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Abstract: Stroke is a medical condition that affects the brain and represents a leading cause of death
and disability. Associated with drug therapy, rehabilitative treatment is essential for promoting
recovery. In the present work, we report an EEG-based study concerning a left ischemic stroke
patient affected by conduction aphasia. Specifically, the objective is to compare the brain functional
connectivity before and after an intensive rehabilitative treatment. The analysis was performed
by means of local and global efficiency measures related to the execution of three tasks: naming,
repetition and reading. As expected, the results showed that the treatment led to a balancing of the
values of both parameters between the two hemispheres since the rehabilitation contributed to the
creation of new neural patterns to compensate for the disrupted ones. Moreover, we observed that
for both name and repetition tasks, shortly after the stroke, the global and local connectivity are
lower in the affected lobe (left hemisphere) than in the unaffected one (right hemisphere). Conversely,
for the reading task, global and local connectivity are higher in the impaired lobe. This apparently
contrasting trend can be due to the effects of stroke, which affect not only the site of structural
damage but also brain regions belonging to a functional network. Moreover, changes in network
connectivity can be task-dependent. This work can be considered a first step for future EEG-based
studies to establish the most suitable connectivity measures for supporting the treatment of stroke
and monitoring the recovery process.
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1. Introduction

Stroke is a leading cause of death and disability. Each year, 14 million people suffer
their first stroke worldwide, and 80 million people living in the world have experienced
it [1]. Stroke is defined by the World Health Organization as a neurological deficit of
cerebrovascular cause that persists beyond 24 h or is interrupted by death within 24 h. The
24-h limit differentiates stroke from transient ischemic attack (TIA), which is a temporary
cerebral dysfunction related to stroke symptoms characterized by a swift resolution. Stroke
can be classified into two main categories: ischemic, caused by a blockage of the blood flow
to the brain, and hemorrhagic, due to the rupture of a blood vessel [2]. Both types lead to
the dysfunction of the brain areas affected by the stroke. Signs and symptoms of stroke
may include numbness, confusion, difficulty in speaking or understanding speech, and
loss of balance or coordination. In most cases, the symptoms affect only one side of the
body. The effects of stroke can be very different because they depend on the type, severity
and location of the lesions. An early detection associated with proper medical treatment
is essential for reducing stroke outcomes. Finally, post-stroke rehabilitation represents a
very important process for recovering lost function and relearning the skills of everyday
life. Even if complete recovery is unusual, rehabilitation can help the patient to regain
independence and reintegrate into community life [3].
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Conduction aphasia is an acquired language disorder first hypothesized by Carl
Wernicke [4]. Conduction aphasia is characterized by intact comprehension and fluent
(but paraphasic) speech production, whereas speech repetition is impaired. Therefore,
aphasic people produce paraphasic errors and show word-finding difficulty [5]. Conduction
aphasia is considered as a disconnection syndrome since it is due to an interruption of
communication between anterior and posterior language areas [6]. Lesions usually involve
the left cerebral hemisphere, as reported in [7]. Several studies proved that the mechanisms
of neuroplasticity lead to recovery from aphasia [8,9]. Moreover, neurophysiological studies
revealed that the intra- and inter-hemispheric rearrangement of the linguistic network
occurs following a stroke, which involves linguistic areas [10,11]. Finally, the findings of
neural reorganization in patients with conduction aphasia have proven the importance of
rehabilitative treatment [12–15].

Graph theory can be conveniently exploited for studying the behavior of brain net-
works. Brain regions are considered nodes, whereas the edges connecting nodes represent
the brain’s functional or structural connectivity between the regions [16]. In particular, the
brain’s functional connectivity concerns the functionally integrated relationship between
distant brain regions and is expressed in terms of statistical dependencies in the time
domain (correlation) and in the frequency domain (coherence) among neurophysiological
measurements. Recently, it has been proven that healthy brain networks have a “small-
world” architecture, characterized by clustered local connectivity (functional segregation)
and short path lengths (functional integration) between nodes [17,18]. Global and local
efficiency of a network are two parameters that quantify the performance of a network in
information exchange [19] and are related to path lengths and the clustering coefficient, re-
spectively. The higher global and local efficiency, the more efficient the network. Efficiency
measures are also more robust in the case of disconnected graphs.

In the present paper, we propose a case study about a patient who suffered from
conduction aphasia due to a left ischemic stroke. The purpose is to compare the brain
functional connectivity before and after an intensive rehabilitative treatment. The analysis
was performed by means of local and global efficiency measures related to the execution of
three tasks. As expected, the results showed that the treatment led to a balancing of the
values of both parameters between the two hemispheres.

