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Abstract

Recent findings have demonstrated that stroke nesaifect neural communication in the
entire brain. However, it is less clear whetherwoek interactions are also relevant for
plasticity and repair. This study investigated Viteetthe coherence of neural oscillations at

language or motor nodes is associated with futiimecal improvement.

Twenty-four stroke patients underwent high-denEBG recordings and standardised motor
and language tests at 2-3 weeks (T0) and 3 monmthjsafter stroke onset. In addition, EEG
and motor assessments were obtained from a seamdagion of eighteen stroke patients.
The graph theoretical measure of weighted nodeege@WND) at language and motor areas
was computed as the sum of absolute imaginary eaberwith all other brain regions and

compared to the amount of clinical improvement frénto T1.

At TO, beta-band WND at the ipsilesional motor egrivas linearly correlated with better
subsequent motor improvement, while beta-band WhKBraca’'s area was correlated with
better language improvement. Clinical recovery \itasher associated with contralesional
theta-band WND. These correlations were each spdoifthe corresponding brain area and
independent of initial clinical severity, age, dedion size. Findings were reproduced in the
second stroke group. Conversely, later coherenceeases occurring between TO and T1

were associated with less clinical improvement.

Improvement of language and motor functions afteoke is therefore associated with
interregional synchronization of neural oscillasoim the first weeks after stroke. A better
understanding of network mechanisms of plasticigyrtead to new prognostic biomarkers

and therapeutic targets.



I ntroduction

Stroke lesions have impact on neural interactionthé entire brain (Grefkes and Fink, 2011;
Corbetta, 2012; Carrera and Tononi, 2014; Dijkhaigeal, 2014). Evidence that this is the
case comes from modelling (Alst&t al, 2009), animal experiments (van Megral, 2010),
as well as from imaging studies investigating neunteractions (i.e., functional connectivity,

FC, or effective connectivity) between brain regiai human stroke patients.

Functional magnetic resonance imaging (fMRI) hagaéed disruptions in inter-hemispheric
FC between homologous motor, language, and spatemtion areas, which were linearly
associated with corresponding neurological defigftthe patients (Het al, 2007; Warreret
al., 2009; Carteret al, 2010). Other studies have observed generallycestlinteractions
among nodes of the motor network (Shamhal, 2009), and in particular between premotor
and primary motor areas (Grefkesal, 2008). These network changes evolve over time and
seem to be maximal about 1 month after stroke disaket al, 2011). In addition, stroke
patients with severe motor deficit also build ughamced inhibitory influence from the
unaffected to the affected motor cortex in subatotehronic stages (Grefkext al, 2008;
Rehmeet al, 2011). Improvements of motor performance are@atad with a reduction of
pathological influences from contralesional motartex and a restitution of ipsilesional

effective connectivity between premotor and primagtor areas (Grefke=t al, 2010).

Changes in network interactions occur also at ime tscales of actual neural oscillations.
EEG and magnetoencephalography (MEG) recordings itask-free resting-state have
revealed reduced phase synchronization betweerafteeted hemisphere and other brain
areas in the alpha frequency band (Dubogikal, 2012; Westlakeet al, 2012). The
magnitude of alpha-band phase synchronization legtwegiven brain area and the rest of the
brain was found to be linearly associated with behaal performance in tasks depending on
this brain area. For instance, the more spontanalmis oscillations in Broca’'s area were
phase synchronised with the rest of the brain ptéer patients were able to produce words
(Dubovik et al, 2012; Guggisbergt al, 2015). Improvement of neurological deficits dgrin
rehabilitation goes in parallel with increaseslpha-band phase synchronization (Westlake
al., 2012), and, vice versa, enhancing alpha-bandrenbe with neurofeedback seems to
reduce motor deficits after stroke (Mottazal, in press). During movement tasks, network
dynamics of beta oscillations seem to be affectetiassociated with movement performance
(Gerloff et al, 2006; De Vico Fallanet al, 2013).



In contrast to the solid evidence that neurologubeficits after stroke are associated with
disturbed neural interactions among brain regidns,less clear whether network interactions
are also relevant for brain plasticity and repéerastroke. The identification of such network
mechanisms of plasticity would be important as thight yield new therapeutic targets and

help predict future improvement of stroke patients.

Experiments in rats have suggested that axonaluspgois associated with widespread
synchronous neural activity at low oscillation fuegcies on the first days after thermal-
ischemic lesions (Carmichael and Chesselet, 2082human stroke patients, correlations
between different kinds of network interactions dvef therapy and clinical improvement
during therapy periods have been observed at \&atiowe points after stroke (Wargj al,
2010; Buchet al, 2012; Westlakeet al, 2012; Varkutiet al, 2013). In particular, nodes
associated with deficient neurological functionsravdound to enhance their overall
importance in the brain network during recoveryitgreasing their functional connectivity
with other areas (Wangt al, 2010; Buchet al, 2012; Westlakeet al, 2012). However, it
remains unknown whether these observations arestadeross different populations and
whether they are predictive for improvement ofeliéint neurological functions. Furthermore,

the time course of adaptive network changes afftekes is unclear.

