
Vol:.(1234567890)

Brain Topogr (2017) 30:698–710
DOI 10.1007/s10548-017-0572-0

1 3

ORIGINAL PAPER

Prognostic Value of EEG Microstates in Acute Stroke

Filippo Zappasodi1,2   · Pierpaolo Croce1,2 · Alessandro Giordani3 · 
Giovanni Assenza4 · Nadia M. Giannantoni5,6 · Paolo Profice5 · Giuseppe Granata5 · 
Paolo M. Rossini5,7 · Franca Tecchio6 

Received: 26 October 2016 / Accepted: 17 May 2017 / Published online: 25 May 2017 
© Springer Science+Business Media New York 2017

(NIHSS(T1)-NIHSS(T0))/NIHSS(T0). The microstates A, 
B, C and D emerged as the most stable. In patients with 
a left lesion inducing a language impairment, microstate C 
topography differed from controls. Microstate D topogra-
phy was different in patients with a right lesion inducing 
neglect symptoms. In patients, the C vs D microstate dura-
tion differed after both a left and a right lesion with respect 
to controls (C lower than D in left and D lower than C in 
right lesion). A preserved microstate B in acute phase cor-
related with a better effective recovery. A regression model 
indicated that the microstate B duration explained the 11% 
of ER variance. This first ever study of EEG microstates 
in acute stroke opens an interesting path to identify neu-
ronal impairments with prognostic relevance, to develop 
enriched compensatory treatments to drive a better indi-
vidual recovery.

Keywords  Microstates · Acute stroke · Prognosis · 
Resting state · Electroencephalography (EEG)

Introduction

Stroke is a leading cause of motor disability (Feigin et al. 
2014; Crichton et  al. 2016). Care in the hyper-acute and 
acute period after a stroke has improved over the past two 
decades, with a dramatic amelioration of stroke survival 
(http://www.rcplondon.ac.uk/resources/stroke-guidelines). 
It is a common experience that the outcome shows a huge 
inter-individual variability, even with similar symptoms 
and features of the lesion (site/volume) at onset (Zeiler 
and Krakauer 2013). Functional recovery typically takes 
place in the first 8–12  weeks after a stroke (Biernaskie 
et  al. 2004), with a decremented progression in the fol-
lowing period, assessing to an asymptotic pattern (Duncan 

Abstract  Given the importance of neuronal plasticity in 
recovery from a stroke and the huge variability of recov-
ery abilities in patients, we investigated neuronal activity 
in the acute phase to enhance information about the prog-
nosis of recovery in the stabilized phase. We investigated 
the microstates in 47 patients who suffered a first-ever 
mono-lesional ischemic stroke in the middle cerebral artery 
territory and in 20 healthy control volunteers. Electroen-
cephalographic (EEG) activity at rest with eyes closed was 
acquired between 2 and 10 days (T0) after ischemic attack. 
Objective criteria allowed for the selection of an optimal 
number of microstates. Clinical condition was quantified 
by the National Institute of Health Stroke Scale (NIHSS) 
both in acute (T0) and stabilized (T1, 5.4 ± 1.7 months) 
phases and Effective Recovery (ER) was calculated as 
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et al. 1992). For this reason, an accurate identification of 
the neural markers of the neurological impairment in acute 
phase, as well as their prognostic value, could provide 
information about the selection of a therapy, medical and/
or rehabilitative, that enhances the individual ability for 
post-acute recovery. Neural electric activity features per se 
hold a special usefulness in describing the functional state 
of neurons surviving cerebral ischemia after a stroke and in 
providing information about the outcome, especially if we 
consider that a neuro-vascular uncoupling occurs in stroke 
patients (Rossini et al. 2004). Indeed, Magnetoencephalo-
graphic (MEG) and Electroencephalographic (EEG) stud-
ies demonstrated that at rest and evoked cortical activities 
are highly sensitive to acute neurological impairment. 
Slow frequency power enhancement or alpha rhythm slow-
ing are the most frequent findings in patients affected by 
acute stroke (Nuwer et  al. 1987; Jerret and Corsak 1988; 
Niedermeyer 1997; Logar and Boswell 1991; Fernandez-
Bouzas et al. 2000; Tecchio et al. 2005), correlating with 
both the clinical status (Finnigan et al. 2004; Assenza et al. 
2009) and the lesion site (Murri et al. 1998). Somatosen-
sory evoked cerebral activity proved to be highly reli-
able in monitoring cerebral ischemia effects (Beese et  al. 
1998; Oliviero et  al. 2004; Moritz et  al. 2007; Assenza 
et  al. 2009). Moreover, evidence of neurophysiological 
indexes in acute phase predicting clinical outcome at six/
nine months have been provided: low band (delta and theta 
frequency bands) increase associated with worst clinical 
recovery in stabilized phase (Cuspineda et al. 2003, 2007; 
Finnigan et al. 2004, 2007). When considering separately 
the activity of the two hemispheres, an enhancement of 
prognostic validity was observed, with the contralesional 
delta power increase adding a negative prognostic value to 
the clinical state in the acute phase (Tecchio et  al. 2007; 
Zappasodi et al. 2007; Assenza et al. 2013).