2. Background

The field of EEG-based studies about functional connectivity measures in stroke
patients has not yet been deeply explored. Caliandro et al. studied network reorganization
after an acute stroke [20]. From a comparison with healthy subjects, the authors found a
bilaterally decreased small-worldness in the delta band and bilaterally increased small-
worldness in the alpha2 band, regardless of the side of the ischemic lesion. In the theta band,
small-worldness decreases bilaterally only in patients with left hemispheric stroke. The
study of seven stroke patients reported in [21] showed that when the lesion is not bilateral,
the impaired hemisphere has a higher small-worldness than the healthy hemisphere; when
the lesion is bilateral, there is no significant difference between small-worldness of the
right and left hemisphere. In [22], the authors studied a group of patients with unilateral
stroke and found that the motor imagery of the affected hand showed a significantly lower
small-worldness and local efficiency as compared to the unaffected hand. Philips et al.
carried out a longitudinal analysis of a group of stroke patients undergoing an intensive
rehabilitative treatment. Conversely, the study revealed that a reduction in both global and
local efficiency in the 12.5–25 Hz band is associated with motor recovery [23].

3. Materials and Methods
3.1. Case Description

This study is concerned with the case of a 50-year-old right-handed female who
suffered from conduction aphasia after a left ischemic stroke involving white matter of
the fronto-parietal lobe and left temporo-occipital areas. She had surgery to replace the
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aortic valve with a mechanical prosthesis one week before the stroke. She arrived at the
rehabilitative unit of IRCCS Centro Neurolesi Bonino-Pulejo (Messina) one month after
the stroke. Neurological, neuropsychological and logopedic assessments were carried
out. The patient was attentive, cooperative, and time- and space-oriented. Neurologi-
cal examination showed a right facio-brachio-crural hemiparesis. The patient followed a
drug therapy of oral anticoagulants and antihypertensive. The rehabilitative treatment
combined different types of training. In particular: physiotherapeutic training, including
balance and gait exercises, Bobath and task-oriented exercises, robotic rehabilitation; neu-
ropsychological training, which provided psychological support to improve the patient’s
emotional-behavioral control, strategies to improve patient motivation during rehabilita-
tion, problem-solving strategies; logopedic training, which consisted of sentence repetition
therapy, stimulation-facilitation therapy, and group communication treatment. The rehabil-
itation was carried out every day for a session of 60 min for each type of treatment. The
tasks performed during training were different from those used for the assessment before
and after the treatment.

EEG data were acquired by means of the 256-channel HydroCel Geodesic Sensor Net,
belonging to the Electrical Geodesics (EGI) EEG system (Figure 1). The electrode impedance
was kept <50 kΩ, on the basis of EGI guidelines. The reference electrode was Cz, placed
in the middle of the scalp. The sampling rate was 250 Hz. The EEG data were band-pass
filtered between 1 and 40 Hz by means of EGI’s Net Station EEG software and cleaned from
artifacts by visual inspection. The signals from sensors placed on the face and the neck were
affected by muscle artifacts, so only 173 electrodes from the starting 256 were considered.
In addition, the LORETA-KEY software used for our study required only cephalic (no face,
no neck) electrodes to be considered. Finally, the EEG recordings were average referenced
and segmented into artifact-free non-overlapping epochs of 1 s. HD-EEG were acquired
at baseline (T0) and after a rehabilitative treatment of two months (T1). HD-EEG were
recorded while the patient was performing specific language tasks displayed on a computer
screen in order to set the time and use a standard method without the influence of external
stimuli. The task paradigm was created by means of E-prime 3.0, a leading software
for designing, collecting and analyzing data for behavioral research. E-Prime provides
a complete environment for building experiments with text, images, sound, and videos
through an easy-to-use graphical interface. E-prime provides a millisecond accuracy for
subject responses and sound onset times. The EEG recordings were carried out during
time blocks consisting of three task periods with alternating rest periods. Specifically,
the experimental setup included the following tasks: naming, repetition, and reading.
During the naming task, the subject had to mention 24 images, each displayed on the
computer screen for 3 s. The images were divided into two groups of 12, alternating with
10 s of rest. The total duration of the naming task is 72 s. The repetition task consisted of
repeating 16 words of 5 s, played by speakers. The words were divided into two groups
of 8, alternating with 10 s of rest. The total duration of the repetition task was 80 s. The
reading task consisted of reading 16 words of 3 s, displayed on the computer screen. The
words were divided into two groups of 8, alternating with 10 s of rest. The total duration of
the naming task was 48 s. Each task at T0 and the corresponding one at T1 have the same
duration. The timing of each above-mentioned event was properly set by the operator
during the building of the task blocks with E-prime. Finally, E-prime sent markers to the
EGI Net Station based on the onset and end time of each group of stimuli.