The present study aimed to identify EEG networknges occurring within the first 2-3
weeks after stroke indicative of subsequent clinemaguage and motor improvement. Based
on current concepts of plasticity after stroke, ypothesised that FC changes relevant for
repair would involve primarily ipsilesional areadjacent to the region normally responsible
for the deficient function as well as homologoustcalateral areas. Furthermore, we
supposed that preserved or even enhanced FC bethess areas and the rest of the brain
should help reshape network interactions towardtional brain tissue and lead to more
clinical improvement. Conversely, a functional disoection of these critical areas from the
rest of the brain would impede plasticity and I¢adess clinical improvements. To test this,
we calculated a global index of FC between critlm@in areas and the rest of the brain: the
graph theoretical measure of node degree in waightsworks (weighted node degree,
WND) (Newman, 2004). We then investigated the dassoo of WND with future clinical
improvement in motor and language functions independent patient populations with acute

to subacute stroke.



M aterials and methods

Patients and subjects

The study comprised two independent groups of hustiaoke patients as well as group of
age-matched healthy controls. All participants gavéten informed consent to participate in
this study. Procedures were approved by the Geilghiecs Committee and conducted

according to the Declaration of Helsinki.

Stroke population 1 was used for main analysesfandn exploration of network correlates
of clinical improvement. It was composed of twefdw stroke patients (mean age 60.7
years, range 37-81, 9 women, 15 had left hemispisénoke). Mean National Institute Stroke
Scale (NIHSS) was 13, range 3-27. Inclusion catevere: (i) clinical diagnosis of first ever,
territorial ischemic stroke, (ii) unilateral ischenfesion in the territory of the middle cerebral
artery (MCA) as demonstrated by structural MRIj) (at least mild motor or language
impairment at the beginning of rehabilitation. Ex#d were patients with neurological or
psychiatric comorbidities, history of seizures, gamce of metallic objects in the brain, or
skull breach. Patients’ demographic and clinicadreabteristics are listed in Supplementary
Table 1. The lesion distribution is shown in Suppdatary Fig. 1. All patients received
standard therapy at the stroke unit during the eaqitase and an individually tailored
multidisciplinary rehabilitation program in the sabute and chronic phases. Two patients
took short-acting benzodiazepines exclusively at-tme (>12h before EEG recordings),
three patients received serotonin-reuptake inhibi{@able 1). These drugs were treated as
confounding covariates in statistical analyses.hktignsity EEG and standardised clinical
assessments were obtained at two time-points: 2éksv(TO) and three months (T1) after

stroke onset.

The second group of stroke patients was used fossevalidation of the findings in an

independent group. It was composed of eighteeematsatisfying the same inclusion criteria
and exclusion criteria as population 1, with thiéofeing exceptions: not only ischemic but
also hemorrhagic strokes were accepted, and ontprmiecovery was examined. For this
reason, patients with severe language comprehemigbaoits were excluded, and patients
needed to have at least mild motor impairment athibginning of rehabilitation. Mean age
was 67 years (range 32-85), mean NIHSS 13.8 (r@n2@), 8 were women, and 7 had left
hemispheric lesions. Patient’'s demographic andicelin characteristics are listed in

Supplementary Table 2. Three patients received dokazepines at bedtime, one of whom
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also during the day, four patients took serotoeimptake inhibitors and one a low-dose
neuroleptic at bedtime. Standardized clinical agsests of motor function were obtained at

3 weeks (T0) and 3 months (T1) after stroke anti-dignsity EEG at 3 weeks after stroke.

As a control group, twenty-six age-matched volurgegithout neurological or psychiatric
disease were included. Their mean age was 62.4s,yeange 32-88, 12 women. Age
(F2,6=1.0, p=0.38) and gender (p>0.58, Fisher's exast) t®ere not significantly different

between patient and control populations.
Clinical assessments

Motor function was assessed with the following dtadised measures: the Jamar
dynamometer (Mathiowetet al, 1985), the Fugl-Meyer motor assessment of theemupp
extremity (Fugl-Meyert al, 1975), the Nine Hole Peg test (Oxford Grateal, 2003), and
the stroke rehabilitation assessment of movemeriREAM) instrument (Wangt al, 2002).
The Nine Hole Peg test was expressed in pegs/descdkes were normalised to values of the
unaffected arm of each patient. Since the four m&tores were highly correlated (r>0.7), we

used the average of all items in our analyses epoand motor score.

