour mapping (VLBM)
tool [33]. To exclude any association between lesion
anatomy and variables of interest, we performed Brun-
ner—Munzel test where age, education years and lesion vol-
ume served as regressors [1000 permutations, family-wise
error (FWE) correction, p <0.05]. Comparison of lesion
anatomy between the two subgroups matched for age and
relative lesion size but with disparate education levels was
performed using the Liebermeister test [false discovery rate
(FDR) correction, p < 0.05].

Results

Table 1 summarises the clinical characteristics of the study
cohort, whilst Fig. 1 shows the distribution of lesion anat-
omy. Years of education correlated strongly with crystal-
ised intelligence (Pearson correlation, MWT-1Q, r=0.820,
p<0.001, n=19). There was no correlation between years of
education and age (r=—0.238, p=0.181), between age and
relative lesion volume (r=—0.072, p=0.682); and between
relative lesion volume and education level (r=-0.032,
p=0.858). Neither age nor years of education nor relative
lesion size was associated with damage to specific brain
regions, as the VLBM analysis did not yield any voxels
significantly associated with them (Brunner—-Munzel test,
p<0.05).

Partial correlation analyses

To investigate the impact of cognitive reserve in the acute
stroke phase, we applied a partial correlation analysis, in
which years of education were correlated with neuropsycho-
logical parameters and clinical routine scores at admission
and discharge, whilst controlling for the variables age, rela-
tive lesion size and the time interval between stroke onset
and examination. Years of education had an effect both on

Table2 Correlation between years of education and clinical and
behavioural parameters after adjusting for age and lesion size, as well
as time post-stroke if necessary

R p

NIHSS

At admission -0.291 0.056

At discharge —0.200 0.145
mRS

At admission —0.365 0.026

At discharge —-0.381 0.019

Alertness (ms) —0.438 0.013
MoCA

Total 0.474 0.004

Without spatial domain 0.460 0.005
Digit span

Forwards 0.521 0.005

Backwards 0.600 0.001
Word fluency

‘Food’ 0.291 0.074

‘M’ 0.603 0.001

‘Sport/fruit’ 0.513 0.004

‘G-R’ 0.488 0.007
Spatial neglect, mean CoC -0.077 0.342
Fugl-Meyer score for paretic arm 0.203 0.171

One-tailed statistics is reported in line with the hypothesis on benefi-
cial impact of cognitive reserve on stroke outcome [4]. Highlighted
with bold font results remain significant after correction for multiple
comparisons (FDR correction with ¢=0.05 was applied)

16

Fig. 1 Simple lesion overlap of all patients included in the study. Colour bar indicates the number of overlapping lesions
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severity of disability and cognitive deficits (Table 2). Years
of education negatively correlated with disability scores, as
assessed by the mRS at admission and discharge (p=0.026
and p=0.019 correspondingly, significant after FDR cor-
rection; here and further one-tailed), but no significant cor-
relation was found for NIHSS (at admission p =0.056, at
discharge p =0.145).

Years of education correlated positively each with post-
stroke alertness (p=0.013), global cognition (MoCA-score,
p=0.004), working memory (assessed as forwards and
backwards digit span, p=0.005 and p=0.001), and execu-
tive functions (assessed by word fluency ‘M’, ‘Sport/Fruit’,
‘G-R’, p=0.001, p=0.004 and p=0.007 correspondingly,
all significant after FDR correction), explaining at least 20%
of their variance after adjusting for lesion size and age. In
contrast, education years did not play any significant role in
the severity of either upper limb paresis or spatial neglect
(p=0.342 and p=0.171). Thus, years of education served as
a predictor for cognitive deficit severity and disability in the
acute stroke phase, independent of age and relative lesion size.

In the additional control analysis, we used crystallised
intelligence as proxy of cognitive reserve and applied the
same statistical model. The result remained the same as in
the analysis above. However, in addition, NIHSS both at
admission and discharge, severity of neglect and motor func-
tion of paretic arm significantly correlated with cognitive
reserve assessed as IQ scores based on vocabulary (Table 3).

Contrast of patients with distinct cognitive reserve

To confirm the beneficial effects of cognitive reserve on
post-stroke performance, we compared stroke deficit sever-
ity amongst 13 pairs of patients who had different levels of
education (p <0.001, two-tailed) but were matched for age
and relative lesion volumes (p =0.293 and p=0.795 cor-
respondingly). The groups also did not differ in relation to
lesion anatomy (VLBM analysis using the Liebermeister
test, FDR corr, p <0.05, also with reduced statistical thresh-
old p <0.001 uncorr; Fig. 2a).