Recently, the modular view of the brain as a dynamic 
hierarchical architecture of functional networks provides 
new insights into the understanding of the neurological 
deficits caused by a focal brain lesion. Going back about 
a century, the notion of ‘diaschisis’, introduced by Von 
Monakow (1914), refers to a sudden inhibition of func-
tion produced by an acute focal disturbance in a portion 
of the brain at a distance from the original site of injury, 
but anatomically connected with it through fibre tracts 
or functionally connected. Indeed a lesion, also if focal, 
disrupts the connectivity between the lesioned area and 
anatomical/functional connected regions, leading to 
the dysfunction of the whole network and manifesting 
through neurological symptoms which are more complex 
than those solely due to the damaged area alone (Cor-
betta 2012). Evidence has been provided that in acute 
and chronic stroke stages a network-based approach is 

useful for understanding the link between neural activity 
dysfunctions and behavioural deficits (Grefkes and Fink 
2011). Indeed, the interhemispheric interplay in preserv-
ing neurological function and sustaining recovery after 
an acquired brain lesion (Wu et al. 2011; Graziadio et al. 
2012; Pellegrino et  al. 2012), as well as the relationship 
between specific patterns of dysfunctions of Resting 
State Networks (RSNs) and specific behavioural deficits, 
have been evidenced both in functional Magnetic Reso-
nance Imaging (fMRI) and EEG studies (Grefkes et  al. 
2008; Sharma et al. 2009; James et al. 2009; Carter et al. 
2010; Wu et al. 2015; Baldassarre et al. 2016; Siegel et al. 
2016).

Several previous studies demonstrated that the resting 
state EEG can be represented as a sequence of topogra-
phies that remain stable for about 40–120  ms, namely 
microstates (Fig.  1, Khanna et  al. 2015). These topogra-
phies derive from the synchronous activities of neuronal 
ensembles and must have been generated by activity of 
different neuronal generators reflecting different func-
tions (Lehmann et al. 1987, 1998). In this way, the micro-
state analysis allows assessing networking features of the 
brain via EEG, regardless of the choice of reference and 
without selecting a priori the models of the intra-cerebral 
electric currents (Lehmann and Skrandies 1980). That is, 
a microstate may be associated to a functional brain state 
during the occurrence of a specific neural process. Indeed, 
each microstate is characterized by a unique and fixed 
polarity-independent EEG spatial distribution, to which 
corresponds a fixed configuration of a distributed active 
neuronal network. Brain activity is thus globally modelled 
as a sequence of microstates (Koenig et al. 1999; Michel 
et  al. 2001; Musso et  al. 2010). Such a topographical 
approach can provide a more informative framework and 
global interpretability without any type of a priori hypoth-
esis (Murray et  al. 2008), in contrast with most of the 
EEG waveform analysis techniques, which aim at evaluat-
ing the brain’s electrical field in a specific location (for 
example by a priori choice of electrodes of interest) or at 
determinate time intervals or in specific frequency bands. 
In this framework, a general quoted hypothesis, that con-
siders the brain activity in a modular point of view, is that 
the microstates are “the building blocks of thought” and 
information processing (Lehmann and Skrandies 1980, 
1987). Microstate analysis can reveal the significance 
of modular aspects of brain dynamics and their role in 
behavioural control as well as in the characterization of 
brain diseases (Lehmann and Skrandies 1980, 1987, 1998; 
Koenig et al. 1999, 2002; Musso et al. 2010; Britz et al. 
2010).

To our knowledge, no studies have been performed on 
the possible differences between neural activity of healthy 
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subjects and stroke patients on the basis of the spatio-tem-
poral pattern of the EEG microstates. Indeed, if microstate 
brain transitions describe the fluctuations across main mode 
states of cerebral networks, then it is certainly expected that 
stroke patients will express a clear change of microstate char-
acteristics. In particular, due to distorted cerebral connectiv-
ity after a stroke, we pose the working hypothesis that resting 
state microstates will differ in stroke patients with respect to 
healthy subjects. Such differences could represent an impor-
tant electrophysiological marker for ischemic damage assess-
ment, for outcome prediction and rehabilitation pathways 
selection. Here, we analysed the EEG data of stroke patients 
in acute phase at rest by means of the microstate analysis 
method. EEG microstate indices were compared between 
stroke patients and healthy controls and they were related to 
the clinical status in acute phase, as well as to the clinical out-
come at 6 months.

Materials and Methods

Patients and Neurological Status Assessment in Acute 
Phase

Forty-seven patients (73.5 ± 8.8  years, 20 women and 
27 men) suffering from a first-ever mono-hemispheric 
and mono-lesional ischemic stroke in the middle cer-
ebral artery (MCA) territory were enrolled in the study. 
Patients were admitted to a network of clinical centres, 
allowing follow-up from acute stroke stage through the 
recovery process (1. S. Giovanni Calibita Hospital and 
2. Fondazione Policlinico Agostino Gemelli in Rome; 
3. San Raffaele Hospital, Cassino). The inclusion cri-
teria were: clinical evidence of motor/sensory deficit 
of the upper limb; neuroradiological diagnosis of MCA 
ischemia. The exclusion criteria were: a previous stroke 
revealed by clinical history; neuroradiological evidence 