Language function was quantified with the Genevaddd¥e Aphasia Score (GeBAS)
(Boukrid and Laganaro, 2013). It was developedgisantification of overall performance in
language comprehension and production in acutesabacute phases of neurological disease.
Its subtests assess spontaneous language produatientation, production of automatic
series, denomination, repetition, verbal fluencpmprehension, writing, reading and

calculating. The score for maximum performanced@, Ininimum score is 0.

Clinical improvement of patients was quantified dmptracting their corresponding scores at
T1 from TO. Henceforth, we use the temecoveryin reference to this measure.

EEG acquisition

EEG data was collected with a 128-channel BioseativAaTwo EEG-system (Biosemi B.V.,

Amsterdam, Netherlands). Spontaneous activity itask-free state was recorded with a
sampling rate of 512 Hz. Participants were inseddb keep their eyes closed and to remain
relaxed but awake. Data segments with artefactsgois of reduced vigilance were excluded
by visual inspection of the data. Five-minutes défact-free data were recalculated against

the average reference.



Connectivity analysis

Source functional connectivity (FC) was calculaited/latlab (The MathWorks Inc., Natick,
USA) with the open-source toolbdXUTMEG (http://nutmeg.berkeley.edu) (Dalat al,
2011) and itdunctional connectivity mapping (FCM) toolb@&uggisberget al, 2011). The
lead-potential with 10 mm grid spacing was compuisthg a spherical head model with
anatomical constraints (SMAC) (Spinedit al, 2000) in stroke population 1 and in healthy
controls, and a boundary element model (BEM) liaks population 2. The BEM model was
created with the Helsinki BEM library (http://pellut.fi/BEM/) (Stenrooset al, 2007).
Artefact-free EEG segments were bandpass filteeddiden 1 and 20 Hz and projected to
grey matter voxels with an adaptive spatial filiscalar minimum variance beamformer)
(Sekihareet al, 2004). The absolute imaginary component of catek (Nolte et al, 2004;
Sekiharaet al, 2011) between estimated source time series &t eaxel x and all other
voxelsy was subsequently calculated as index of FC. Flos) we computed the weighted
node degree (WNDk at each voxek as the sum of its coherence with all other cadrtica

voxels (Newman, 2004):

K, :ZIXy (1)

WND can be seen as an index of the overall impodani an area in the brain network (Stam
and van Straaten, 2012; De Vico Fallahal, 2014).

Separate values were obtained at each of sevemefney bands: delta (1-3 Hz), low theta (4-
5 Hz), high theta (6-7 Hz), low alpha (8-10 Hzglhialpha (11-12 Hz), low beta (13-16 Hz),
and high beta (17-20 Hz). Between-subject variatiosynchronization magnitude (and hence
WND) can be due to variations in signal-to-noiseosa of the recordings. To avoid this
potential confound in our analyses of the assamdbetween variations in WND and clinical
improvement, we normalised WND maps. This was aghidy subtracting, for each subject,
the mean WND across all voxels of the subject apdlibiding by the standard deviation,
hence vyielding z-scores. Z-score maps were spatraimalised to canonical Montreal
Neurological Institute (MNI) space wusing function®f the toolbox SPM8
(http://www fil.ion.ucl.ac.uk/spm/software/spm8/)schemic lesions were masked during

spatial normalization to avoid distortions (Brettal, 2001).



Regions of interest (ROIS)

Ipsilesional and contralesional ROIs were defimegriori for each clinical function with
anatomical templates. They comprised the areasosegpo be responsible for the respective
function and their homologous contralateral areBer motor function, we used the
ipsilesional and contralesional primary motor corigMl). Language ROI was the left
posterior inferior frontal gyrus (Broca’'s area) aitgl right homologue. Motor ROIs were
defined with the human motor area template (Magkal, 2006), language ROIs using the
automated anatomical labelling template (TzouriceMeer et al, 2002). WND at each ROI

was calculated as the average of its voxels.
Statistical analyses

Our hypothesis postulated that greater WND shouwdtp hreshape network interactions
towards more clinical improvement while functiordisconnection of critical areas would
lead to less clinical improvements. Accordingly, wested WND at TO for positive
correlations with changes in motor and languagépeance from TO to T1 using a Pearson
correlation analysis. All variables were normallistdbuted and parametric tests were
therefore used. Only patients showing at least mmlokor impairment at TO (<90% of
maximum compound motor score) were included for tlerelation analysis of motor
improvement (N=21). Left and right hemispheric ¢&s were relabelled apsilesionaland
contralesionaland combined for analysis, but we verified thautes hold true for both lesion
sides. For correlation analysis of language impnust, only patients with left hemispheric
stroke and with at least mild language impairmeéntCwere included (N=14). In population
1, correlations were performed at each of the séneguency bands and at both ROIs of each
function, using a Bonferroni correction to corrdot multiple testing. In population 2,
correlations were performed only at frequency bdodad to be significant in population 1,

and Bonferroni corrected for testing two ROIs.