According to the group analysis, beneficial effect of cog-
nitive reserve was observed for level of disability (mRS)
and severity of stroke impairment (NIHSS) in acute stroke
(Fig. 2). In detail, patients with higher education level had
overall lower mRS than those with lower education (two-
way repeated measure ANOVA, main group effect p=0.038,
two-tailed), whereas mRS improved from admission to
discharge in both groups (main effect of time, p =0.040);
groups did not differ in their course of disability improve-
ment (interaction effect group X time, p=0.539) There
was a comparable group difference in stroke impairment:
higher cognitive reserve was associated with lower NIHSS
(two-way repeated measure ANOVA, main group effect,
p=0.041, two-tailed) by overall NIHSS improvement from
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Table 3 Correlation between crystallised intelligence (IQ scores
based on vocabulary) and clinical and behavioural parameters after
adjusting for age and lesion volume, as well as time post-stroke if
necessary

R P

NIHSS

At admission —0.566 0.009

At discharge —0.640 0.004
mRS

At admission —0.581 0.009

At discharge -0.549 0.014

Alertness (ms) —0.648 0.006
MoCA

Total 0.679 0.002

Without spatial domain 0.598 0.007
Digit span

Forwards 0.530 0.031

Backwards 0.498 0.035
Word fluency

‘Food’ 0.365 0.100

‘M 0.470 0.039

‘Sport/fruit’ 0.328 0.117

‘G-R’ 0.337 0.110
Spatial neglect, mean CoC -0.520 0.019
Fugl-Meyer score for paretic arm 0.585 0.018

The significant values (an alpha level of 0.05) are highlighted with
bold font

One-tailed statistics is reported in line with the hypothesis on benefi-
cial impact of cognitive reserve on stroke outcome [4]

admission to discharge (main effect of time, p=0.002), and
by insignificant interaction effect (p=0.891).

Patient groups also differed in cognitive deficit severity,
where alertness, global cognition, working memory (digit
span forwards and backwards), and executive functions
(word fluency) were better in subjects with higher cognitive
reserve (all p<0.039, one-tailed, Table 1, Fig. 2). Moreover,
arm paresis in patients with higher cognitive reserve was
less severe than in the group with lower cognitive reserve
(p=0.012), whereas patient groups did not differ signifi-
cantly in spatial neglect severity (p =0.098, one-tailed).

Discussion

The present study shows the impact of ‘cognitive reserve’,
as approximated by years of education on (i) initial severity
of cognitive deficits (alertness, working memory, executive
functions and global cognition) as early as in the acute stroke
phase and (ii) the level of disability in the acute stroke phase,
independently from age and lesion load.

There are only few studies on the impact of education
level on functional stroke outcome. Patients with longer
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Fig.2 Comparison of age- and
lesion-volume-matched patients
with distinct education levels. a
Simple lesion overlap for each
subgroup; voxel-based lesion
symptom mapping analysis

did not reveal any differences

in lesion anatomy between the
two subgroups (Liebermeister
test, FDR corr, p <0.05). Colour
bar indicates the number of
overlapping lesions. b Group
comparisons of proxies for
cognitive reserve (years of edu-
cation at school), stroke damage
(absolute lesion size) and brain
reserve (total brain volume).
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educational history had a lower NIHSS score in acute stroke
[16], but the results were not adjusted for age. Low level of
education was also associated with a higher mRS around
5 years after stroke, independent from age [34]. However,
these studies did not take lesion load into account. Moreover,
it is unclear whether patients with low level of education

N
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had poor outcome in the chronic stroke phase due to lower
cognitive reserve itself, or rather due to low socio-economic
status, which is often associated with lower education level
and potentially results in restricted treatment and rehabilita-
tion programmes [35]. The present findings are, therefore,
the first to show the beneficial impact of cognitive reserve
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on disability in acute stroke, independent from lesion load
and age. The absent effect of cognitive reserve on recovery
of disability within the acute stroke phase might be con-
founded by (i) the short observation time (9.5 +4.7 days),
(ii) by considering mRS at admission before thrombolysis,
making this score dependent on multiple factors (e.g. hypop-
erfusion, blood pressure, etc.) and making the recovery rate
being dependent on success of thrombolysis, (iii) insufficient
sample size of patients. Therefore, the negative result might
be false negative. Further studies are needed to investigate
the impact of cognitive reserve on recovery of disability with
larger patient sample, longer observation time and with clini-
cal scores acquired after thrombolysis as the baseline.