Fig. 1   For a representative healthy subject, a 2 s trial of EEG activ-
ity at rest with eyes closed is shown (data referenced to the common 
average, Left bottom) for each of the 19 EEG sensors (their location 
in Left top). The Global Field Power (GFP), a global measure of EEG 
amplitude, was computed for each time point (Right top) as standard 
deviation of the EEG signal across electrodes. Each colored area of 
GFP corresponds to a an EEG topography which remains stable for 
that period, indicated with the corresponding color-code. We report 
the four topographies found for this subject (Right middle: named A, 
B, C and D). In each topographic map the color scale represents the 

normalized value of electric potential on the scalp. The four maps of 
the single subject are similar to those obtained at group level (Right 
bottom). By the microstate analysis, the EEG time course of this sub-
ject is modeled as a sequence of the four ‘topographies’ also called 
templates or states or microstates. In this way, every time point from 
every subject is assigned to one of four templates. For each micro-
state the analysis calculates the following metrics: the duration of 
microstate, the number of times it occurred per second, the percent-
age of total time that is covered by the microstate
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of involvement of both hemispheres or brain haemor-
rhage; dementia or aphasia severe enough to impair 
patients’ compliance with the procedures; anti-epileptic 
and anti-psychotic treatements. Patients received a diag-
nostic/therapeutic approach following the Italian stroke 
guidelines (SPREAD–Stroke Prevention and Educational 
Awareness Diffusion. Ictus cerebrale: Linee guida itali-
ane; http://www.spread.it). Clinical status was quantified 
upon Stroke Unit arrival and between the 2nd and the 
10th day after stroke onset (T0), by means of the National 
Health Institute Stroke Scale (NIHSS). Electroencepha-
logram (EEG) and Magnetic Resonance Imaging (MRI) 
were also collected at T0. Only patients with NIHSS 
scores greater than 2 were included in the study. NIHSS 
was repeated after 6 months (T1; 5.4 ± 1.7 months). For 
each patient, the same clinician assessed the NIHSS 
scores both at T0 and at T1. The effective recovery (ER) 
was then calculated as ER = (NIHSS at T0-NIHSS at T1)/ 
NIHSS at T0. The NIHSS related to the upper limb was 
also obtained both at T0 and T1 and the effective recov-
ery of upper limb was consequently calculated.

Patients with a lesion in the left hemisphere were also 
classified on the basis of presence or absence of language 
impairment and patients with a lesion in the right hemi-
sphere were classified on the basis of presence or absence 
of spatial neglect.

Twenty healthy volunteers, matched for age and gen-
der with patients, were also enrolled as the control group 
(mean age 71.5 ± 6.4  years, 7 females and 13 males, 
independent t-test for age between patients and controls: 
p > 0.200). All healthy subjects were not receiving any 
pharmacological treatment at the time of recordings and 
resulted normal at both neurological and brain magnetic 
resonance examinations.

Healthy subjects and patients were right-handed, as 
confirmed by the Edinburgh Manuality test (Oldfield 
1971).

Five minutes of EEG activity was acquired at rest, while 
subjects sat on a comfortable armchair or laid on a hospital 
bed with their eyes closed. The EEG activity was recorded 
by 19 Ag-AgCl cup electrodes positioned according to the 
1020 International EEG system (F1, F7, T3, T5, O1, F3, 
C3, P3, FZ, CZ, PZ, F2, F8, T4, T6, O2, F4, C4, P4) in 
fronto-central reference, an additional electrode pair served 
for recording electrooculogram to control for eye blink-
ing. The impedances were kept below 5 kΩ. The Electro-
cardiogram was monitored by one bipolar channel placed 
on the chest. EEG data were sampled at 256 Hz (pre-sam-
pling analogical filter 0.1–70 Hz), and collected for off line 
processing.

The experimental protocol was approved by the Hospital 
Ethical Committees, and all patients and healthy controls 
signed a written informed consent.

Data Analysis

Data were visually inspected to exclude saturated epochs of 
EEG signals from further analysis. A semi-automatic proce-
dure, based on Independent Component Analysis (Barbati 
et al. 2004), was applied to identify and remove ocular, car-
diac and muscular artifacts. Data were filtered between 1 and 
30 Hz (Butterworth filter of 2nd order, forward and back fil-
tering) and referenced to the common average. Epochs of 2 s 
were considered for microstate analysis (Fig. 1).

The procedure detailed in Murray et  al. (2008) was fol-
lowed to choose the optimal number of microstate templates. 
Briefly, for each subject separately, the maxima values of 
the Global Field Power (GFP) were extracted from the EEG 
time course. GFP is the standard deviation of the EEG signal 
across electrodes and represents a global measure of the EEG 
strength. Therefore, its peaks are periods of maximal power 
reflecting the highest topographic stability (Murray et  al. 
2008). The extracted GFP peaks were then submitted to a 
modified version of k-means clustering algorithm to identify 
the dominant topographies (Pascual-Marqui et al. 1995). We 
selected the number of EEG distribution templates between 
1 and 10. The optimal number of templates was chosen for 
each subject based on the Cross-Validation (CV) criterion 
and Krzanowski-Lai (KL) criterion. Each criterion was calcu-
lated for each of the ten templates and, as suggested in Mur-
ray et al. (2008), the optimal number corresponded to the sec-
ond maximum value of the KL and the minimum value of the 
CV. CV and KL agreed on the ideal number of microstates 
in 14/20 subjects (70%) in the group of healthy controls and 
in 35/47 subjects (74%) in the group of patients. In the cases 
of discordance, following the methods of others studies (Hatz 
et al. 2016; Gschwind et al. 2016), only the KL criterion was 
considered.