Next, we characterized the evolution over time efwork predictors by analyzing their
association with clinical variables at differenné points. In twenty-one out of the twenty-
four patients of population 1, EEG recordings coalsb be obtained at T1. These patients
were separated into two groups according to tHgiical improvement, using a median split
of their change in behavioural score from TO to WAND values at frequency bands with
significant correlations were tested for differemdeetween good and bad recovery groups,
both at TO and T1, with unpaired t-tests. To furthevestigate the impact of changes in
8



network predictors over time with clinical improvent, we also correlated change in WND

from TO to T1 with clinical changes from TO to T1.

To assess the spatial specificity of ROI correfajowe performed voxel-wise correlations
between WND and clinical recovery and reproducedel/anaps without correction for
multiple testing to visualise the full spatial exteof network predictors. Furthermore, we
verified whether correlations with recovery weréatent between language and motor ROIs
using permutation tests. At each of 2000 permutatomps, we shuffled the order of the
clinical scores across patients and recalculatedPdarson correlations between WND at each
ROI and the clinical variable. The correlation dma&ént difference between the two ROIs
was then compared to the distribution of correfatemefficient differences obtained with
permutation. Permutation tests were also performedpairs of correlations at different
frequency bands of the same ROI, in order to vetifg frequency specificity of the

associations.

We verified that bivariate correlations were indegent of initial motor/language score,
initial NIHSS, age, lesion size, and CNS-active oa&idbn with a multivariate linear

regression model using forward stepwise selectiowell as with partial correlation analyses.
In addition, WND at TO was correlated with cliniclores at TO and WND values at T1 with

clinical scores at T1.

In addition, we also compared WND of good and kexbvery groups to values of the age-

matched healthy control population.

Results

In accordance with our hypothesis, we observedsangtn high WND in patients with good
clinical improvement. This concerned ipsilesionsiveell as homologous contralateral areas.

Fig. 1 shows two typical examples.

The correlation analysis across all patients ofuteton 1 showed that higher WND values in
ipsilesional and contralesional ROIs were indeetkdrly associated with better clinical
improvement. In ipsilesional ROIs, correlations Idobe observed exclusively in the beta
frequency band. The more beta oscillations in pisgasional motor areas were coherent with
the rest of the cortex, the more patients improuednotor function (r=0.57, p=0.047,

Bonferroni corrected, Fig. 2A, C). Similarly, theore left inferior frontal regions were
9



coherent with the rest of the cortex, the bettéiepts improved in language function (r=0.69,
p=0.042, Bonferroni corrected, Fig. 2B, D).

Associations between WND and clinical scores wéen tfollowed over time in order to
characterize their temporal evolution. When patiemtre segregated into 2 groups according
to their clinical recovery, we found a trend foegter WND at TO in the group with good
compared to the group with bad corresponding imgmuent (t>1.9, p<0.084, Fig. 2E-F). This
difference was not observed at T1. On the contadglayed increase in WND from TO to T1
was significantly negatively correlated with therresponding clinical recovery during the
same period (r<-0.56, p<0.040, Fig. 2G-H). Henckemsas high WND at 2-3 weeks after
stroke was positively associated with recovery,apposite was the case for later increases.

A similar pattern was found in contralesional RQisit for theta oscillations. Language
recovery was associated with larger WND in thetrigifoca homologue at 2 weeks (r=0.70,
p=0.039, Bonferroni corrected, Fig. 3B, D, F). Imetcase of motor improvement, no
correlation was at first observed in any frequebagd. However, when we used a more fine
graded template of motor areas and defined motols ROvering more exclusively upper
extremity representations [Area 4p of the Jilicha#my Toolbox (Eickhoffet al, 2005)],
we also found an association of theta-band WND wwithtor recovery, although it did not
survive corrections for multiple testing (r=0.5200008, uncorrected, Fig. 3 A, C). Again, the
association tended to be inversed for later ine@®awccurring between 2-3 weeks and 3
months post stroke onset (r<-0.4, p<0.110, FigH3G-