The whole procedure was conducted conforming to the related guidelines and regu-
lations. As it is a case study, approval by the local Ethics Committee is not required. The
patient signed an informed consent form.
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Figure 1. A 2D map of the 256 channel 256-channel HydroCel Geodesic Sensor Net. The considered
electrodes are highlighted in green. The electrodes in red were discarded.

3.2. Brain Network Analysis

The functional connectivity of the brain was estimated by the Lagged Linear Connec-
tivity (LLC) parameter, which was computed by the Connectivity Toolbox implemented
in the LORETA-KEY software (v20210701). LLC provides a measurement of the statistical
dependence among active brain sources for each pair of regions of interest (ROIs) for a
specified frequency band [24]. In this case, we computed LLC for all 84 possible ROIs
defined by the LORETA-KEY software. The ROIs correspond to distinct Brodmann areas,
42 for each hemisphere (Figure 2). Each ROI consists of a single voxel, the one that is the
closest to the center of mass of the ROI. The single centroid voxel is an excellent representa-
tive of the ROI. The analysis was performed for the frequency range 1–40 Hz. The EEG
signals of naming, repetition and reading tasks were divided into 72, 80 and 48 epochs of
1 s, respectively. LLC was calculated for windows of 2 epochs, so we obtained 36, 40 and
24 connection matrices for the naming, repetition and reading tasks, respectively.

Figure 2. Red points denote the 84 ROIs considered.
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Starting from the computation of LLC, the properties of the brain networks were
computed by two parameters: global efficiency and local efficiency. The average or global
efficiency of a graph G is defined as:

Eglob(G) =
1

N(N − 1) ∑
i 6=j∈G

1
dij

(1)

where N is the number of nodes, and dij is the shortest path length between nodes i and j.
The local efficiency is given by the following expression:

Eloc(G) =
1
N ∑

i∈G
E(Gi) (2)

The above-mentioned parameters provide a measure of the efficiency in the infor-
mation exchanges of a network [19]. For both parameters, higher values mean greater
network efficiency.

Data processing was performed in MATLAB environment (R2021b). Global and local
efficiency were computed by means of the Brain Connectivity Toolbox, a MATLAB toolbox
for structural and functional brain connectivity analysis (https://sites.google.com/site/
bctnet/, accessed on 18 April 2022).

4. Results

For each task, global and local efficiency were estimated for each hemisphere at time
T0 and T1. Figures 3–5 show the boxplots of the global efficiency and local efficiency values.
A statistical analysis was performed to assess if the differences between the injured (left)
and the non-injured (right) hemisphere at T0 and T1 were significant. For this aim, we
chose to perform a nonparametric test since the Shapiro–Wilk test [25] revealed that the
global and local efficiency values are in some cases normally distributed and in others not
normally distributed. In particular, the Wilcoxon rank-sum test [26] was carried out under
the null hypothesis that for each task, the medians of the global and local efficiency values
between the left and right hemisphere at time T0 do not differ from the corresponding
ones at time T1. The significance level was set at 5% so that the difference between T0
and T1 is statistically significant when the p-value is less than 0.05. Table 1 shows the
p-values derived from the statistical analysis for each task. At T0, for both naming and
repetition task, global and local efficiency in the left (impaired) hemisphere are lower than
those of the right (unimpaired) hemisphere. For the reading task, conversely, global and
local efficiency of the left hemisphere are higher than those of the right hemisphere. All
the differences are statistically significant, except for local efficiency related to the naming
task. After the rehabilitative treatment, at T1, the global and local efficiency values between
the two hemispheres become balanced, and there is no longer a statistically significant
difference. This trend reflects the expected behavior, as the rehabilitation contributed to
the creation of new neural patterns to compensate for the disrupted ones. The results also
suggest that local and global networks of the brain are altered in stroke patients but not
always in the same direction. This trend can be due to the effects of stroke, which affect not
only the site of structural damage but also distant brain regions that belong to a functional
network. The patient also underwent the Aachener Aphasie Test (AAT), a standardized
test that provides an assessment of language functioning after brain injury and determines
the presence of aphasia [27]. The scores of the AAT at time T0 and T1 show an improvement
of the aphasic deficits of the patient (Figure 6). In particular, the batteries of the naming,
repetition and written language tests revealed a gain of 17, 9 and 11 points, respectively,
after the rehabilitative treatment. Note that the “written language” battery includes the
tests related to the reading ability assessment. The AAT results support our findings of the
functional connectivity analysis.