Mean templates of each group were computed re-cluster-
ing the subject-wise maps in the following way. Firstly, four 
random maps were selected from the subject-wise maps as 
initial templates. Then the four maps of each subject were 
assigned to each template on the basis of the best fit of the 
correlation between them. The new templates were obtained 
by averaging the maps assigned to each template. This pro-
cedure was repeated 30 times and the iteration with the low-
est inter-subject variance was chosen. The four templates 
resulting from this procedure were paired between groups, 
by ensuring the minimal maps dissimilarity. According to 
Koenig and Melie-Garcia (2009), the generalized dissimilar-
ity is defined as:

s =

G
�

i=1

�

∑N

j=1
(vij − vj)

N

http://www.spread.it
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where G is the number of groups, N is the number of elec-
trodes, 

−
vij is the grand average across the subjects of the 

electric potential at electrode j for group i, and vj is the 
mean across groups of the electric potential at electrode j.

Considering the four templates of the control group, 
we observed topographies similar to those obtained in 
previous works (as for example in Koenig et  al. 2002). 
So we labeled the microstates following the same order 
of literature (Fig. 1): A had a left occipital-parietal (nega-
tive) to right fronto-central (positive) orientation; B the 
opposite, right parieto-occipital to left fronto-central; 
C had a symmetrical back to prefrontal orientation; D a 
central positivity, with an occipital to fronto-central sym-
metrical orientation (see Koenig et al. 1999 for details).

To test for differences between the group mean tem-
plates, we first performed a permutation analysis using 
the generalized dissimilarity as a measure of the effect 
size. In particular, a distribution of the measures of the 
effect size was simulated under the null hypothesis by 
randomly mixing iteratively the subject templates and 
then by computing, at each iteration, the effect size. 
Then the statistical significance was calculated in refus-
ing the null hypothesis by computing the times in which 
the effect size under the null hypothesis is greater than or 
equal to the actual effect size. With 5000 iterations, it is 
possible to asses a level of statistical significance equal 
to 1% (see Koenig and Melie-Garcia 2009 for details). 
Subsequently, only for those templates resulting above 
the statistical significance from the previous analysis, 
post-hoc tests were performed to assess the differences 
between specific groups. The post-hoc analysis was per-
formed in the same way as the group analysis, by consid-
ering global dissimilarity as a measure of the effect size. 
The global dissimilarity, for two maps u and v, is defined 
as follows:

where ui vi are the electric potentials of the ith electrode for 
the maps u and v respectively, GFPu,v are the global field 
powers of the maps and N is the number of electrodes.

The obtained group-wise templates were then fitted 
backward to the original data to compute the metrics and 
the syntax of the microstates. The back-fitting procedure 
was based on the maximum correlation between each 
template and the topography at each time instant and was 
performed with the Cartool software (Brunet et al. 2011). 
Such a procedure allows us to represent the EEG time 
course in terms of microstates, i.e. potential distributions 
on the scalp, which occur frequently, and to extrapolate 
variables of interest. As required by the procedure, for 

GDu,v =

√

√

√

√
1

N

N
∑

i=1

(

ui

GFPu

−
vi

GFPv

)2

each subject and for each microstate class, the following 
metrics were calculated (Brunet et al. 2011):

1.	 Mean microstate duration: average time covered by a 
single microstate class.

2.	 Mean percentage of covered analysis time: percentage 
of time covered by a single microstate class.

3.	 Mean occurrences per second: mean number of distinct 
microstates of a given class occurring within a 1 s win-
dow.

Furthermore, the mean global explained variance was 
obtained as the sum of the explained variances weighted by 
the global field power taking into account all four micro-
states. This parameter expresses the quality of the fit of the 
microstate templates to the EEG data.

According to Brunet et  al. (2011) we evaluated also 
microstate syntax, i.e. the probabilities of transition from 
one state (represented by a template) to another. Then the 
‘directional predominance’ was evaluated (Lehmann et al. 
2005) to quantify the directional asymmetries in the tran-
sitions between two microstates. Six possible microstate 
values were evaluated, corresponding to the six possible 
microstate pairs (A ↔ B, A ↔ C, A ↔ D, B ↔ C, B ↔ D, 
C ↔ D). A significant positive value of X ↔ Y corresponds 
to a higher probability to transit from X to Y with respect 
to transit from Y to X, and the negative value corresponds 
to the opposite predominance to transit from Y to X.

Statistical Analysis

The differences of microstate metrics (microstate duration, 
occurrences per second, percentage of covered analysis 
time) among groups were evaluated by repeated-measures 
ANOVA, with Group (Healthy controls, Patients with 
lesion in the left hemisphere, Patients with lesion in the 
right hemisphere) as between-subject factor and Template 
and Hemisphere (Left, Right) as within subject factors. 
Greenhouse-Geisser correction has been applied when the 
sphericity assumption was not valid. When an interaction 
Group X Template was found, reduced ANOVA models 
were carried out separately for each template, with Group 
as between-subject factor. Significant main effect of Group 
for each template was followed up by post-hoc unpaired 
t-test, Bonferroni corrected, to compare microstate met-
rics among groups. The values of the healthy control group 
were considered as the reference.

To assess differences in directional predominance 
between patients and controls, for each transition probabil-
ity an ANOVA design was applied, with Pairs (A ↔ B, A 
↔ C, A ↔ D, B ↔ C, B ↔ D, C ↔ D) as within-subject 
factor and Group (Healthy controls, Patients with lesion 
in the left hemisphere, Patients with lesion in the right 
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hemisphere) and as between-subject factor. When an inter-
action Group X Pairs was found, reduced ANOVA mod-
els were carried out separately for each pair, with Group as 
between-subject factor.