Correlations were spatially specific: WND at moteas did not correlate with language
improvement (r<0.38, p>0.18), and language WND with motor improvement (r<0.36,
p>0.10). Correlation between motor ROl WND and matoprovement was significantly
greater than the correlation between WND at Broca’sa and motor improvement
(ipsilesiponal p<0.0001, contralesional p<0.06)d @aorrelation between WND at language
ROIs and language recovery tended to be greatarti@acorrelation between motor WND
and language improvement (ipsi- and contalesiond).(6). Furthermore, a voxel-wise
analysis showed that the correlations were regdiprsgecific in that only voxels around
motor areas correlated with motor improvement anty woxels around language areas
correlated with language improvement (Fig. 4). €ations were also frequency specific. In
ipsilesional ROIs, correlation with recovery wagrsficantly greater at the beta than at the
theta frequency band (p<0.02), while the opposites whe case for contralesional ROIs

(p<0.06).
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In contrast to coherence, local oscillation powetha same ROIs and frequency bands was
not correlated with recovery (r<0.28, p>0.17), theenfirming that our findings reflect

interregional coherence, not local oscillation atpke.

In a multiple stepwise regression, only ipsi- amghtcalesional WND, but not initial
motor/language scores, initial NIHSS, age, lesi@e,sand medication were retained as
independent predictors of motor and language imgrent (final model for motor
improvement: Fi5=11, R=0.55, p=0.0007; language improvement 9, R=0.61,
p=0.005). Similarly, a partial correlation analysiluding these factors as confounding
covariates remained significant (r>0.56, p<0.03n 8ignificant correlations were found
between WND values at TO and clinical scores afr£0.36, p>0.19) or between WND at T1
and clinical scores at T1 (r<0.21, p>0.49), coniimgnthat the association with recovery was

not merely due to severity at baseline or follow-up

We verified the robustness of these findings ireeoad stroke population (in whom only
motor assessments were obtained). When using the s@tor ROIs and frequency bands as
in population 1, we reproduced similar positive retations between WND at TO and

subsequent motor improvement (r>0.47, p<0.05, Hig.

Next, we compared ipsilesional beta-band WND andtretesional theta-band WND of
stroke population 1 to an age-matched healthy obptwpulation. The bad recovery group
had lower WND in contralesional M1 (t=-2.1, p=0.04as well as in the ipsilesional Broca
area (t=-2.6, p=0.015) and its contralesional hogwé¢ (t=-1.9, p=0.071) than healthy
controls. The good language recovery group hadfggntly greater WND in Broca’'s area
than healthy controls (t=3.2, p=0.003). The diffae in the remaining ROIs was not
significant (p>0.16).

Discussion

Brain repair after stroke depends on a cascadegobwth-promoting molecular and cellular
events (reviewed, e.g., in Carmichael (2006), N{g#0®7), Murphy and Corbett (2009)), on a
transient recruitment of perilesional as well astesional brain areas (e.g., Nuebal,
1996; Feydyet al, 2002; Wardet al, 2003; Gerloffet al, 2006; Sauet al, 2006), as well as
on early, intensive, and task-specific exercisg.(&wakkelet al, 1999; Kleim and Jones,

2008; Dancause and Nudo, 2011; Langhahal, 2011). Our study provides evidence that
11



plasticity is further associated with a synchrotima of spontaneous neural oscillations
between brain areas. The more neural oscillatioaniguage and motor areas were coherent
with the rest of the cortex at 2-3 weeks after kstrothe better patients improved in
corresponding clinical functions during the subssguweeks. This association was robust as
it was reproduced in two different patient popwla and two key neurological functions.
Network interactions therefore seem to be relevfantbrain plasticity. This might be a
consequence of processes taking place on cellakrnaolecular levels. For instance, the
creation of new synaptic connections might be aasmit with a transient increase in
synchronous beta oscillations between the invohNmdin areas. In this case, EEG
connectivity could be useful as non-invasive bidwearof cellular processes. In addition,
oscillation synchrony might also contribute actw# plasticity. For instance, it might help
preserve and strengthen newly-formed projectionbefier understanding of these network

processes could then eventually result in new praved therapy procedures.

We will first characterise connectivity changesoassted with future recovery and then
consider possible confounds and limitations. Finae will compare network markers of

stroke recovery with previously described preditor
Characteristics of network plasticity

Network analyses begin to reveal characteristicstrmke plasticity which have been hidden
to local analyses. They show that critical braiaaar enhance their overall importance and
interactions in the brain network, probably to patentheir reintegration. This is suggested
not only by our finding of larger WND in patientdtiv good recovery, but also by similar
observations made in previous studies which hawes §8RI (Wanget al, 2010), MEG
(Buch et al, 2012), or EEG during motor tasks (De Vico Fallahal, 2013) to reconstruct
comparable graph theoretical measures of node elegrenode centrality. This increase in
overall interactions is therefore remarkably remmble and observable during tasks and at

rest, and in several recording techniques.