Previous work exploring the impact of cognitive reserve
on stroke-induced cognitive impairment is limited. Low edu-
cation level was shown to be associated with worse global
cognition as assessed by MoCA in the acute stroke phase
[36] and the Mini-Mental State Examination in the chronic
stroke phase [8, 16]. Bilingualism was also associated with a
better cognitive outcome after stroke [37]. The present study
revealed that as early as 1 week post-stroke, lower educa-
tion level is associated with poorer performance in different
cognitive domains including education-independent alert-
ness [38], besides education-dependent working memory,
executive functions and MoCA. The impact of educational
history was reported for memory impairment, aphasia, visu-
ospatial and constructive deficits at 3 months post-stroke,
independent of age and stroke severity [16]. However, the
latter study did not control for lesion volume and anatomy.
The influence of cognitive reserve in acute stroke appears to
affect functions differently. Whilst alertness, working mem-
ory, executive functions and global cognition were better in
subjects with higher cognitive reserve, we did not observe
significant effects of cognitive reserve on motor deficits or
on spatial neglect. This differential impact might depend on
how particular networks are distributed in human brain: the
more a functional network is represented in restricted brain
regions, the more important the lesion anatomy [39] and the
less critical the brain reserve and cognitive reserves. In fact,
though spatial attention is provided by a large-scale network
[40], the neural correlate of spatial neglect appears to be
restricted to a perisylvian network [41], strongly lateralised
in the right hemisphere. Therefore, the effect of education on
neglect severity may either not be present or may be weaker
than in other cognitive domains studied, as this protective
effect has been reported previously by AE Hills and Tippett
(2014). Interestingly, in the control analyses, both motor
function of the paretic arm and NIHSS were influenced by
educational attainment. Further studies are required to inves-
tigate these results.

The impact of cognitive reserve on disability and cogni-
tive deficits might comprise several mechanisms [4]. First,
patients with higher education years might have better
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pre-stroke cognition, and therefore show better post-stroke
cognitive performance than patients with lower education
despite of comparable stroke damage. In other words, in case
of higher reserve, brain can simply tolerate more pathology
before it reaches a critical threshold and the patient presents
a cognitive deficit [42]. This might be partly true for MoCA
scores and the word fluency tests, although it has been shown
that the semantic word fluency tasks applied here are more
dependent on age, for which we adjusted, than on education
[43]. However, a simple additive effect of education appears
to be insufficient to explain the present results, as it does not
account for its impact on mRS-assessed disability level or
education-independent cognitive functioning (e.g. alertness),
meaning that other beneficial mechanisms exist. Second,
higher cognitive reserve is associated with better network
efficiency or capacity [3]. For example, higher education
level is related to increased dendritic measures [44] or plas-
ticity [45] in humans, whilst enriched environment fosters
neurogenesis and synaptogenesis according to animal studies
[46]. Third, individuals with higher cognitive reserve may
be more capable of recruiting alternative neural networks
to maintain function [47]. In other words, higher cognitive
reserve might provide easier and faster compensation for
stroke damage, e.g. by unmasking latent connections and
recruiting (new) functional centers. Finally, subjects with
higher education levels usually have a healthier life style
and better compliance with vascular risk factor management,
and cognitive reserve might interact with brain reserve [48].

The most critical limitation of the study is the impossibility
to differentiate whether or not the better post-stroke perfor-
mance in higher educated patients might just mirror their bet-
ter pre-stroke cognitive functioning, as the cognitive deficits
were assessed only cross sectionally. On the other side, this
limitation is relevant only for education-dependent cognitive
domains (e.g. working memory, executive functions); and it
concerns all studies of stroke-induced education-dependent
cognitive deficits, as reliable normative data stratified by both
age and education are not available for patients > 65 years old.
The existence of the strong impact of education on education-
independent alertness and stroke disability ensures, however,
the post-stroke mechanism of this protective effect. Also, the
presence of this protective impact of cognitive reserve as early
as one week post-stroke points to a strong effect, despite of
diaschisis [49] and disruption through an acute lesion [39]. It
is clear that future research needs to investigate the impact of
cognitive reserve on stroke recovery. Nevertheless, the pre-
sent data strongly highlight its protective influence on initial
stroke-induced cognitive deficit and stroke disability. Thus,
cognitive reserve has to be considered in stroke research as
early as in the acute stroke phase, independent from its under-
lying pre-stroke or “post-stroke only”” mechanisms.

There are several other limitations. Since cognitive test-
ing was only performed in patients in whom testing was
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feasible within the first week post-stroke, the patient sam-
ple is relatively small and biased towards the exclusion of
patients with severe stroke deficits, i.e. patients with larger
lesions. This represents a concern for wider generalisability
and limited the optimal group matching. Thus, additional
studies on a larger and more balanced patient cohort are
required to further elucidate the impact of cognitive reserve
on patients’ abilities in acute stroke. Moreover, the proxy
used in the present study for cognitive reserve (=years of
education) is only a rough measure of lifetime intellectual
activities and, hence, might not sufficiently cover the whole
concept of cognitive reserve. However, the advantage of this
particular proxy is that it is extremely easy to assess in the
clinical setting. Furthermore, years of education correlated
strongly with crystallised intelligence, underscoring its reli-
ability as a proxy for cognitive reserve.

To summarise, the present data demonstrate that cogni-
tive reserve measured as years of education can serve as
an independent predictor of cognitive performance and dis-
ability in the acute phase of stroke, and should, therefore,
be considered alongside age and lesion load in therapeutic
trials as well as in individual therapeutic approaches. The
findings arise new discussions on impact of life experience
on stroke outcome.
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