Post-hoc comparison were performed to compare 
microstate directional predominance values of left and 
right patients with the values of the control group, used 
as the reference. Post-hoc comparisons were Bonferroni 
corrected.

A first exploratory correlation analysis between clinical 
scores and microstate characteristics was performed. Spe-
cifically, Spearman’s correlations were carried out between 
clinical scores (NIHSS at T0 and NIHSS at T1 global and 
related to the upper limb) and both microstate metrics and 
directional predominance. Pearson’s correlations between 
Effective Recovery (global and related to the upper limb) 
and both microstate metrics and directional predominance 
were also carried out.

Finally, to check for a possible relationship between 
microstate characteristics in acute phase and clinical recov-
ery, the Effective Recovery scores were linearly regressed 
against microstate metrics and directional predominance. 
Clinical condition in acute phase also entered the model as 
an independent variable. Even if the sample size of the pre-
sent study was larger than many other neurophysiological 
published papers, it did not allow us, strictly speaking, to 
reach a cases-per-variable ratio usually considered appro-
priate to provide stability to the prognostic models. For 
such a reason, we chose to reduce the number of potential 
predictors considering only those variables which showed a 
significant difference between stroke patients and controls 
and a significant correlation with the clinical status in acute 
or stabilized phase.

Results

Patients Findings

NIHSS score in the acute phase in patients ranged from 3 to 
22 (median: 6.0; 5–95 percentile: 3–18). Stroke was local-
ized in the left hemisphere in 30 patients (NIHSS range 
3–22; median 6) and in the right hemisphere in the remain-
ing 17 (NIHSS range 3–18, median 6.0).

According to the differences between NIHSS at T0 and 
NIHSS at T1 and to the ER values, all patients showed at 
least some clinical recovery at T1 (median of NIHSS: 2.0; 
5–95 percentile: 0–11.4). In particular 8 patients (17% of 
all patients) showed a complete recovery (ER = 1). Right-
lesion and left-lesion patients did not differ either for 
NIHSS in acute phase (Mann Whitney test: p = 0.490), or 
for NIHSS in stabilized phase (p = 0.884) or for effective 
recovery (p = 0.885).

73% of patients with lesion in the left hemisphere had 
language impairment. Only 3 patients with lesion in the 
right hemisphere had spatial neglect. Since this number 
was very low, no further statistical analysis was performed 
comparing the right lesioned patients having or not having 
spatial neglect.

Microstates

Applying the criteria for optimal number of templates, we 
identified three templates in 15 people (5 healthy controls, 
4 patients with left lesion, 6 patients with right lesion), four 
templates in 49 people (14 healthy subjects, 24 patients 
with left lesion, 11 patients with right lesion) and five tem-
plates in 3 people (1 healthy control, 2 patients with left 
lesion). We did not find a difference in the prevalence of 
the number of templates across the two populations (three 
templates in 25% of healthy control = HC and 21% of 
patients = P; four templates in 70% HC and 75% P; five 
templates in 5% HC and 4% P). For this reason, we fixed 
the number of templates in each subject based on the 74% 
mean prevalence of the four templates (49 out of 67) to exe-
cute the comparison between patients and healthy controls.

The Global Explained Variance was not different across 
the healthy controls and patient groups (72.1 ± 6.2% for 
controls; 74.3 ± 6.1% for patients with lesion in the left 
hemisphere; 73.9 ± 6.8% for patients with lesion in the right 
hemisphere; ANOVA design, factor Group: p > 0.5).

Studying the four templates across the three groups 
of control subjects, and the patients divided based on the 
lesion site, no differences were found between healthy tem-
plates and right hemispheric stroke patients’ templates. The 
only alteration regarded the C map, which differed between 
healthy group and the group of patients with a lesion in the 
left hemisphere (p < 0.001, Fig. 2). The alteration of C map 
in patients with left lesion is driven by the patients with 
language impairment. Indeed, the mean map of template 
C of these patients looks different from the corresponding 
template of healthy controls (p < 0.001, Fig.  3). Also for 
patients with a right lesion, the mean map of template D 
of the 3 patients with spatial neglect was different from the 
template of healthy controls (p < 0.001, Fig. 3).

The repeated measures ANOVA with Group as between-
subject factor and Template (A, B, C and D) as within 
subject factor showed different mean values of template 
metrics among groups, as evidenced by the significant 
interaction Group X Template (p < 0.05 consistently, 
Table 1). In particular, reduced models and post-hoc anal-
yses showed microstate metrics dependent on the lesion 
side: (a) microstate duration, (b) frequency of occurrence 
per second, (c) percentage in coverage of template C were 
lower in left-lesioned with respect to the right-lesioned 
patients (Fig.  4), while all three metrics were higher in 
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left-lesioned with respect to right-lesioned patients for tem-
plate D (Fig. 4). Given the opposite changes of microstate 
C and D in patients with respect to controls, we evaluated 
the ratio of template D over template C metrics and we 
compared them between patients and controls. Left patients 

showed higher values of D vs C duration ratio than controls 
(1.11 ± 0.30 vs 0.90 ± 0.21, independent t-test p = 0.021), 
while right patients had lower values (0.75 ± 0.22 vs 
0.90 ± 0.21, independent t-test p = 0.041).

No differences were found neither between all micro-
state metrics of left patients having and not having lan-
guage impairment, nor between all microstate metrics of 
left patients with language impairments and healthy con-
trols (consistently, independent t-test: p > 0.200).