Our study further suggests that specific osciltatirequencies are preferred for recovery-
related neural interactions in the first weeks raftieoke. Thereby, ipsi- and contralesional
hemispheres use different rhythms. This might oeftistinct molecular environments after
unilateral stroke. Animal models of stroke havewshdhat two main synaptic signalling

systems are implicated in stroke plasticity, buthwopposing effects. Gamma-aminobutyric

acid (GABA) mediated inhibition of the periinfardissue reduces recovery, while
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glutamatergic excitation mediated by alpha-aminoy8roxyl-5-methyl-4-isoxazole-
propionate (AMPA) receptors promotes plasticitygi®onet al, 2010; Carmichael, 2012;
Kim et al, 2014). These neurotransmitters also modulateathglitude and phases of EEG
rhythms at specific frequencies. GABA influencesaliaythms in the motor cortex (Jensn
al., 2005; Yamawaket al, 2008; Farzaret al, 2013; Ronnqgviset al, 2013) and seems to
influence spike timing of individual neurones dygritheta oscillations (Kohl and Paulsen,
2010). AMPA agonists have been reported to indoog-term theta oscillations (lat al,
2014). The association of ipsilesional beta cohm¥ewith clinical improvement might
therefore reflect a GABAergic processes. The pegiee of the contralesional hemisphere for
theta rhythms might also be related to neurotrattenchanges (Schieret al, 1996; Kimet

al., 2014). If such associations between neurotratsmeiand coherence frequencies can be
confirmed in future studies, they might enable adirik clinical observations with synaptic

processes using non-invasive and convenient EEGdiegs.

In addition to the frequencies observed here, symdus neural activity at delta and infra-
delta frequencies (0.1 — 2 Hz) have been reportethgl the first days after stroke in rats
(Carmichael and Chesselet, 2002). It is unknown tkdre such slow frequency
synchronization also occurs in humans. The facthelid not observe it in our study may be
due to later times of recordings, difficulties intaining artefact-free recordings of very slow
rhythms at the skull, and our measure of functiooahnectivity which masks zero-lag

synchrony.

In healthy humans, alpha rhythms are the mainearafor phase synchronization during the
task-free state. The healthy human brain has a ipgyh peak of resting-state oscillation
coherence in the alpha frequency range (~7-13 Gaygisberget al, 2008; Hillebranckt al,
2012) corresponding to the prominence of the atplthm in the human EEG. Moreover, the
magnitude of resting-state alpha-band coherend@early associated with performance in
subsequent tasks (Dubovi& al, 2013; Rizket al, 2013; Guggisbergt al, 2015). The
present study provides evidence that recent stiediens induce an adaptive deviation from
the usual alpha frequencies towards beta and tiegfaencies. This deviation is transient and
limited to the first weeks after stroke. A retumusual alpha interactions has to occur during
the period between 4 to 12 weeks after stroke. Adgative correlation between changes in
coherence and clinical improvement indicates thHa#tat and beta coherence become
maladaptive at these later stages. Moreover, puswstudies have shown that, 3 months after

stroke, motor and cognitive performance of stro&ients is again correlated with alpha-band
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connectivity of critical nodes, as in healthy suabge (Dubovik et al, 2012). A study
investigating mostly chronic stroke patients foualdo predictors of future recovery when
focusing on alpha-band coherence (Westlekal, 2012). In sum, EEG and MEG network
analyses suggest that the brain uses several cowation frequencies in order to adapt to
stroke lesions, and that the involved frequencwslve dynamically over time. The time
course of adaptive network changes observed hemespmnds to the time window of
opportunity known from repair-related genetic, noolar, and cellular events which also peak
during the first weeks after stroke onset (Carmath2006; Cramer, 2008; Murphy and
Corbett, 2009). This provides further evidence tB&G network markers are linked to

molecular repair processes.

Network changes associated with recovery alsovioleveral principles of plasticity known
from local processes. Increases in FC are fundtioaad regionally specific, such that nodes
mediating a particular function are also specificassociated with recovery of the same
function. Moreover, they involve ipsilesional andnfologous contralesional brain areas, in
accordance with findings from studies of local atfi changes (Feydgt al, 2002; Wardet
al., 2003; Gerloffet al, 2006; Sauet al, 2006).

It is noteworthy that network plasticity takes mdaacot only after stroke but also in other

conditions such as traumatic brain injury, multigl#erosis, and early Alzheimer’'s disease.
Some of the mechanisms observed in stroke seenerterglise to other pathologies. For

instance, the hyperconnectivity of critical are@ems to be a general response to brain
affections occurring also in traumatic brain injaryd multiple sclerosis (Hillargt al, 2015).