https://sites.google.com/site/bctnet/
https://sites.google.com/site/bctnet/
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Figure 3. Naming task: boxplot of global efficiency for each hemisphere at time (a) T0 and (b) T1;
boxplot of local efficiency for each hemisphere at time (c) T0 and (d) T1. On each box, the bottom and
the top edges denote the 25th and 75th percentiles, respectively; the line inside the box indicates the
median; the “whiskers” extend below and above the box up to the minimum and maximum data
values, respectively. The ‘+’ marker symbol outside the whiskers represents the outliers.
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Figure 4. Cont.
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Figure 4. Repetition task: boxplot of global efficiency for each hemisphere at time (a) T0 and (b) T1;
boxplot of local efficiency for each hemisphere at time (c) T0 and (d) T1. On each box, the bottom and
the top edges denote the 25th and 75th percentiles, respectively; the line inside the box indicates the
median; the “whiskers” extend below and above the box up to the minimum and maximum data
values, respectively. The ‘+’ marker symbol outside the whiskers represents the outliers.
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Figure 5. Reading task: boxplot of global efficiency for each hemisphere at time (a) T0 and (b) T1;
boxplot of local efficiency for each hemisphere at time (c) T0 and (d) T1. On each box, the bottom and
the top edges denote the 25th and 75th percentiles, respectively; the line inside the box indicates the
median; the “whiskers” extend below and above the box up to the minimum and maximum data
values, respectively. The ‘+’ marker symbol outside the whiskers represents the outliers.
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Figure 6. AAT test score at T0 and T1.

Table 1. Results of the Wilcoxon rank-sum test.

Network
Parameters

Naming Task
p-Value

Repetition Task
p-Value

Reading Task
p-Value

T0 T1 T0 T1 T0 T1

Global Efficiency 0.0456 * 0.6728 0.0136 * 0.5098 0.0193 * 0.3922

Local Efficiency 0.0597 0.5341 0.0023 * 0.1992 0.0033 * 0.1340
* denotes statistically significant differences (p < 0.05).

5. Discussion and Conclusions

Stroke is a medical condition that affects the brain and prevents it from functioning
properly. Combined with drug therapy, rehabilitative treatment is a precious tool for pro-
moting recovery. The effectiveness of the treatment depends on several factors, such as
the therapy type, duration, intensity and beginning treatment early [28]. The treatment
can include neuromotor rehabilitation, speech therapy, and cognitive and respiratory reha-
bilitation. It has been shown that the combination of robotic, psychomotor and cognitive
therapy produces positive effects in the rehabilitative process [29]. Moreover, a new effec-
tive physiotherapy method for improving movement in post-stroke patients is represented
by virtual reality therapy, which allows the subject to interact with an environment within
a simulated reality [30]. Therefore, a multidisciplinary approach, based on the cooperation
and collaboration between several health professionals, is considered to be a key point for
a successful rehabilitative treatment.

In this study, we analyzed the functional connectivity of a left ischemic stroke patient,
who suffered from conduction aphasia, before and after a period of intensive rehabilita-
tion. In a human brain, most of the time, the left hemisphere is dominant for language
processing [31]. This has been proven by studies that detected a higher activity during lan-
guage processing in the left hemisphere and a greater probability of linguistic impairment
deriving from injuries to the left hemisphere [32–34]. As for aphasia, the role of the right
hemisphere is still unclear and debated. Nevertheless, there is some evidence that the right
hemisphere plays a facilitatory role in the recovery after the rehabilitative treatment in the
subacute stage (up to six months after a stroke) [35].

In our study, among the network parameters that are commonly used to describe
the brain networks, we chose the global and local connectivity. We expected that after
the treatment, a balance of functional connectivity between the impaired and healthy
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hemisphere occurred. Actually, this trend was observed during the execution of all the
three considered tasks. It is noteworthy to point out that for name and repetition tasks,
shortly after the stroke, the global and local connectivity are lower in the affected lobe (left
hemisphere) than in the unaffected one (right hemisphere). Conversely, for the reading
task, global and local connectivity are higher in the left lobe. This apparently contrasting
behavior can be explained as a consequence of the alteration of the brain functional network,
which can also concern regions belonging to the unaffected lobe. Moreover, changes in
network connectivity can be task-dependent, as reported in previous studies [36,37].

In conclusion, functional connectivity in stroke patients has not yet been sufficiently
explored and needs to be further investigated. Our work can be considered a starting
point for future in-depth research. However, despite the potential of our research, some
limitations in this work need to be addressed. First, this is a case report that considers only
one subject, so a longitudinal study involving a cohort of patients would further validate
our conclusions. Then, a future study based on more than three tasks would provide a
more comprehensive assessment. Our analysis was performed considering the total band
of the EEG signal. It would be interesting to perform an analysis for each EEG frequency
sub-band (delta, theta, alpha, beta, and gamma). Moreover, other connectivity measures
could be tested to find out the most suitable features for the intended purpose. In this way,
the potentiality of EEG would be fully exploited for supporting the treatment of stroke and
monitoring the recovery process.
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