The analysis of microstate directional predominance 
revealed a significant interaction Pair X Group (p < 0.05, 
Table  1). Reduced models performed separately for each 
pairs showed the significance of the Group factor for the B 
↔ D and C ↔ D transactions. In particular, post-hoc com-
parisons showed that the directional predominance for B ↔ 
D and C ↔ D was lower in patients with the lesion in the 
right hemisphere with respect to patients with the lesion in 
the left hemisphere (Fig. 4). The one-tailed t-test of these 
values demonstrated that directional predominance was sig-
nificantly less than zero (A ↔D: t(16) = −2.128, p = 0.049; 
B ↔D: t(16) = −4.632, p < 0.001; C ↔D: t(16) = −4.816, 
p < 0.001), i.e. in patients with a right lesion the probability 
to enter in microstate D is smaller than the probability to 
depart from it (Fig. 4).

Relationship Between Microstate Metrics and Syntax 
and Clinical Assessment

The metrics of microstate B correlated with the Effec-
tive Recovery. Indeed, a longer duration and a higher per-
centage in coverage of the microstate B in acute phase 

Fig. 2   Group mean templates 
of microstates (A, B, C and D) 
obtained for healthy controls, 
patients with lesion in the left 
hemisphere, patients with lesion 
in the right hemispheres

Fig. 3   Mean of the topography of microstates (A, B, C and D) 
obtained (1) for patients with lesion in the left hemisphere differenti-
ated on the basis of the presence of language impairment (top); (2) 
for patients with lesion in the right hemisphere differentiated on the 
basis of the presence of neglect (bottom). Dotted boxes represent sig-
nificant difference from the corresponding topography of healthy con-
trols, assessed by TANOVA (p < 0.001)
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correlated with a better recovery (Fig.  5, Pearson’s cor-
relation: r = 0.380; p = 0.009 and r = 0.326, p = 0.027; 
respectively). This relationship was found also for clinical 
scores of the upper limb (Pearson’s correlation between 
upper limb recovery and microstate B duration: r = 0.359, 
p = 0.034; microstate B coverage: r = 0.368, p = 0.030). No 
correlations were found between microstate metrics and 
clinical status at T0. Conversely, in the stabilized phase, a 
slight positive correlation was present between duration of 
the microstate B and both global NIHSS (Spearman’s rho 
= −0.356, p = 0.016) and upper limb score (rho = −0.347, 
p = 0.035). These correlations indicated a worse clinical 
status related to lower values of microstate B metrics.

No correlations were found between directional pre-
dominance and clinical status (both at T0 and at T1) and 
recovery.

Taking into account that patients and controls differed 
in microstate C and D metrics and that microstate B dura-
tion and coverage correlated with clinical status at T1, a 
regression analysis with ER as the dependent variable and 
microstate C and D metrics and B duration and coverage as 
independent variables was assessed. The value of NIHSS 
in acute phase was also included as an independent vari-
able. Only NIHSS in acute phase and microstate B duration 

entered the model (Fig.  5). The 42% of ER variance was 
explained by this model (F(2,44) = 16.105, p < 0.001), 
with in particular 36% accounted for by NIHSS and the 
adjunctive 6% by microstate B duration. The coefficients 
of the model show that better clinical status at T0 and 
higher duration of microstate B predict a better recovery 
(Fig. 5). Moreover, in prognostic perspective, we checked 
the regression model without clinical status in acute phase. 
Only microstate B duration entered the model, with the 
11% of ER variance explained (F(1,45) = 5.696, p = 0.021).

Discussion

Our main finding is that the dynamics of acute phase EEG 
microstates in patients affected by mono-hemispheric 
stroke informs us about the recovery ability in the sta-
bilized phase. Preservation of one state (microstate B) in 
acute phase correlated with better outcome. That is, the 
more microstate B is preserved in the acute phase (higher 
duration, occurrence, coverage), the better the functional 
recovery will be in the stabilized phase. Microstate B has 
been associated to visual area activity (Britz et  al. 2010) 
and visual processing (Seitzman et  al. 2017). Therefore, 

Table 1   Microstates dynamics

Comparison between stroke patients and control subjects
Results of repeated measures ANOVA for each microstate metric and for directional predominance, with Group as between-subject factor and 
Template (A,B,C and D) or Pair (A ↔ B, A ↔ C, A ↔ D, B ↔ C, B ↔ D, C ↔ B) as within-subject factor. Whenever the significance of the 
interaction Group*Template or Group*Pair was found, we executed the ANOVA of the reduced model for each template (or each pair) sepa-
rately, with Group as between-subject factor (Reduced Model-single Template)
ns p > 0.05

Full model Reduced model-single template/pair (df: 2,64)

df F p value A B C D

Microstate duration
 Group ns ns ns ns ns 5.410 8.386
 Template 3; 192 4.205 0.007 0.007 0.001
 Group*template 6; 192 4.133 0.001

Frequency of occurrence per second
 Group ns ns ns ns ns 4.345 3.503
 Template 2.5; 162.7 5.171 0.003 0.017 0.036
 Group*template 5.1; 162.7 2.345 0.043

Percentage in coverage
 Group ns ns ns ns ns 5.479 5.737
 Template 3; 192 4.736 0.003 0.006 0.005
 Group*template 6; 192 3.295 0.004