An adaptive shift of neural interaction frequenaycuwrs also after traumatic brain injury

(Castellanoset al, 2010; 2011) and in patients with early Alzheirsedisease (Dubovilet

al., 2013). Yet, the involved frequencies seem toeditimong conditions. This opens the
interesting possibility that network imaging witle& or MEG might provide a fingerprint of

frequency responses which are characteristic ticpéar conditions.
Potential confounds

We verified that the correlations observed hereeweot merely due to the presence of
lesions, which might have led to a general suppessf oscillations and hence to trivially
low coherence in patients with worse recovery. Whgsilesional ROIs were defined
individually for each patient by masking voxelsttiagere affected by anatomical lesions, this

did not change our findings of correlations witinidal recovery (r>0.50, p<0.035). One may
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argue that the limited spatial resolution of EEGurse reconstruction leads to spread of
reduced oscillations around lesions which would digéicult to control. However, this
possibility is unlikely for several reasons. Finsg used a measure of FC which is robust to
artefacts resulting from the limited spatial resioln of source imaging (Sekiharmt al,
2011). Second, a general suppression of neuralitgctvould likely concern all oscillation
frequencies, whereas we observed selective caoetabnly at particular frequency bands.
Third, the presence of lesions could not explaeftdct that we found similar correlations in
the contralesional hemisphere. Fourth, many patieith good recovery had increased FC

(Fig. 1), which cannot be explained by a lesiondicetl absence of neural oscillations.

Our study reports the largest sample of strokeeptdi so far investigated for network
plasticity and is the first to crossvalidate thedfhgs in an independent population. Yet, the
sample size remains moderate with variable lesiatimical cofactors, and analyses

procedures, which might partially influence somehaf findings.
Predictors of recovery

Multiple parameters have been proposed as prediofdunctional outcome after stroke (i.e.,
of the severity of deficits in the chronic stagegluding initial clinical severity (Kwakkeét
al., 2003; Nijlandet al, 2010), lesion location (Shelton and Reding, 20@dpeet al, 2013),
diffusion tensor imaging of white matter tractsii@aret al, 2007; Liuet al, 2010; Marchina
et al, 2011; Rileyet al, 2011), magnetic resonance spectroscopy (Cirsteal, 2011),
functional magnetic resonance imaging (Setual, 2010), motor and somatosensory evoked
potentials (Feyst al, 2000; Hendrickset al, 2002; Stineart al, 2007), and EEG/MEG
spectral power (Tecchiet al, 2007; Finnigan and van Putten, 2013). In the cdsmotor
outcome, best prediction accuracy has been repooyeda combination of clinical
examinations and assessments of the cortico-spmetl with diffusion tensor imaging and
motor evoked potentials (Coupetral, 2012; Stineaet al, 2012).

In contrast, the prediction of clinical improvemdntm the acute/subacute to the chronic
stage has proven more difficult. It seems to refslon the severity of initial clinical deficits
and local neural damage, and more on reparatiocepses in distributed areas. Functional
magnetic resonance imaging (fMRI) can help idenpigtients with good likelihood of
improvement if multivariate analyses of activatmranges at multiple brain regions are used
(Crameret al, 2007; Marshallet al, 2009; Sauret al, 2010). Our and previous studies

underscore the relevance of network interactionguré studies will need to compare the
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reliability of different markers and assess whethecombination can result in clinical

applications.
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Figure Captions

91098-7

&~
5

01098-7

A
5,

Figure 1. Examples of hyperconnectivity after stroke resulting in increased WND in
contralesional (A) and ipsilesional (B) hemispheres. Stroke lesions are marked with dark
gray cubes, regions with increased WND with yelland red colours.A) Patient with
paresis of the left arm resulting from a lesionolming the right internal capsule. EEG
network imaging revealed hyperconnectivity of tlomtcalesional motor cortex at 2-3 weeks
after stroke onset. The patient improved from hisoat 2 weeks to 21 points at 3 months in
the Upper Extremity Fugl Meyer scor®)(Patient with Broca aphasia due to stroke in the
territory of the left anterior middle cerebral ayteHyperconnectivity was present in the
perilesional tissue at 2 weeks and associated avittmprovement in language performance
from 40 to 78 out of 100 points in the subsequeetks. Coronal slices are in neurological
orientation.
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Figure 2. Ipsilesional network correlates of clinical recovery. Global FC of the affected
primary motor cortexA) or of Broca’s areaB) with other areas (i.e., their WND) correlated
with future clinical improvement at beta oscillatidrequencies. Double asterisks indicate
frequency bands with significant correlations (8&).Bonferroni corrected)C( D) Scatter
plots illustrating the association between betadb&WND and clinical recovery.H, F)
Patients with good recovery tended to show graatedD at 2-3 weeks after stroke, but not at
3 months. White circles denote marginally significdifferences (p<0.09)3, H) In contrast