Directional predominance A↔B A↔C A↔D B↔C B↔D C↔D

Group ns ns ns ns ns ns ns 3.417 6.375
Pair 3; 192 4.992 0.002 0.039 0.003
Group*pair 6; 192 2.377 0.031
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Fig. 4   Top Mean (standard deviation) of the microstate metrics for 
healthy controls (grey), patients with lesion in the left hemisphere 
(red), patients with lesion in the right hemisphere (black). Post-hoc 
comparison significances (Bonferroni corrected) are displayed: 
*p < 0.050. Bottom Mean (standard error) of the microstate direc-
tional predominance (left) for healthy controls (grey), patients with 
lesion in the left hemisphere (red), patients with lesion in the right 
hemisphere (black). Post-hoc comparison significances (Bonferroni 
corrected) are displayed: *p < 0.050. On the right, the directional 

predominance of microstate concatenation for patients with lesion in 
the right hemisphere is displayed. The arrows indicate the significant 
direction of the transition (X to Y or Y to X), as established by the 
one sample t-test (difference from 0): bidirectional grey dotted line 
correspond to directional predominance values not different from 
0 (p > 0.200), i.e. no directional predominance; grey (p < 0.05) and 
black (p < 0.001) lines evidence a predominance to transit from X to 
Y

Fig. 5   Left Scatterplot of the Effective Recovery over duration and 
over coverage of microstates A, B, C and D. In the case of signifi-
cant correlation the black color was used (otherwise the plot is grey). 
Regression lines are shown. Right: Scatterplot of Effective Recovery 

over microstate B duration and NIHSS in acute phase. Regression 
plane is shown and the equation of the linear regression model dis-
played
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our results may underline the crucial role of the visual sys-
tem and visuo-motor integration in driving plasticity phe-
nomena to regain sensorimotor control. In healthy subjects, 
lack of visual feedback provoked a huge brain activation 
unrelated to the quality of execution in a simple handgrip. 
This evidence indicates the relevance of visuo-motor feed-
back even in online monitoring of everyday usual actions 
(Mayhew et  al. 2017). In people with damaged proprio-
ception, the feeling of controlling bodily movements is 
dominated by visual feedback (Evans et al. 2015). In stroke 
patients the visual feedback of the unaffected hand move-
ment, rather than the motor output, drives the network 
interactions that sustain mirror feedback therapy in enhanc-
ing functional recovery (Saleh et  al. 2017). Furthermore, 
the class B template is related to verbalization (Milz et al. 
2016). In the light of this association, the current results 
could be interpreted as patients whose lesions do not affect 
language in acute phase have better outcomes. However, 
in our cohort, microstate B metrics were not different 
between patients having or not having language impairment 
and recovery was not related to the presence of language 
impairment, while this was the case for microstate C.

Since the dynamics of microstate fluctuations displays 
scale-free properties (Van De Ville et  al. 2010), we can 
interpret our prognostic microstate result consistent with 
recent findings about the fractal dimension of the global 
EEG activity in the acute stroke patients. In particular, 
larger asymmetries of hemispheric fractal dimension in 
acute phase correlated with worse clinical recoveries in the 
stabilized phase (Zappasodi et  al. 2014). Here microstate 
analysis provides direct access to prognostic information, 
probably because each microstate quantifies complex net-
work balances, while EEG channel fractal dimension needs 
the comparison between the two hemispheric values to 
express functionally relevant balances.

When studying the EEG fractal dimension (Zap-
pasodi et al. 2014), it decreased after the stroke as com-
pared with healthy controls and in proportion with the 
clinical severity, mirroring the global system dysfunc-
tion resulting from the structural damage. Conceivably, 
the decrease of the fractal dimension of the global EEG 
activity reveals the intimate nature of structure–function 
unity, where an anatomical lesion -even local and dis-
crete- impairs the whole brain multi-scale self-similar 
activity. Here we observed that EEG microstate duration 
is informative about recovery, but not of the severity of 
the clinical state in acute phase. Conceivably, the wide 
state of networks mirrored in one microstate reveals more 
the long-range functional balances of networks than the 
current effect of single network damage. Consistently 
with this interpretation, from fractal dimension analysis 
we observed that only the interhemispheric unbalance, 
and not the overall values, informed us about recovery. 

Consistently with this concept, EEG studies investigat-
ing the prognostic value of acute phase neuronal activity, 
found that the contralesional EEG delta activity, which 
retained relevant negative prognostic information, was an 
expression of a reduction of interhemispheric functional 
coupling. In other words, the maintenance of interhemi-
spheric interplay is a decisive element for clinical recov-
ery (Wu et  al. 2011; Graziadio et  al. 2012; Pellegrino 
et al. 2012) and a single microstate seems to reflect such 
a balance.

Here, according to the literature, we determined micro-
state features considering the neuronal activity in the fre-
quency range between 1 and 30 Hz. Recently, the network 
features in acute stroke were assessed by graph theory and 
displayed network rearrangements mainly in delta, theta, 
and alpha bands (Caliandro et al. 2016). Future investiga-
tion will evaluate microstate features differentiating the fre-
quency bands of the oscillatory EEG activity.

Definitely, the acute phase of stroke alters microstate 
dynamics. We evaluated for the first time EEG microstates 
at rest in patients affected by mono-hemispheric stroke in 
acute phase. Applying proper selection criteria, the four 
templates, namely A, B, C and D, typical of healthy con-
trols (Lehmann et  al. 1998; Koenig et  al. 1999; Khanna 
et  al. 2015), prevailed across the three groups of healthy 
subjects and patients depending on the damaged hemi-
sphere. This is well consistent with literature, where the 
same four head-surface brain electric potential configura-
tions optimally explained the variance of EEG distribution 
dynamics in resting state (Wackermann et al. 1993; Koenig 
et al. 2002; Milz et al. 2016).

The metrics derived from microstate dynamics have a 
slightly different neurophysiologic significance. The mean 
duration, named in several studies average lifespan, is 
interpreted to reflect the stability of its underlying neural 
assemblies. The frequency of occurrence of a particular 
microstate may reflect the tendency of its underlying neural 
generator to become activated. Finally, coverage quantifies 
the percentage of total time in which the microstate is dom-
inant. It can be interpreted to reflect the amount of domi-
nance of the underlying neural generators (Lehmann et al. 
1987). Therefore, a reduction of the microstate metrics can 
be thought as disengagement and instability of the neural 
activity of the network generating the microstate topogra-
phy and conversely an increase may be a sign of dysfunc-
tional iper-activity.

In stroke patients, consistently microstates C and D 
displayed opposite behaviors, with C less represented in 
left-damage, D less represented in right-damage, with 
healthy control inbetween. This opposite behavior of two 
states suggests that the balances of the dynamical interplay 
among microstates is more functionally relevant that the 
specific alteration of a single one.
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The correspondence between a single microstate and a 
set of activated cerebral areas, as revealed by fMRI, or with 
a specific resting state network, or an ensemble of them, is 
not univocal in the literature. What is clear is that different 
microstates and corresponding topographies mirror distinct 
neuronal synchronized networks. Therefore, microstate 
dynamics reflects the dynamic synchronization of such 
functional network subunits. Interestingly, our investigation 
showed that microstate sequences clearly depended on the 
integrity of the cerebral structure, with the balance of states 
C and D displaying opposite occurrences depending on 
the damaged hemispheres. In fact, all microstate C metrics 
varied in the same direction, consistently showing shorter 
period of appearance, smaller frequencies of occurrence 
and smaller percentage of coverage in left damage than in 
right damage, while microstate D behaved in the opposite 
direction in this group of patients. Conversely, in the right 
patients the metrics of the microstate D were lower and 
those of microstate C higher. Interestingly, Seitzman et al. 
(2017), manipulating the eyes closed and eyes open condi-
tion with a cognitive task, found that the changes induced 
by the task to microstate C and D were in opposite direc-
tion from one another.

Template C is mainly associated to insula-cingulate sali-
ence network (Britz et  al. 2010). In our data, the altera-
tion of template C topography seen in the left patients was 
probably driven by the patients with language impairment. 
Indeed, Brownsett et al. (2014) underlined that tests prob-
ing language impairment in patients are dependent on 
domain-general processes. It can be hypothesized that the 
microstate associated with the salience network, in par-
ticular the dorsal anterior cingulated cortex and the nearby 
midline frontal cortex, is related to language-specific pro-
cessing because of its association with domain-general, 
task-dependent processes.

Template D is less represented after a right lesion. 
Moreover, only for these patients the probability to tran-
sit to D from another microstate is reduced. Template D is 
mainly associated with focal attention network (Brandeis 
and Lehmann 1986; Britz et al. 2010) and its alteration may 
be present in patients with neglect syndrome. Future stud-
ies with a higher number of patients will investigate this 
hypothesis. Crucially, microstate occurrence unbalances 
with opposite alterations of C vs D and D vs C microstates 
as a consequence of both a left or right damage, underline 
the relevance of network activity balances for brain func-
tionality. In particular, the equilibrium between focal atten-
tion and executive functions is mandatory for the brain 
functionality.

Our new finding integrates and extends knowledge about 
the crucial relevance of balances between homologous cer-
ebral regions of the two hemispheres (Traversa et al. 1997; 
Oliveri et al. 1999, 2000; Wu et al. 2011; Pellegrino et al. 

2012) and body sides (Graziadio et al. 2012), with the new 
evidence that brain functionality also requires a balance 
among occurrences of physiological fluctuations across dif-
ferent synchronized networks. Moreover, we found signs of 
the relationship between microstate alterations and clini-
cal effects, with the alteration of specific topographies of 
microstates in aphasia and neglect. We can argue that the 
analysis of microstates—by catching synchronized macro-
networks occurrences—enables the assessment of the func-
tionally relevant networking of brain processing.

An attempt to find an association between the injury 
site and alteration of microstates and the metrics associ-
ated with them is beyond the scope of this work. To do this, 
further fMRI/EEG studies should be done in patients, with 
careful classification and diversity of lesion location. In 
particular, an accurate analysis of brain sources associated 
with each microstate should be done in patients, analysis 
possible only by means of the high-density EEG. Neverthe-
less, our results support the hypothesis that a finely tuned 
interplay between the main four EEG microstate classes is 
necessary to sustain brain functioning. Definitely, our data 
support the notion that a focal lesion drives a global mal-
functioning of metrics and dynamics of microstates, with 
an excessive staying in some states with respect to others in 
a manner dependent on the lesion side.

In conclusion, our first ever study of microstates in acute 
stroke in relationship with recovery ability interestingly 
revealed that the dynamics of specific microstates inform 
us about the individual patient’s prognosis. The importance 
of acute state prognostic factors to guide the selection of 
personalized rehabilitation treatments indicates the need to 
further develop this approach, which also estimates quanti-
tatively the dynamics of the fluctuations of wide-range syn-
chronized neuronal networks.
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