to the situation at TO, an increase of WND betw&8nand T1 was associated with worse

clinical improvement in the corresponding function.
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Figure 3. Contralesional network correlates of clinical recovery. WND of the
contralesional primary motor corteRA) and the right Broca homologuB)(was correlated
with corresponding future clinical improvement aeta oscillation frequencies. Asterisks
indicate frequency bands with significant corre@asi: ** p<0.05, Bonferroni corrected; *
p<0.05, uncorrected.C; D) Scatter plots illustrating the association betweketa-band
WND and clinical recovery. H, F) Patients with good language recovery tended tmvsh
greater WND at 2-3 weeks after stroke, but not mtoBiths. The asterisk indicates significant
differences (p<0.05).Q3, H) In contrast to the situation at TO, an increaS@/dlD between

TO and T1 was associated with worse clinical improent in language function.
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Figure 4. Associations between network interactions and clinical improvement were
regionally specific. A voxel-wise correlation between WND and clinicatovery shows that
only voxels around motor areas correlated with motgprovement and only voxels around
language areas correlated with language improvenkemtctional maps are thresholded at

p<0.05, uncorrected, to visualize the full exteimetwork predictors.
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Figure 5. Corréations in an independent population. Significant associations between FC
at TO and subsequent recovery were reproducedeirseébond stroke population, using the

same regions of interest and the same frequenasban
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Supplementary Figures

Supplementary Figure 1. Lesion distribution of stroke population 1. A Patients with
motor deficits. B Patients with language deficits. The color encodes the number of patients
with ischemic lesion at a given voxel. The lesion was cortical in 2 out of 24 patients,
subcortical in 6, and mixed in 16. Images are presented in neurological convention (left is
[eft).

Supplementary Figure 2: Lesion distribution of stroke population 2. The lesion was

cortical in 1 patient, subcortical in 8, and mixed in 6. Images are presented in neurological
convention (left isleft).



Supplementary Tables

Supplementary Table 1. Characteristics of patient population 1.

Age : Gender Lesion Side: Admission | Handedness | Suspected Stroke CNS-active
NIHSS Etiology medication
67 M R 13 R Internal carotid artery | -
stenosis
51 M L 15 L Internal carotid artery | -
dissection
60 M L 16 R Cryptogenic -
64 F L 7 R Cryptogenic -
80 F R 5 R Atrial fibrillation Oxazepam
68 M R 15 R Cryptogenic -
74 F L 14 R Akinetic left Citalopram
ventricular segment
48 F L 27 Cryptogenic -
54 L 6 R Patent foramen ovale | -
62 M R 9 R Internal carotid artery : -
occlusion
68 R 16 R Atrial fibrillation -
37 L 8 R Patent foramen ovale | -
and DVT
63 M L 12 R Internal carotid artery | -
occlusion
70 L 14 R Atrial fibrillation Fluoxetin
53 M L 20 R Internal carotid artery | Escitalopram
dissection
79 M R 18 R Internal carotid artery | -
occlusion
60 M R 18 R Internal carotid artery | -
stenosis
46 M L 7 R Patent foramen ovale | -
and DVT
73 F L 3 R Cryptogenic -
78 R 9 R Atridl fibrillation -
56 M L 19 R Cryptogenic Zolpidem




Atrial flutter and

67 F L 11 R mitral valve

Patent foramen ovale | -
43 M L 18 L and DVT

Middle cerebral -
52 M R 14 R artery stenosis

Supplementary Table2. Characteristicsof patient population 2.

Age Gender Lesion Sde Admisson Handedness Suspected Stroke CNS-active
NIHSS Etiology medication
Common carotid -
43 F R 43 R artery dissection
65 M L 19 R Atrial fibrillation -
64 F R 21 R Internal caro_tld artery -
occlusion
2 M L 3 R Middle cerebral Escitalopram
artery stenosis
67 F L 8 R Cryptogenic -
77 F L 22 R Atrial fibrillation -
56 M R 15 R Arteria hypertension -
(hemorrhage)
83 M R 16 R Atrial fibrillation -
80 R 10 R Cryptogenic -
77 M R 6 R Internal carot_ld artery Citalopram
stenosis
Carotid artery Zolpidem,
" F R o R atheromatosis Quetiapin
Carotid artery -
85 F L 13 R atheromatosis
Internal carotid artery:  Clonazepam,
51 F L ! R thrombus Fluoxetin
83 M L 14 L Arterial hypertension -
(hemorrhage)
67 M R 18 R Arterial hypertension -

(hemorrhage)




Carotid artery

62 17 atheromatosis
49 16 Cryptogenic Escitalopram
73 9 Atrial fibrillation Bromazepam




